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Using Biomedical Technologies to Inform Economic Madeling:
Challenges and Opportunities for Improving Analysisof Environmental Policies

Advances in biomedical technology have irrevocadtyed open the black box of human
decision making, offering social scientists thegptial to validate, reject, refine and
redefine the individual models of resource allamatihat form the foundation of modern
economics. In this paper we review how these teldgical advances in measuring the
human decision-making apparatus are reshapingralerstanding of the models of
individual choice and begin to address the implicet of these findings for the analysis
of environmental policies.

Economists in the 19and early 28 century understood that human behavior was driven
by complex biological and social processes thateggrd Benthamite feelings of
pleasure and pain. Viner (1925) bemoaned that “&tutmehavior ..... is the product of
an unstable and unrational complex of reflex astiempulses, instincts, habits, customs,
fashions and hysteria.” Despite this common viéithat economic behavior arose from
a complex decision making process, subsequent ggmes of economists were driven
away from process-oriented models of economic ehberause, in the words of Jevons
(1871), they felt “...it is impossible to measure thelings of the human heart.”

Instead economists have treated the decision-makimgess as a black box that directly
links fundamental, unobservable preferences to rehbke choices. By invoking
seemingly innocuous assumptions regarding consigteh these preferences and the
rationality of the decision maker, the bedrock @fity theory via revealed preference
was formulated, which provided a foundation for thdricate, mathematically-
sophisticated theories of economic choice thatiooatto dominate economic research
today. While this approach has been highly su¢akessmany circumstances, a growing
body of research documents its limitations and ke behaviorally appropriate
refinements (Camerer 1995, Starmer 2000, Cameoenyenstein and Rabin 2004).

Dramatic advances in technology from the fields méurology, genetics and
endocrinology may allow us to overcome Jevons’ ip@ss concerning measurements
of pleasure and pain. With regard to neurologg, ititcreasing availability, affordability
and quality of neuroimaging technology allow ecomsisto re-examine process-oriented
decision-making models by mapping the neuro-phggichl mechanisms of choice (see
Camerer, Loewenstein and Prelec 2005 for a reesmdw). With regard to genetics, the
human genome project and related work is produaimgver-expanding set of techniques
and knowledge that allow us to identify subtle geneoles in shaping complex human
behavior (Leonardo and Hen 2006). Finally, methiods) endocrinology allow for the
measurement of biomarkers of neurological activitgt subsequently affect immune
function and health outcomes (Glaser et al. 199&)ese emerging methodologies may
open new avenues of investigation previously thooglhbe off-limits to economists and,
through collaboration with other scientists, impgoour understanding of economic
decision making.



While a clearer view inside the black box of demsmaking will improve the descriptive
guality of economic models, it raises some potéptdifficult issues for positive welfare
analysis.  Traditional welfare analysis of envir@mtal policy has focused on
individuals’ consumption and production choices \aswed through the filter of
rationality, where rationality is defined by a seft axioms concerning underlying
preferences, i.e., preferences exist and are coepmeherent and stable. Furthermore,
those endowed with such preferences have the iafovm ability and motivation to
enact decisions to satisfy such preferences. Bjo#ig such assumptions, actual or
intended economic actions can be analyzed to drderences about the underlying
structure of preferences, and these preferenceshesnbe used to predict how policy
interventions would alter the levels of surplus iaced by the affected individuals.
Policy makers can use such information in cost fieaealysis or in other modes of
evaluation to rank the social desirability of cortipg policy options.

These policy evaluation methods are only useftihéf axiomatic base upon which they
are built is valid and if the techniques used t®cexe analyses are consistent and
replicable. The validity of the assumptions ungiled positive welfare analysis and
related evaluation techniques have, historicallgerb difficult to test, though
experimental methods in psychology and economicge hiacreasingly pointed to
inconsistencies in the functioning of the black lixdecision making. The issues we
explore in this review include is how biomedicathriques might inform us concerning
the efficacy of hypothetical approaches in assgssimerlying preference structures, the
coherency of individual preferences, and the stglwf individual preferences.

New biomedical techniques allow researchers to laslde this black box and begin to
articulate the physiological mechanisms that geednaman decisions. This provides a
substantial improvement in our ability to test keyets of neoclassical utility theory.
While an improvement, these techniques are notnaqes, as peeking under the lid of
the black box of decision making reveals a highlyicate and interconnected network of
smaller black boxes, whose interconnections anwiohahl roles are still being explored.
Even as each individual component within the blaok becomes clearer to us, there
remains substantial work to interpret if these pdlggical mechanics confirm, overlap or
contradict the assumptions upon which welfare thewsr built.  Furthermore, if
contradictions exist, economists must fully assesglfare analysis techniques can be
adapted to yield meaningful positive insights tdigyomakers.

While we are not the first to review the influermfeemerging biomedical techniques on
economics (see reviews by Zak 2004; Camerer, Lostegnand Prelec 2005; Lee 2006;
and Sanfey et al. 2006), our efforts enrich antheepast work on several fronts. First,
we provide a more comprehensive review of biomeédieahniques currently being

utilized in interdisciplinary research, includingchniques from molecular genetics and
endocrinology that have received little or no tneeit in other reviews. Second, we
review the literature with an eye toward derivingpiications for positive welfare

analysis and analysis of environmental policiegpanticular, while other reviews have
focused more broadly on the implications of biorsatlitechniques for other social



sciences (e.g., law, Chorvat and McCabe 2004) beroeconomic fields (financial
regulations, Huang 2006).

The article is composed of several sections. Wgnbeith a detailed overview of the

various biomedical methods that have or may be lsedconomists and other social
scientists to better understand the economic dectisiaking process. The following

section introduces an overview of research thiizes biomedical methods to illuminate
fundamental aspects of the decision making proceske final section summarizes
evidence from this literature concerning the basmants of neoclassical utility that are
often invoked for positive welfare analysis. Wenclode by raising questions about the
future path of policy related research and the bitenedical technologies will play in

defining that path.

|. Emerging Biomedical Methods

Through the development of technologies and metlloals monitor the activity of the
brain and body and assess the role of genetickapirsg behavior, the biomedical field
has great improved our understanding of the wayhtimean mind and body operates to
support and execute the decision making processs Section provides an overview of
established and emerging methods that may infoemwvibrk of social scientists.

I.A. Neural Monitoring Methods

The neuron is the basic communication unit wittie brain. The billions of neurons in

the human brain communicate with one another vialactrochemical process. Neurons
receive electrochemical signals across small gafledcsynapses from other neurons,
and generate electrochemical current based uperirtput. If these electrical currents,

when added together, surpass a threshold, an aptiantial is generated, whereby
current travels throughout the length of the neuaod causes the release of its own
electrochemical signal (usually a chemical neursmnaitter like dopamine or serotonin)

into adjacent synapses that reach other neurons.

These firings allow for the transmission of infotioa between connected neurons and
facilitate all the functions for which the brainrissponsible, including decision making.
The challenge of monitoring neural activity is tevelop techniques and equipment that
allow for accurate measurement of this activithe Tdeal measurement technique would
allow for perfect spatial coverage (i.e., a maxifingld of view to all parts of the brain)
and spatial resolution (down to the individual reuor even to specific portions within
the neuron). The ideal measurement technique waldd provide perfect temporal
resolution, i.e., to the fraction of a millisecoafiactivity, as neuronal activity is rapid.
The ideal measurement technique would also disshgthe various types of activity
taking place in the brain, including blood flow raus chemical flows (neurotransmitter,
hormonal) and electrical firings. Furthermore, itieal measurement technology would
allow the subject to move about freely as they migha ‘normal’ decision making
context and, of course, not threaten the subjbetsdth, safety or comfort. In practice no



monitoring technique meets all of these ideals @mch method features its own mix of
benefits and limitations.

I.A.1. Functional Magnetic Resonance Imaging (fMRI)

This technology has become popular among neurdsigenand neuroeconomists
because it provides a non-invasiveeans for measuring the activity of the alert rorai
Unlike the static (non-functional) MR images takertlinical settings for, say, exploring
structural deficits with a bad knee or exploring #xtent of a brain lesion, functional
MRI provides a dynamic view of brain activity.

Brain dynamics are captured by repeatedly imagireg lirain during the course of a
subject’s exposure and response to experimentalikti fMRI does not directly measure
neuronal firing rate, rather it measures a necgssarelate. In order to fire, neurons
require energy, which is delivered via blood to thgion that is firing. As the energy
arrives the ratio of oxygenated and deoxygenatedolebin is affected. The MRI
scanner tracks the level of oxygenated blood atraber of positions throughout the
brain by using magnetic pulses that result in datde MRI signals sensitive to blood-
oxygen level. This is translated into a measurémefierred to as the blood-oxygenated
level dependent (BOLD) signal. Further, the bitzas little ability to store energy, hence
the magnetic changes due to changes in blood flewngéerpreted as changes in neural
activity. While neuronal firings occur at the teongl resolution of a millisecond, the
blood flow necessary to support such firings is piacisely correlated to the onset of
neural firings. Though our understanding of thetationship between blood flow and
neuronal firings is improving, it remains imperfectThe implication is that the
measurements generated by fMRI may provide a nmigyy to the level and timing of
neuronal firings (see Gore 2003 for a concise aearvf fMRI principles).

Compared to many technologies, fMRI is desirableabse it is non-invasive and
provides good spatial resolution (down to severidlimeters), good temporal resolution
(once every few seconds), and good spatial coveabbrain regions can be scanned).
Health or safety risks are negligible and subjects generally open to participation as
many are familiar with the technology either fromergpnal experience or common
knowledge. Subjects can receive sensory stimulexrly any type during scanning
(audio, visual, touch, taste and smell) and capaed via limited touchpad response.

One limitation is that subjects must remain stokr fthe duration of the scanning;
movements greater than several millimeters can riesrcollected data are not reliable.
This limits the use of fMRI by populations with tred ability to control movement
(certain diseases or young children). Also sonigestis become claustrophobic in the
scanner while some obese patients may not be @ablew visual stimuli in certain types
of scanners. Numerous challenges also exist uriagshigh quality scans, particularly
for parts of the brain near open cavities (e.garnbe sinuses), but techniques are
evolving rapidly to improve the consistency andheson of these images.

! By non-invasive, we mean the surface of the stisjeed never be punctured.



I.A.2 Positron Emission Topography (PET) Scanning

Rather than measuring variations in the componahidood, like is the case with fMRI,
PET scanning utilizes radiological tracers (e.gQH, water with a radioactive oxygen
isotope) that the investigator adds into the sulgddood stream (usually intravenously
though sometimes via inhalation). The scanner theasures the level of radioactive
emission during the tracer’s decay and uses thiewelop a measurement of the regional
cerebral blood flow (rCBF) at various locationsailbghout the brain (see Zanzonico 2004
for an overview of PET principles).

PET scans produce images of blood flow for all ibistructures with a slightly coarser
degree of spatial resolution than fMRI. Moreovitie temporal resolution of PET is
quite low, as the construction of these high quaitages requires averaging rCBF over
minutes of scanning. This does not allow for dyitaamalysis of neural activity like that
available with fMRI and, hence, limits the topic$ imquiry available with PET.
Furthermore, like fMRI, it requires the subjectremain almost perfectly still for the
duration of scanning. An additional disadvantag® BT is that subject recruitment is
more difficult: people are not as familiar with PE®m clinical settings and the mention
of ‘needles’ and ‘low-level radiological injectiondampens the enthusiasm of many
general population recruits. Furthermore, becaigbe radioactive materials involved,
certain subject populations such as children ackuded from participation.

One key advantage of PET is that different radiclalgtracers adhere to different
proteins and metabolites. For example, a tracerbz chosen that binds to a single
neurotransmitter, such as dopamine, which is hygsitled to serve a key role in
processing rewards in the brain. If the researchenterested in the mechanics and
dynamics of a particular neurotransmitter systef&] Bcanning can provide a more
accurate measurement of this system than fMRI, ghoseveral other technologies
(discussed below) can also image activity of keyrogansmitters.

|.A.3 Electroencephalography of Event-Related Piaén(EEG of ERP)

EEG measures electrical activity (event-relatedep&l or ERP) originating from
neuronal firings that emanate from the surfacehef lbirain. The technology features
numerous electrodes that are placed at variougigmosion the scalp. Each electrode
measures ERPs, which are the summation of elelctasponses generated from nearby
neurons in response to a stimulus (event) provigetthe researcher.

Unlike fMRI and PET, EEG measures the electricghal generated by neural activity
directly rather than some other physiological datee such as blood. This results in
tremendous temporal resolution, with the ability ttace electrical activity to the

millisecond. Another advantage of EEG is thatstrelatively non-intimidating to

potential subjects and affords them considerabdedom of movement, particularly
compared to fMRI and PET scans. It is also reddyivheap and portable, allowing for
more observations on the same budget and the pdtemttake the technology ‘on the



road’ if needed. Together, these attributes alesearchers to conduct larger studies that
include a more diverse subject population.

The chief drawback of the EEG is that it cannot snea ERPs generated by structures
inside the brain’s outer layer (cortex). LuckiBEG can be used in tandem with fMRI or
PET and provide localized temporal resolution uiatsée from these other techniques
(see de Haan and Thomas 2002 for an overview of fft@iples and its complementary
use with fMRI).

I.A.4 Magnetoencephalography (MEG)

In addition to electrical currents, an active neuatso generates a change in the magnetic
field around itself, and MEG measures these chandg#édike electrical current, which
forms the basis of measurement for EEG, the logaifonagnetic field strength changes
can be located more precisely, providing even grespatial resolution of activity for
cortical regions of the brain than EEG. Furthemmdrecause the magnetic field change
in a neuron is an instantaneous byproduct of chamyeslectrical current, it provides
similar temporal resolution to EEG (see Sato, Batied Muratore 1991 for an overview
of MEG principles).

MEG still presents some limitations with respectspmtial coverage, including limited
coverage for structures deep inside the brain anddurons that fail to run parallel to the
surface of the head. However, as with EEG, conjmna advances are continually
improving the spatial resolution of MEG. Like EE®is non-invasive, though mobility
is not allowed as the scanning machine is statjpnand subject movement during
scanning reduces measurement quality. Unlike fisiirl PET, most scanners cover only
the head and allow the subject to either lie dowsitoup, which improves the comfort of
the subject.

MEG subjects will usually undergo a structural Ml provide a precise map upon
which MEG output is superimposed. This lessengithe subjects are in a MRI scanner,
but does not eliminate the need for other imagmegrventions with the subject and
requires budgeting for the use of two major piesfdsiomedical equipment.

I.LA.5 Single Photon Emission Computerized TomogrdSRECT)

As with PET scanning, SPECT uses radiological nisade measure the flow of a
biological material within the brain, where the urat of the radiological tracer

determines whether the scan will measure regioeedbcal blood flow (rCBF) or a

neurotransmitter flow. Hence, SPECT and PET shamay common advantages and
disadvantages (see Warwick 2004 for an overvie®RECT principles).

SPECT typically features tracers that decay moosvlgl than PET tracers, meaning
SPECT’s temporal resolution is even coarser thahftr PET. PET also does a better
job constructing images of deeper brain structuddewever, because the tracers decay
more slowly, they can be manufactured at centrahtlons and transported further



distances, whereas PET tracers usually are creatstte or at a nearby central facility.
This minimizes on-site staff and instrumentatiostsdor SPECT compared to PET, and
makes SPECT easier and cheaper to implement.

I.A.6 Functional Near-Infrare®pectroscopy (fNIR)

By exposing the scalp to particular wavelengthgigiit, fNIR can record the relative
ratio of oxygenated and deoxygenated blood duringnbactivity. This imaging

modality shares features with both fMRI and EEGkelfMRI the scanning measures
blood rather than neuronal electrochemical actidinectly. Hence, fNIR’s temporal
resolution is similar to that of fMRI.

Like EEG all fNIR measurement takes place at tlapscAlso like the EEG is the fact
that the fNIR measurement device is minimally isive and allows for as much or more
mobility by the subject as an EEG. The scalp-basedsurement approach does limit
coverage to the cortical (outer) brain regions prulides challenges and limitation to
spatial resolution for the cortical regions covenatlich limits investigation from topics
that are thought to involve deeper brain structunesequire precise spatial resolution
(see Ferrari, Mottola and Quaresima 2004 for amwoee of fNIR principles).

I.LA.7 Single Unit Neuronal Recording

This highly invasive technique involves inserting @tra-thin electrode into the brain
through a hole drilled in the skull. This techreqs used only with animal subjects in
experimental settings due to its invasive nat@areful placement of the electrode, often
guided with imaging or other guidance techniquélewa for the procedure to be non-
fatal, though some minor brain tissue damage damsuroduring placement (see
Gazzaniga, Ivry and Mangum, pg. 106, for an ovev\é single unit principles).

The electrode is placed just outside the membrédreesingle neuron and will measure
the electrochemical activity of a single neuroracsmall cluster of neurons adjacent to
the tip of the electrode. Specifically it recottie exact time of a neuronal spike. This
technique features the greatest degree of spasalution of all techniques considered
here (there is another animal technique calledhpalomp recording that measures
electrochemical activity within the neuron, but widl not explore that here).

Spatial coverage is among the most limited, howeaginformation is collected for only
one neuron or a small patch of neurons. Often raxeatal protocols require the same
stimuli to be presented after repositioning thectetele several times to measure several
neurons of interest, while other researchers maynugltiple electrodes simultaneously.
Because the electrode is collecting informationualbloe electrical activity of the neuron,
single unit recording provides temporal resolutithe sub-millisecond level.

Economists may be hesitant to utilize animals seagch that is meant to illuminate the
human decision making process. The reliance ahahsubjects is not as great as a
hindrance to research as it might seem because raann{and particularly primate)



brain structure and function are very similar tontams. However laboratory logistical
and maintenance burdens associated with animalriexgetation are very high and
provide a barrier to entry for such research.

I.A.8 Cyclic Voltammetry

This is another animal-only technique that mirrtbrs spatial coverage and resolution of
single unit recording. The key difference is tivatcyclic voltammetry the electrode
embedded in the animal’'s brain measures for keynateds (neurotransmitters such as
dopamine) rather than electrical activity. As clehactivity is slightly slower than
electrical activity, the temporal resolution igélily coarser than for single unit recording
(several measurements per second). Like singlé necording the lack of spatial
coverage can be ameliorated by implanting recordmgces in multiple locations within
the brain (see Robinson et al. 2003 for an overdeprinciples of this technique).

|.B. Neural Manipulation Methods

This suite of techniques leverages differencesdara functioning that arises due to
manipulation of neural structure or function. Tdiferences across methods involve the
technique used and whether the manipulation israltuoccurring or experimenter

induced. The key idea is to leverage known vammtn neural structure or functioning

either within subject or between closely matcheljestts to identify how differences

affect decision making and other cognitive taskBurthermore, some manipulation
techniques can be used in tandem with neural nmitdechniques to provide even
greater insight into the neural basis of decisi@kimg and other brain function.

[.B.1 Lesion Studies

These studies utilize human subjects that haveermdffrom naturally occurring brain
lesions. A lesion can occur for any number of oeas but usually eliminates
permanently the activity of the neurons in a patéic brain region. The location and
extent of lesions are typically identified via nauimaging techniques or, in some cases,
via post-mortem surgery. Lesion subjects are thatthed with other subjects (normals)
on the basis of age, intelligence, gender and gpléentially relevant characteristics.
Both groups are then exposed to the same typeanofdilsis (e.g., play the same decision
making game) and differential responses are redoathel analyzed across groups. By
systematically altering the stimulus and looking didferential responses between lesion
patients and matched controls, investigators caalspo the causal roles for the brain
region in which the lesion lies.

Human lesion studies face a number of limitationBirst, the number of patients
available for such protocol is usually quite lincifdeading to small sample problems.
Furthermore, the location and extent of lesion®sgrsubjects may be heterogeneous,
which leads to difficulty in interpreting the retul Also, the amount of time between the
onset of the lesion and the testing could be hg&reous. Patients with long-standing
lesions may display significant plasticity and depealternative neural circuitry in



response to the lesion while those with new lesioay have not. In addition, because
the timing of the on-set of a lesion is not prealite, it is rare to have within subject data
(pre- and post-lesion) available. Finally, acagssuch patients can usually occur only
within a clinical setting, which greatly increagég resource commitment necessary for
the investigator and limits the number of settiagsl locations at which such research
can be conducted.

However, these studies have been exceptionallyfituin revealing key tenants of
human behavior and were particularly importantdparking breakthroughs in the pre-
fMRI era that helped link particular regions of theain to gross and subtle roles of
various brain regions in governing human behavsae(Damasio 1994 for a popular
press introduction to executive brain function thmaties on several famous lesion
studies). Even today, lesion studies can leaditmal insights, such as Naqvi et al.’s
(2007) insight that life-long smokers who suffergiioke-related injury to the insula
easily stopped smoking despite numerous pre-statikenpts to quit smoking.

[.B.2 Induced Lesion Studies

For animal studies, brain lesions can be inducedusgically removing key portions of
the brain or by exposing brain regions to high lewa electrical current or chemical
solutions. Compared to human lesion studies, tesmits considerably more
homogeneity in the treatment group and allows Her d¢ollection of within-subject (pre-
and post-lesion) data as well as between group thatagh control groups must also be
subjected to a similar surgical procedure to cadritmopossible stress-induced effects that
surgery might have upon behavior. Again, animedstlaen subjected to decision making
tasks featuring highly salient (food, drink, soag) rewards.

Chemically induced lesions are the most common usecéhe appropriate choice of the
chemical can provide precise control over the exta#nthe lesion and the type of
neuronal structure that is disabled. This incluthesability to destroy only the portion of
cells that, for example, carry key neurotransnstterSome methods even allow for
reversible or temporary lesions, which opens uppbential for pre-, post- and post-
recovery data comparisons for each subject.

Limitations include the exclusive focus on the aalirbrain; results generated can be
informative and suggestive, but can never providiéndive results for human decision

making. Again, animal laboratories are associatgth extensive maintenance and
management issues of their own (think weekend feggsdand angry protesters). Finally,
even chemical lesions that remove only select fanstof neurons are likely to affect

numerous functions of the brain, providing onlyaarse ability to identify the purpose

and circuitry of the brain (see Gazzaniga, Ivry dehgum, pg. 111, for an overview of

animal lesion principles).



|.B.3 Electrical Brain Stimulation (EBS)

Electrical stimulation studies essentially revettsedirection of electrical flow discussed
in the single unit recording methodology. In senghit recording, an electrode is placed
near a neuron of interest to measure the electrigaént generated in the vicinity of the
electrode tip. Electrical stimulation reverses pnecess with external electrical current
emitted from the electrode tip to a point of instr&ithin the brain.

The technique shares many of the advantages aadvdistages of single unit recording.
It directly influences electrical activity in thegion of interest and this region can be
highly localized and implemented at a very fine dimcale. It is a highly invasive
technique that often requires imaging or other goige techniques such to ensure correct
electrode placement. Once installed in the braoh sufficient recovery time is allowed,
the animals are able to move freely and exhibitelitlifference in base behavior to
untreated controls. This technique led to som¢hefseminal insights into the neural
basis of reward (Olds and Milner 1954) as rats anf@d with such electrodes would
forgo food and suffer great hardship to triggemsiation in key neural regions.

[.B.4. Transcranial Magnetic Stimulation (TMS)

Like electrical brain stimulation, this technique@ises on altering the electrical activity
of neurons. Unlike EBS, this technique is non-giva and is regularly used in human
studies. In this method experimenters apply aatetd the exterior of the head that
generates a magnetic field. The magnetic fieldssgmghrough the skin and skull and
alters the activity of nearby (cortical) neurona/hile the procedure is non-invasive and
generally safe, some safety concerns persist arstl pnotocol require a medical doctor’s
presence due to the possibility of subject seizusebjects need not stay perfectly still
during the treatment, allowing for a more naturegmke of mobility than during many
neural scanning techniques. Compared to EBS, aviges a much coarser spatial
resolution, allowing localization of the effect dovo a region of only a centimeter or
two. Furthermore, the degree of spillover of @tkactivity from one region to the next
is still the subject of significant research.

Unlike EBS, which clearly enhances increases etedtiactivity near the neurons of
interest, the relationship between neural actieityl TMS is still under investigation,
with an initial consensus that low frequency TMS1(¥lertz) will often retard neuronal
firing compared to baseline while higher frequeade 5 Hertz) will enhance the rate of
neuronal firings (Robertson, Theoret and Pascuahte 2003). However, the
relationship between various TMS frequencies amerations in neuronal activity can
often be region specific (Knoch et al. 2005). Heoomplementary use of fMRI is often
suggested to validate the effect of the TMS treatrmpon brain activity.

In addition to being sensitive to the frequencyTdflS, brain activity also responds
differently to altered TMS timing (number and lemgif TMS exposures) and intensity.
The effects of TMS also dissipate rapidly (withinnotes), meaning the window of
opportunity for conducting behavioral tests of gabg is limited. Another limitation is
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that this technique is only useful for the outeor{ical) regions of the brain, whereas
EBS, lesion, drug and dietary interventions cardftfieeper brain regions as well.

I.B.5. Pharmacological Manipulation

Many drugs affect how the brain functions and, leetend themselves for use in human
and animal experimentation. Pharmacological ir@etions are particularly useful for
examining the role of various neurotransmittersrasy drugs have been developed to
either block the neural uptake of a specific naartgmitter (antagonist) or maximize its
presence and uptake into neurons (agonists). dlkeof a particular neurotransmitter in
conducting a particular decision or function carekplored by treating the subject with a
particular drug that either limits or enhancestitgmismission. As drug treatments are
temporary, experimental designs can generate bdthnvsubject data points (pre- and
post-treatment as well as post-recovery data) ahalden subjects data points (preferably
implementing standard double-blind designs). Farrttore, such manipulations can
sometimes be used in tandem with neural monitdeogniques.

Implementing pharmacological interventions requitbat investigators surpass even
greater scrutiny with respect to subject care,i@adrly when administering controlled
substances. While subject follow up is minimakaftnost fMRI studies, for example,
one must monitor and ensure that subjects expasedrticular drugs have no adverse
reactions or develop dependencies upon the sulestamvolved in the study.
Furthermore, the investigator and the laboratorgxisosed to greater administrative and
legal burdens because they may need to acquiree stod administer controlled
substances. A further limitation of pharmacoloficenipulations is that there often
have poor spatial resolution, as diffusion of agdamd its effects are difficult to control
once ingested, injected or inhaled. There aresimeaanimal techniques, such as
microiontophoresis that allow for the release oBBrmmounts of a drug to a single point
in the brain and act as the manipulative equivadétclic voltammetry.

|.B.6. Dietary Manipulation

Manipulating a subject’s diet can achieve somehefsame results as pharmacological
manipulations with respect to altering the presemdecertain neurotransmitters.
Specifically, this technique leverages the fact gtame neurotransmitters are synthesized
using only a limited number of essential amino aqelg., serotonin is synthesized only
from tryptophan). If these amino acids are abs$enrh the diet the body is unable to
produce that neurotransmitter. This differs frdra effects caused by drug interventions
in which the volume of neurotransmitter is unchahgat its level of uptake by neurons
is controlled by the drug.

In practice human or animal subjects are madesoféa a period (usually overnight for
humans) after which a randomly assigned portiosutfjects are fed meals lacking the
amino acids necessary for the synthesis of theotraunsmitter of interest. All other
subjects are fed a similar tasting meal with the®seno acids. Both groups are exposed
to the same experimental stimulus and responsesdest (this could also
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Table 1. Summary of Neural Monitoring and Manipulation Methods

(0]

(42

nse

nse

Maximum | Maximum
Spatial Temporal
Method Resolution | Resolution | Limitations
Functional Magnetic mm second (a) Quality images difficult
Resonance Imaging (fMRI) obtain near cavities
(b) measures blood respons
(c) restricts subject
movement
Positron Emission several mm | minutes (a) measures blood respo
Topography (PET) (b) restricts subject
movement
Electroencephalography of| several cm | millisecond(a) no coverage of interior
Event-related Potentials brain structures
(EEG of ERP)
Magnetoencephalography | cm millisecond (a) no coverage of interior
(MEG) brain structures
(b) restricts subject
movement
Single Photon Emission cm minutes (a) measures neurotransmitter
Computerized Tomography response
(SPECT) (b) restricts subject
movement
Functional Near-Infrared | severalcm | second (a) measures blood respo
Spectroscopy (fNIR) (b) no coverage of interior
brain structures
Single Unit Neuronal severalrm | millisecond| (a) animals only
Recording (b) only collects information
at several sites
Cyclic Voltammetry severalhhm | second (a) animals only
(b) only collects information
at several sites
Human lesion studies cm years (a) no experimeoietral
Animal lesion studies several mm days (a) animalg o
Drug manipulations cm hours
Dietary manipulations severalcm  hours (a) Can dittyinish level of
a neurotransmitter
Electrical Brain Stimulation| severaim | millisecond| (a) animals only
(EBS) (b) stimulates activity at only
a few sites
Transcranial Magnetic several cm | minutes (a) no coverage of interior

Stimulation (TMS)

brain structures

12



include neuroimaging or biofeedback measurememglween group and within-subject
analysis (pre-, post- and post-recovery data didles are feasible) reveals the role of the
neurotransmitter’s presence for the tasks at hand.

The key advantage of this method compared to phaniogical interventions is that the
infrastructure and regulatory burden is minimized,, the investigators do not need to
have access to a pharmacy, account for controldtances, and need not worry as
much about subject health and well-being. Theddigatages of this method compared
to the pharmacological intervention are severalis Hifficult to ensure that all subjects
have fasted for an equivalent time. Furthermaeiefr neurotransmitters can be studied
via dietary than pharmacological manipulation. dAldietary methods can only ensure
the depletion of a neurotransmitter while pharmagiial interventions can either
promote or block its uptake by neurons (see FusérePal. 2006 for a review of dietary
tryptophan depletion studies).

I.C. Biological Monitoring and Manipulation

The receipt of stimuli by the body induces not jnstironal activity, but also a related
cascade of responses from the nervous and end@ystems that impacts other systems
within the body. The endocrine system, which isrdmated through the hypothalamus
in the brain, secretes various hormones that trdwelugh blood and other fluids to
targeted cells throughout the body. For exammejsion making scenarios might cause
stress, which directs the hypothalamus in the d@tnigger actions in the endocrine and
nervous systems. Stress-triggered feedback isgrmsito help the body respond
appropriately to the stress, i.e., to survive tharse of the stress, often via a fight or
flight response.

Economic interactions often involve interpersomatact (bargaining, exchange), which
can trigger hormonal secretions associated withvémeous personal reactions (trust,
aggression, attraction) generated by such intemaxti Well established measurement
techniques exist for recording the many modalibéseedback generated by the body
and can provide evidence of how various stimuliedéntially affect neural and bodily
responses. Furthermore, several techniques existdnipulating hormone levels.

I.C.1 Endocrine System Monitoring

Measurement of hormones can provide informatioruahow stress and social situations
involved in decision making contexts manipulated the researcher affect the
biophysical response of subjects. The body symbégsand circulates dozens of
hormones, some of which also serve as neurotratesmite.g., oxytocin).Epinephrine
andnorepinephrineare hormones that are rapidly deployed by the emnt® system from
storage in response to large threats and allovbdioly to immediately increase physical
response (greater blood flow and lung functior(ortisol is perhaps the most well
known and measured hormone in the literature inuglv stress response.
Adrenocorticotropic hormongACTH), which stimulates the release of cortisd,
sometimes measured as well.
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Outside of the stress arena, the levels of seb@rahones are known to be influenced by
interpersonal interaction. Higher levels @tytocin are thought to reduce fight/flight
tendencies and instead promote interpersonal bgndi@xytocin is generated during
birth in women and during sexual orgasm in botheseand is believed to facilitate the
trust and bonding necessary for success in thatagse Testosterondevels, on the
other hand, are commonly correlated with aggresbefeavior that would undermine
bonding and may influence social interactions stthije conflict, though the direction of
causation between aggression and testosteroni astpen topic.

Cortisol levels can be accurately assayed frombgestis saliva, which allows for a non-
invasive collection technique that few potentiabjeats find objectionable (see Meyer et
al. 2000 and Krueger, Schedlowski and Meyer 2005 dortisol studies featuring

gamblers). High quality measurement of many homspnhowever, requires the
collection of blood, which entails considerably moresources for collection (e.g.,
nurses) and causes fewer potential subjects t@ agngarticipation.

I.C.2. Endocrine Manipulation

These methods introduce additional amounts of emboe or a hormone blocker into the
subject’s body during the course of experimentsting. These methods share many of
the same opportunities and challenges as pharngcalomanipulations of neural
activity. While most neurotransmitter drug treatrtseare administered orally, some
hormone manipulations involve nasal (e.g., oxytpoinintravenous administration (see
Kosfeld et al. 2005 for a recent example of thishod).

I.C.3. Autonomic Nervous System Monitoring

Hormone secretion and other responses coordinateitheb hypothalamus through the
central nervous system will result in measurabknges in body function. These include
changes in heart function (measured via an elemtdomgram), respiration, blood
pressure, pulse rate, pupil dilation, eye blinkerakin conductance response (related to
sweat production and also known as Galvanic sleparse) and skin temperature. See
Lo and Repin (2002) for a study of securities tradeesponses to the ebb and flow of
events during the trading day.

|.D. Genetic Methods

Genes serve as the fundamental unit of heredigl iliving organisms. A gene is a unit
of deoxyribonucleic acid (DNA) that carries theeatditions for synthesizing a specific
protein or a suite of proteins. With the help ozgmes and messenger molecules
(messenger ribonucleic acid or mRNA), genes difleetsynthesis of proteins. Proteins,
in turn, are the building blocks necessary fongsand organ formation and function, and
for the synthesis of hormones and neurotransmittérsvo individuals differ in terms of
their genes, i.e., differ in thegenotype they may differ in terms of protein creation, in
the systems that rely upon those proteins, in timetions those systems control, and,
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eventually, in the organism’s observable traitdehavior phenotype Scientists have
become increasingly interested in understanding lgawotype may affect complex
behavioral phenotypes, including personality ddfeses, complex psychological
conditions, and decision making tendencies.

Each DNA strand consists of four nucleotides baskemical units) — adenine (A),
thymine (T), guanine (G) and cytosine (C) — thatfa genetic alphabet. These bases
physically form the iconic double helix. In the BNhelix A is always opposite T and C
is always opposite G. The order of these basesrdetes the eventual function of the
gene for the organism. A complete set of an osyaisi DNA is known as its genome,
and it carries all the instructions necessary itdland maintain the organism.

The human genome is composed of about 3 billion Cdé&e pairs that are organized
into 20,000 — 25,000 genes on 23 chromosomes. et@evariation across the human
population is small in one sense, i.e., on avetagehumans share 99.9 percent of the
exact same DNA base pairs in their genetic mapverGihere are 3 billion base pairs,
however, this still allows for 3 million differensen DNA base pairs. These differences
range from changes of a single base, referred ta simgle nucleotide polymorphism
(SNP) to more extensive changes involving multipdses, such as variable number of
tandom repeats (VNTRs). These differences allow dmnificant variation across
individuals.

For those interested in understanding if and hometie differences manifest, this leaves
a large genotypic haystack through which to sift ttee phenotypic needle of interest.
Further complicating the analysis is the fact thatheterogeneous impact of some genes
upon behavior does not manifest unless triggereddntain environmental stressors or
chemical triggers. Such findings have fundameytalltered the perennial debate
between those who assign responsibility for indiaicheterogeneity to nature or nurture.
Indeed, the two are likely to interact leaving theure versus nurture debate as a false
dichotomy. In this section we review some of thpraaches used to attack this search.

I.D.1. Phenotype-Genotype Association Studies

Association studies are a correlative exercise Imiclv a pool of subjects is assessed
according to phenotype and genotype. Phenotypbeassessed by means of surveys or
responses to experimental stimuli, though mostistudocus on medically defined
phenotypes (e.g., disease or disorder). Genotyjaikgs place via a suite of chemical
techniques that will not be discussed here in bDé&ae Kwok 2001 for an overview of
methods used for SNP identification).

Genotyping usually involves identifying common \&ions in genes known to impact
the production of proteins with a connection toystesm of interest. For example, when
the phenotype is depression, a SNP in the genectkates the protein necessary for
transporting serotonin in the brain (5-hydroxyteypine transporter, or 5-HTT) is a
logical spot to begin a search for genetic varratas many depression medications
operate by altering serotonin levels. Howeverheggne may have many different types
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of genetic variation across the population. Sdwarteria are often applied for selecting
the genetic variations subject to investigation.

First, certain genotypes are chosen if previousaeh has identified associations
between that genotype and related phenotypes. n8gother genetic variations in the
same gene may be also explored. Furthermore, dommon to focus on genetic
variation that is common across a population ratthen the rare variation simply because
it may be very difficult to enroll enough subjegtih the rare genetic variant. For more
complex phenotypes, researchers will often castoader net and search for multiple
variations in several genes. This leads to stedistlifficulties, however, as adjustments
necessary to account for multiple hypotheses wgpsbiten yield very low statistical
power, even for large sample populations (see BgldD06 for an overview of statistical
approaches used in these studies and Hardy 2002@mahgs 2003 for a discussion of
the limitations of association studies).

The cost of genetic testing is decreasing rapidly @an often be handled by commercial
and academic laboratories. Subjects must providappropriate biological specimen to
the experimenter for testing. For highly targegetetic testing subjects may only need
to provide a sample of skin (usually collected lgmaab from the inside of the cheek like
on television police shows). For broader testing usually suggested to collect a blood
sample, which could limit the size and represeveaiess of subject pool.

I.D.2. Endophenotype-Genotype Association Studies

A common criticism of association studies is theg tesults are often weak in terms of
statistical power and size of correlation and thatresults are often difficult to replicate.
This is not surprising given that there are manysvan which underlying genetic
differences can be ‘smoothed out’ prior to beingnifested as an observable trait,
behavior or disorder. That is, even if differehpeotein synthesis is occurring, and it is
large enough to created heterogeneous functiorfiagparticular system within the body,
other systems may compensate, which prevents arenaide manifestation.
Furthermore, the phenotypic classification methaalyrbe so noisy as to miss subtle
manifestations that are not fully compensated bgosystems.

This has led to the development of studies thatngit to correlate genotype to
endophenotypes (intermediate phenotypes, see MatttdyGoldberg 2004 for a general
discussion of this approach). These are differerthat are observable at the systems
level, including the types of outputs describedha neural, biophysical and endocrine
activity described in the previous sections. Ssictiies generally require smaller subject
populations because additional sources of noisg,going from the systems to organism
level of observation, are removed. Furthermorese¢hprotocols are typically more
expensive as the measurement techniques necessatgssify the endophenotype is
usually more expensive than those used to clastfydard phenotypes.
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[.D.3. Phenotype-Genotype Linkage Studies

Genetic association studies are also marred byseiee genetic variation. That is,
typically the researcher chooses a single phenogpd attempts to correlate this
variation with one or more variations in geneticglowever, even if the researcher
searches for hundreds of candidate sources of igematiation, there will remain
potentially millions of other sources of genetiddregeneity that exist among the subject
pool that are not controlled and that may affeetdhality of the analysis.

Genetic linkage studies use subject pools congistinfamily members to reduce the
degree of unwanted genetic variation across subjeee Elston 2000 for an overview of
linkage approaches and comparisons to associdtimines). The trick, of course, is to
find family members that have enough variationhi@ phenotype and candidate genes of
interest. Compared to simple association studiekage studies are likely to require
fewer total subjects, though recruitment of thadgjects becomes more difficult because
multiple family members must be enrolled.

I.D.4. Genotype-Phenotype Associations Mitigated by Enwrental Factors

As we alluded in the introduction of this sectidhe activity of genes need not be
constant throughout the life of an individual. \'¢hgenes are commonly thought of a
one’s genetic blueprint, the more accurate analegfat genes are a set of switches.
While some genes are turned on or off as part adrganism’s developmental process,
the activity of other genes may be influenced byiremmental stressors. Several
influential studies have documented how the refainp between genetic variation and a
complex phenotype only holds for subjects previpesiposed to a particular stressor.

This has led researchers to emphasize the impertahanonitoring and measuring
subjects’ exposure to key environmental influenibas might influence gene expression
(see Moffitt, Caspi and Rutter 2005 for an overvigthis approach). For phenotypes of
interest to social scientists this often includesording a subject’s historical exposure to
stressful life events. This encompasses sevedii@aal challenges as some subjects are
hesitant to share information about some typestressful events (rape, prosecution,
traumatic incidents). For those who are willingmiay still be difficult to recall events
that may have occurred during childhood, which faya particularly important window
of time for considering environmental influencekinally, collection, management and
classification of life event data pose yet ano#statistical challenge during analysis.

[.D.5. Whole Genome Scans

With rapid technological advances, it is now poesiito receive much more

comprehensive information concerning the sourcesg@fetic variation across the
subjects in a particular pool rather than searclangvariation across only a couple of
well known regions of the genome. Hence, reseaschan focus on identifying the

phenotype or endophenotype of interest and theageng a broad scale expedition to
identify the possible correlates within the genetiap.
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With billions of DNA base pairs and millions of gaigle sources of variation, this entails
dramatic hurdles with regard to the statistical rapph, especially with regard to
assessing statistical significance in the presefcenultiple testing and allowing for

simple and subtle interactions among various ssuofegenetic variation. Statisticians
are beginning to develop and test new algorithmisphdtern recognition and wielding
theory to provide more efficient approaches foreasmg power and significance for
results generated by such wide-scale data minieg Garlson et al. 2004 for a review of
some of these challenges and Posthuma, Cherny emthdBna 2006 for an overview of
genome-wide studies of complex behavior traits).

I.D.6. Genetic Manipulation

Many of the frustrations of genetic studies surtime use of subject populations for
which there is little or no control of the genetic environmental variation that may be
related to target phenotype. By turning to anistatlies, researchers can harness recent
developments in bioengineering to manipulate theetie code of research animals
(usually mice, see Williams and Wagner 2000 fooeerview of these techniques).

One well-known genetic manipulation technique femed to as the ‘knock-out mouse.’
Such mice are created by introducing artificialreegts of DNA into the appropriate
gene during embryonic development. The introductd the artificial DNA serves to
disable the gene, allowing the phenotype of theme o be compared to regular mice
(perhaps siblings) that faced identical environrakstressors during development and
later life.

Given the incredible adaptive ability of mammalsng worried that mice that developed
without a particular gene would respond in a marinagr compensated for any deficiency
created by the absence of a particular gene. Aemexrent development has created a
remedy in the form of ‘knock-down’ mice, which ameated using a technique known as
gene silencing or RNA interference. In these ntieemanipulation of genetic function
occurs latter in life. This allows mice and a cohtcohort to both live a ‘normal’
childhood, in the sense that all genes are availabd functioning normally. During
adulthood, however, the knock-down mice can thewehthe function of this gene
reduced or eliminated to provide a possibly morenadistic view of the role of that gene
in functions related to the phenotype of interest.

Other variants of genetic manipulation include addadditional copies of a certain gene
thought to stimulate a certain function (transgamice) or making specific or targeted
changes to a gene in order to bring about desioedtibnal or regulatory changes
(knock-in mice). These methods have allowed anireséarch to progress greatly and
could be harnessed to explore phenotypes of interescial scientists.

[.D.7. Whole Phenome Scans

The other approaches in this section begin withenptype of interest and then identify
genetic correlates that may eventually be deemeadwasal agents of the observable trait
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or behavior of interest. The phenome scan tunsssthategy around by instead exposing
subjects to as many possible phenotype classiitatas is feasible. Subsequently the
variation in one or more genes is then correlatg@inst multiple phenotypic
classifications. While this is the newest geneliased methodology to be proposed (see
Jones et al. 2005), it is the one with the gregiestntial involvement of social scientists.
Such protocol would potentially involve significhnimore time on the part of subjects,
as extremely detailed knowledge of traits and bemavould be required. Indeed, some
subjects may recoil at the possible intrusivenéssioh questioning. Furthermore, some
of the statistical challenges related to the whgkEnome scan, e.g., appropriate
corrections for multiple testing, carry over tostiebntext as well.

Il. Biomedical Insights into the Human Decision Makng Process

Life is a perpetual sequence of choices rangingftbe mundane (should | push the
snooze button, let this person cut in front of neeycle or simply throw away this can?)
to the monumental (do | invest in stock or bondarmnthis person, choose a particular
cancer treatment?). Decision making is a multtedg@rocess involving sensory capture,
information processing, and motor control. Poss#didtions must be defined, short-term
and long-term costs and benefits are assigneddo &etion, a resulting action must be
implemented, and then evaluation of the outcomecs®d with that action must be
assessed and remembered. While seemingly managé#ablentire sequence of events
must be executed while preparing for the next dacisr while several other decisions
are simultaneously deliberated, giving rise to desn#or scarce biological and neural
resources for executing each choice process.

In this section we provide some basic overview ofeanerging vision of how decision
making is executed in the brain, summarizing a digpgrowing body of research
utilizing the various animal and human methodsioed in the previous section. This
vision of the decision making process is partidylfluid at this point in time, as new
data rapidly gives rise to new theoretical modethjch in turn stimulates additional
human and animal experimentation. Integratiorhefémpirical and theoretical advances
into a unified theory of neural decision makindpeginning, but much work remains.

[ILA. A Bottom-Up View of Economic Decision Making: RUM in the LIP

One logical approach to understanding the key em@mic behavior from a neurological
perspective is to focus on a very simple econoneicisibn, e.g., choosing one option
from a limited choice set akin to a standard randaifity maximization (RUM) problem,
and to fully articulate the neural circuitry engdgguring the decision process. Once a
neurologically articulate understanding of the denpconomic decision is gained, one
can build from this foundation to understand maplex economic decisions.

Examples of this vein of research are summarize@lbycher, Dorris and Bayer (2005).
They provide an overview of recent research thagals how the monkey brain renders

19



decisions in several simplistic economic contexBottom-up researchers rely heavily
upon animal models and have made great progresstlying non-human primates.

The monkey brain is remarkably similar in structarel function to the human brain and
allows for invasive measurement techniques thahargossible with human subjects but
provide a degree of localized measurement precisioh obtainable with human
measurement techniques. This leads to many clgaem interpreting differences
between animal and human experimental resultst iasdifficult to assess whether the
differences reflect fundamental deviations in teamal architecture and function between
humans and animals or merely reflects a relatigk td spatial and temporal delineation
provided by the less invasive human experimentdlrtigues.

These primate studies provide fascinating reveiati@about decision making by
identifying and measuring key regions of neuralh#ecture and circuitry that lead
monkeys to ‘pull the trigger’ on simple RUM decisg Studies of this ilk (Hanes and
Schall, 1996; Schall and Thompson, 1999; Platt &iuncher, 1999; Dorris and
Glimcher, 2004; Lee et al. 1998) use a monkey whonotivated by a primary need
(thirst) to make decisions that alter the recef@ salient reward (a pleasing fluid such as
fruit juice). Monkeys cast decisions by merelyeahg the focus of their vision, which is
tracked via invasive eye-tracking techniques. é&@mple, a monkey would be trained to
expect a particular reward after shifting its gapen a central fixation point to a stimulus
presented on the left hand side of its visual fieldile looking at a stimulus presented on
the right-hand side may result in no rewardhe final part of these experiments is the
installation of single-neuron recording devicese(section 1) in the regions of interest.

What has emerged from these studies is a modékeafie¢urobiological underpinnings of
discrete choice (for a more detailed summary, deedBer, Dorris and Bayer 2005; also,
see figure 1). A key neural region called therkdtentraparietal (LIP) area generates a
map analogous to the visual stimulus viewed by riienkey, only that the average
neuronal firings at each spatial location withinsttmap correspond to the relative
expected value of the reward (relative expectedileits of juice) that becomes
available to the monkey if the animal shifts itzg&oward that spot.

The neuronal firing levels do not perfectly corresg to the relative expected reward
because there is an inherent stochastic elemerdumnal firings at each location on the
map that appears to be simple biophysical noige, (landomness in the firing rate).
Furthermore there may exist some tendency to mapoaotonic transformation of
relative expected value, i.e., a relative expeciidy, though more work is needed to
distinguish if the observed curvature in these nrag® is robust. Hence the LIP
generates a normalized representation of a RUM motlere the relative expected
utilities plus noise are physically representedchbyronal firing rates. Note that the LIP
area encodegrelative expected utility of rewards rather than absolutalues.
Experiments where the absolute reward levels areased but the relative reward levels
are maintained yield virtually identical mappingshis region.

2 The eye-gaze choice mechanism is preferred betaeseotor system driving eye movements is
independent of the more general motor system asifiyvgimpler to understand and track.
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The information from the LIP map is then passed tegion called the frontal eye fields
in a manner that maintains the spatial organizatiothe map. In the frontal eye fields,
however, the only information that is gleaned isthler the action potentials associated
with a specific spatial location surpass a certaophysical threshold. After the first
location passes this threshold, the map is pruheatl other information and this location
is passed to a region call the superior colliculisich triggers the ocular motor system
to shift the gaze of the animal to the locatiomiifeed on the map. This shift in gaze
releases the reward to the animal.

These studies provide an intriguing physical an&ognany of the quantities that enter a
simple RUM model and detail the neurological medrarthat identifies the option to be

chosen. Glimcher and colleagues go so far asfinedthese firing levels in the LIP as

physiological expected utility. However, severalegtions remain, such as: Does this
region serve the same function in humans? Do o#gaons first generate the same or
similar maps and send the information in tact @ thP? Do other regions first encode
absolute levels of expected utility and, if so, vehand how is the normalization process
executed? This leads us to review emerging wotiuiman imaging that details how the
brain senses and evaluate various rewards.

[I.B The Neurological Basis of Reward

Several key neural regions are regularly implicated human studies of reward
prediction and evaluation, including the ventratiastm (or putamen), nucleus
accumbens (NAc), orbitofrontal cortex (OFC) and tvemedial prefrontal cortex
(VMPFC, see figure 2). These regions, which Mon&ading-Casas and Cohen (2006)
call the ventral valuation network (VVN), providenslar qualitative responses to a wide
array of rewards, including appealing food and kiiidald et al. 2002), pleasant smells
(O’Doherty et al. 2000), pleasing sounds (Blood Zatbrre 2001), money (Breiter et al.
2001), the provision of charitable contributionsglM et al. 2006, Harbaugh, Mayr and
Burghar 2006), the exacting of revenge (de Quereaia. 2004), luxury cars (Erk et al.
2002), and love (Bartels and Zeki 2004).

Each region has different sensitivities during iévward process, however. For example,
activity in the VMPFC appears to scale with thecdiln® value of delivered rewards
(Knutson et al. 2001, O’'Doherty et al. 2003) whertee ventral striatum, NAc and OFC
are particularly sensitive to changes in the pteditty and timing of rewards (Berns et
al. 2001). The OFC has been postulated to be ealhelearinghouse where relative
expected utilities are associated with potentidigparate options (Montague and Berns
2002) for the purpose of comparison and actionciwhvould lead it to take on a role
similar to the LIP in monkeys (though such a cossenhas not been reached in the
neuroscience community). Each of these areas nsetle populated with dopamine
neurons, and these neurons receive dopaminergitsifimm the ventral tagemental area
(VTA) and the subtantia nigra (SN), which servepaints of origin for much of the
dopamine that moves through the brain.
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Dopamine is considered to play a key role in comigation in this ventral valuation
network. The release of dopamine in the brain make recipient feel good, which
might be interpreted as the physiological basiBethamite hedonic utility or a ‘rush’ of
pleasure. Indeed, many illegal drugs (e.g., cacand amphetamines) allow more
dopamine to be released (technically, stops dopafnom being recaptured by neurons)
and heightens this euphoric rush (hence, the geteem ‘dope’).

The initial hypothesis held by researchers in thédd was that dopamine directly

signaled reward, i.e., larger rewards released mopamine. Such a vision of the role of
this neurotransmitter would argue for a model inichhdopamine becomes the
physiological analog of utility, with more utilitydopamine) released as the level of
goods and services are increased. SubsequentatedsaSchultz and colleagues over
the past decade has revealed that this dopamira-derorrespondence is only partially
correct and that the role of dopamine in the revpaiotess is more subtle.

Schultz, Dayan and Montague (1997) measure theitgadf dopamine releasing neurons
from the VTA and SN in the brain of thirsty monkegsreveal a more nuanced manner
in which dopamine is released. During the courséhe experiment, thirsty monkeys
would receive a signal (bell) which would then lodidwed by a highly salient reward
(fruit juice). During initial trials, when the m&ay was learning about the relationship
between the signal and the reward, the provisiothefreward led to a dopamine spike
(i.e., increased firing rate of dopamine releasiegrons) that was then sent to the NAc
and ventral striatum. In this case the receiptesfard did correspond to a dopamine
rush. However, subsequent juice deliveries ofddume volume resulted in smaller and
smaller dopamine spikes, until dopamine levels nleseduring the receipt of the juice
returned to a baseline level. Dopamine levels d@gdike immediately following the
cue, however, suggesting that much of the pleasarie@ed from consumption occurs in
anticipation of a reward rather than the receighefreward

On a subsequent trial, when the volume of juice ur@expectedly increased, dopamine
levels spiked not only during the cue, but also sdrately following receipt of the
unexpectedly large reward. After several trialserehthis new, higher volume of juice
was administered, the post-reward dopamine levelppgtd back to baseline. Finally,
when juice deliveries were scaled back to the palgievel, post-reward dopamine levels
dropped below baseline. After several additiomald with the original juice delivery
volumes, post-reward dopamine release levels clinbiaek to baseline.

These experiments led to several important insightirst dopamine release is
synonymous with reward receipt only for short-temmexpected changes in delivered
rewards. More generally dopamine does not endoela@bsolute value of a reward but
rather its value relative to what is expected.shiort, the most dopamine was delivered
during unexpected rewards, while the dopamine frerpected rewards quickly

% In the words of Arthur Schopenhauer, “A man’s glefiin looking forward to and hoping for some
particular satisfaction is a part of the pleasio®iihg out of it, enjoyed in advance.”
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diminishes back to baseliffe. Second, in stable, predictable rewarding scesario
dopamine spikes upon the receipt of reliable cliesilbsequent rewards rather than upon
the receipt of the reward itself.

Schultz and colleagues postulate that such a mesthaserves a crucial role in learning,
where increased reward stimulates the pleasuraigandine release while the diminution
a particular reward stymies dopamine release. &laeghors develop a formal model
referred to as a temporal difference (TD) modekgiard learning:

Dopamine neuron firing rate e = a(Reward —e.1),
wheree is the reward prediction error in peribdnda > 0.

In short the TD model simply states that satistactivith a given level of reward, as
represented by dopamine release, is transient,amyhamount provided quickly leading
to the same level of dopamine release. Tempoft@rence models are now a common
cornerstone of many decision making models, anlkfrily so as the results of human
imaging studies involving reward delivery regulaalghere these predictions (Abler et al.
2006, Berns et al. 2001, Knutson et al. 2001, O@®thet al. 2003 and 2004).

One limitation of these experiments is the subgetactive role, i.e., passively receiving
signals and rewards delivered by the experimeritearning is most critical in situations

when the subject must guide subsequent actionsrdograater rewards, which suggests
that TD models may only be part of the reward psscgy picture.

When action is required to trigger reward delivedifferent neural circuitry becomes
involved and the activity shifts to another regigithin the striatum (the dorsal striatum
or caudate), which is connected to the necessamprnpathways that can engage to
trigger choice (Elliott et al. 2004). In such caflee temporal difference view of learning
about reward becomes only one part of a largeresysthat assesses reward and
motivates behavior. This has led to the develogrogferitic-actor’ models (Rosenstein
and Barto 2004), in which one system is chieflyoired in evaluating possible rewards
while another system engages to act upon thisrgton.

Other neural structures that are intimately intered with the VVN include the
amygdala, anterior cingulate cortex (ACC), and diateral prefrontal cortex (DLPFC).
Each region has been implicated in different aspedtthe decision process. The
amygdala helps assess the value of emotive inpatticularly fear and other aversive
stimuli (Rosen and Donley 2006), and passes retea@ormation to the NAc. The ACC
is thought to help identify and evaluate errors enddring the decision making process
and to serve as a region in which conflicts betweampeting actions are deliberated.
The DLPFC has been identified as an executive regaxessary for goal maintenance
and the inhibition of impulsive behavior.

* Congruent with Carl Sandburg'’s insight, “Nearlithe best things that come to me in life have been
unexpected, unplanned by me.”
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The most recent development in this literaturehis ¢reation of increasingly detailed
neural processing models that articulate the rofesarious neural substrates in each
portion of the decision making process. These itsodenerate predictions that then
guide subsequent imaging experiments.

For example, Daw et al. (2005) describes a moderg/kimple TD learning executed by
dopamine neurons in the striatal regions compegagist more statistically sophisticated
learning models executed in frontal regions. Fateptially rewarding actions involving
more complex sensory inputs (and, hence, more detaenvironments), the model
predicts that the simpler TD model may be prefervdaich can lead to habit formation,
i.e., the same actions are continued even whendle of the reward associated with a
particular action (or cue associated with delivefya reward) is diminished. For many
events, particularly events where the chain of aliysfrom action to reward was more
direct (and computation less costly), the moreistteally sophisticated learning system
was the system dominantly called upon for the psepoof learning. Because these
systems utilize more data, they respond rapidlgh@anges in the value of rewards, i.e.,
habit formation is less likely.

These models tap into a deeper theme in the psyghand cognitive neuroscience
literature — that of multiple evaluative loops amdiltiple decision systems (Schneider
and Shiffrin 1977). This literature postulates #wastence of two general types of
processing undertaken within the brain. Autonompuscesses are fast, cognitively
efficient, and can be executed ‘in the backgrountile many other items are being

processed. Often these processes generate highiginl specific actions for common

decisions that arise. Controlled processes awmes|/@are more cognitively taxing and are
more likely to be engaged when circumstances axelnoThese different types of

systems may be preferential for helping guide thecalled exploit versus explore

decision. That is, decision makers perpetuallg fatension between exploiting a current
rewarding situation and exploring other possiblyagding situations, i.e., decision

makers often face an optimal search problem. Isynenvironments the fitness of the
decision maker will be improved if it can identdynd evaluate novel situations that might
be worthy of exploration.

Such multi-loop neural models like that of Cohemle(2005), Daw et al. (2005), Haruno
and Kawato (2006), which postulate different evalgaloops with competing strengths
and weaknesses, have served as the neural basievienal recent behavioral economic
models that focus on self-control issues (Berhhamd Rangel 2004, Fudenberg and
Levine 2006, O’Donoghue and Loewenstein 2004, Bkithaand Bisin 20043.
Pathologies such as addiction appear to underrhmealbility of the brain to allocate or
distribute decisions to various evaluative loopd give rise to apparently sub-optimal
choices, though the classification of these choa=sub-optimal is in itself a matter of

®> However, as Glimcher, Dorris and Bayer (2005) icauit is not accurate to depict the human deaisio
making process as involving distinct, independgatesns where the more rapid and simplistic evaduati
loops are labeled as ‘primitive,’ ‘irrational,” Gmotive’ because there is ample interaction antbeg
systems.

24



discussion for economists providing normative aoditpve analysis of policies meant to
address such issues (Bernheim and Rangel 2004).2005

While much of the focus of this review and therbtere centers on neural mechanisms
featuring dopamine-based communication, there iso akvidence that other
neurotransmitters such as serotonin, acetylchatiaegpinephrine and oxytocin may play
important roles in neural theories of choice. Example Yu and Dayan (2005)
formulate a model in which acetylcholine providesignal of riskiness with a given
decision context while norepinephrine providesgmal of uncertainty, i.e., spiking when
the broader context of decision making begins it ahd prior probabilities of reward
may be irrelevant for predicting future reward. eTiole of these neurotransmitters may
be to force the system to switch among the varexaduative loops, to rely upon more
external (sensory) cues or to allow for greater wmwniormation in response to new,
external information, which might be necessary verade encoded information about
past contexts. McClure, Gilzenrat and Cohen (2@@S}tulate the dopamine works with
norepinepherine to help a muli-loop system effedyivshift between exploitative to
exploratory circuitry.

Other neurotransmitters also play critical rolesamious portions of the decision making
process. For example, experiments with rats suglyasrepression of serotonin function
can lead to decisions in which future rewards aseadinted more heavily (Denk et al.
2005)° Oxytocin is critical in processing stimuli invafg a social dimension,
particularly facilitating interpersonal decisiorfsat require some degree of trust on the
part of the decision maker (Kosfeld et al. 2005).

lIl. Neoclassical Pillars Through the Lens of Biomdical Methods

Clearly evolutionary pressures shaped the currentn fand function of the brain.
However, evolutionary pressures only drive selectim the point of ensuring
reproduction and survival of offspring, and the naéuapparatus designed to ensure
reproductive success may feature only partial apewith the apparatus that economists
envision to execute neoclassical utility maximiaati In this section we review results of
some provocative studies that cause us to recansaderal of the bedrock assumptions
of neoclassical utility theory critical to the ex#ion of positive welfare analysis.

Implications for decision modeling that arise fraims selected review range from

guestions of validity of techniques for evaluatpajicies to fundamental questions about
the foundational assumptions of decision makingluding preference coherence and
stability. We begin with a set of questions thadein applied policy analysis then move
on to more fundamental questions about the nafupesterences themselves.

® However, progress in more precisely refining thie of serotonin in theories of choice has beerdédried
because, unlike for dopamine, the measurementofosen neuron activity faces greater technical
difficulties (Daw and Doya 2006).
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lll.A. Differences between Rewards Expected and Reavds Received

Evaluation of new policy requires predictions ofhaeor beyond the scope of
observability. In this section we explore two k#yemes. First, can the stated
preferences of individual, elicited via a hypothati scenario, provide meaningful
information upon which to evaluate policy? Thisus holds a special place in the
environmental economics literature as the use otiwgent valuation has sparked a
robust debate concerning the efficacy of methodshich individual responses hold no
consequences, i.e., situations in which the indi@icbnly engages in part of the decision
making process (anticipation and decision stagé@bpwt experiencing any change in the
level of reward received. Second, in the caseceéaled preferences, does the hedonic
representation of a possible consequence duringddugsion process systematically
differ from the hedonic experience received wheat tonsequence occurs? This section
explores the basis for differences in anticipatesus experienced utility.

[1l.A.1 Hypothetical Bias and Consequentiality

The key question is this: can hypothetical respsnséably predict actual responses?
Neural imaging can shed new light on this long-dtag question. If the pattern of
neural activation engendered by a hypothetical tqpress indistinguishable from that
engendered by a question with consequences, one feghymore confident in the
efficacy of hypothetical questions. Given our esviof the process by which learning
and action take place in the brain, one might imadgey differences could arise between
hypothetical and consequential decisions, as aliparts of the neural process involve
using dopamine to update expectations based upviopsly received rewards. While
the question of ‘hypothetical bias’ has not yet rbesxplicitly addressed using the
techniques described herein, several studies akigth may shed light on the types of
inferences we may be able to eventually draw.

Knutson et al. (2001) scan subjects in an fMRI wihiley completed a task that featured
a sequence of visual stimuli. Subjects see a edlsguare, then a cross-hairs image,
followed by the brief display (160 to 260 millisews) of a white square, during which
subjects are to press a butfonSubjects then learn if the button was pushednie t
(outcome phase).

The researchers compared neural activation duwogversions of this task. In one task
the subject receives one dollar if a button is pdsWwhile the white square is displayed
(rewarded trial); the reward of one dollar is anmoed during the outcome phase. In the
other version of the trial, subjects are askedushpthe button during the white square
even though they are aware that no financial rewsapitovided (unrewarded). The key
difference is that one set of trials the action fiaancial consequences, while the other
trials the consequence is only the resolution obsity (did | press the button in time?).

" Highly motivated and trained subjects do not alsvasess the button in time, particularly for thersést
display lengths of the white square.
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The difference in neural activation between rewdrdesd unrewarded trials was
significant in several regions during both the edanticipation) and outcome phases of
the trial. The differences during anticipation egarticularly stark, as fourteen distinct
regions showed statistically different levels otization across the ventral valuation
network and other related structures, includingNiAe, the dorsal and ventral striatum,
the mesial prefrontal cortex, and the amygdala. e Teedback phase produced
differences in four regions, including the venstalatum and the OFC.

Elliot et al. (2001) perform a fMRI study featuriagask similar to Knutson et al. (2001),
though imaging results for the anticipation andcoote phases are not analyzed
separately. The results in Elliot et al. (20019vde similar qualitative results; neural
activity in several regions is significantly difeart between rewarded and unrewarded
trials including areas in the ventral striatum amnaygdala.

The tasks from the above two studies are not aegiednalog to tasks presented during
valuation exercises. For example, a typical dichuius choice valuation task requires
significant cognitive effort to evaluate if the pased scenario is preferred before the
subject activates a motor response (marking theeguor hitting the response button),

while in the fMRI tasks the subject faces no rdalice (pressing the button is preferred
to not pressing the button) and the focus is ort@kay the correct motor response in a
timely fashion. Despite the differences from valua tasks, the results give an initial

suggestion that unrewarded tasks engender a differeural decision and evaluation

processes than rewarded tasks.

Several modifications to the task to make it mikommon valuation tasks could provide
a more direct test for potential differences in maéuengagement engendered by
hypothetical and consequential instruments andnibwus elicitation formats (open-ended
versus discrete choice) affect the degree of diffeation in neural activity between
hypothetical and consequential tasks. Note thatKhutson et al. (2001) task also
features some ‘cheap talk’ elements, which haveerdruitful in reducing hypothetical
bias in experimental settings, in that during tmeewarded task subjects are asked to
respond ‘as rapidly as possible.” It would beigtraforward to alter an fMRI task to test
the efficacy of cheap talk interventions as well.

It is interesting to note that most fMRI tasks regua discrete choice while, to the best of
the authors’ knowledge, no fMRI work has featurasks in which open ended quantities
are chosen by respondents. Our intuition is thepponses to open-ended questions more
directly reflect raw utility estimates, which at@otight to be generated in the NAc and
ventral striatum. Hence, the vast differences nMegk in striatal and NAc activity
between hypothetical and consequential formats atobnde well for calibrating open
ended responses. Discrete choice formats, onttier band, require normalization of
these raw, option-specific utilities into relatiwdility terms. If the lack of reward
salience uniformly shifts these raw physiologicdility measurements, the ordinal
information may still be retained, particularlynéural activation in the areas where this
normalization process occurs (e.g., the OFC) isilainbetween hypothetical and
consequential questions.
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l1I.A.2 Anticipated versus Experienced Utility

In order to make a choice among alternatives, omstnengage in the process of
expectation, i.e., one must imagine and anticighee results that each choice might
generate. The crucial question then arises — tipation of a potential reward
processed in a manner that is identical or congistgh the experience of receiving the
reward? Several fMRI studies suggest that rewaqpe@ation is processed quite
differently in the brain than is reward receipteruf there is no uncertainty concerning
reward provision. Many of these elements are als/ibom our previous discussion of
dopamine learning models in the previous sectidmre the dopamine flow associated
with rewards shift from the time the reward is feed to the time when a reward is
initially expected (say, following a reliable cuendeed human imaging works confirms
that neural activation during reward expectatiodissinct from reward receipt.

For example, Knutson et al. (2001) find that diferregions respond to the anticipation
and experience of monetary rewards. Consisteiht suthple temporal difference models
of dopamine learning, they find the ventral stnatand NAc activate in a monotonic
fashion with the size of the anticipated reward dwithot respond with the actual receipt
of the reward. Dissociated from this circuit isotver circuit in the medial prefrontal

cortex (MPFC), which is insensitive to anticipatiohgains but increased BOLD signal
when the subject is given the reward. Other studli@ve also found this dissociation
between regions processing the anticipation andebeipt of rewards (see O’Doherty
2004 for a nice review) and point to several othegions often activated during

anticipation (the amygdala and the orbitofrontaftex, which also receive substantial
inputs from the dopamine system).

Keeping in line with the temporal difference rew#dedrning models, one vision is that

expectation itself rapidly diminishes the ability the receipt of reward to activate these
dopamine rich areas and instead moves the accguotirsuch reward receipts to regions
that are unable to generate such euphoric rushdespeEfmine. Hence, only unexpected
rewards may be received in a manner that activhiese dopamine rich regions. The
very act of forming expectations and anticipatiagyard may, through rapid habituation,
alter the region that processes the receipt of néw@ad open the door to a difference in
neural processing for reward anticipation and ggceT his is in line with recent theories

(Kahneman 2000) that formulate separate anticipaeldexperienced utility functions.

Holland and Gallagher (2004) note that both the gamala and OFC are engaged in
developing the expectations against which deliverglards are compared during the
learning process and, hence, indirectly impactdiygaminergic flows following reward

receipt. These authors note that it is the amygdhht dominates with regard to
expectation formation in the early stages of leagnabout the relationship between
particular cues and eventual rewards, with the OBtr codifying the learned

relationship. When the environment changes, shah @ particular cue is no longer
associated with a given reward, it is the amygdiat again signals this change first,
with the OFC merely ‘unlearning’ the old relationslafter disassociation of the old cue
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and reward, waiting for the amygdala to figure the new relationship before codifying
the new relationship that emerges. It is the ledrmssociation in the OFC, however, that
is relied upon most heavily for helping guide demsmaking, as this region may need to
retain several sets of cue-reward associationbaattcan compare of the relative value
of competing actions based on past learning tgér@ final decision.

This lack of unified neural processing between elgi®n and experience has
fundamental consequences for welfare analysis.ekample, if we believe in a hedonic
utility measurement, and wish to use this as trsestfar policy making, do we base this
measurement on the utility expected or actuallyeegmced (see Kahneman and Sugden
2005 for a discussion of this very question andrkhan and Krueger 2006 for a related
discussion)? This goes beyond simple distinctminstated versus revealed preferences,
for many purchases involve expending money to btst an item with the actual utility
received from its use coming much later. Indeedmist cases it is the consumer’s
expectations concerning the eventual utility thatngpts the expenditure, not the actual
utility experienced at the point of consumption.

If there is a fundamental systematic bias betwkesd two that result in decisions that, in
retrospect, people find suboptimal, what is the afl policy? In some instances, such as
addiction (Bernheim and Rangel 2004, 2005), thigsiad®n between expected and
experienced utility may become pathological, witmgumers spending vast resources to
try to override a system of consumption where a (€ug., the sight of another person
lighting a cigarette) triggers a vastly inflated pegtation of utility that is never
experienced. Research that documents such systafifrences between expected and
experienced utility naturally leads the discussiontopics that are uncomfortable for
some economists, such as the possible role ofnadistic policies (Camerer et al. 2003).

[11.B. Context Dependent Utility

A key assumption of utility theory is that the amgents of a utility function are measured
in absolute terms, i.e., income level or the qugrdf goods and services. This is a
seemingly innocuous assumption, particularly gitves static nature of many textbook
examples of economic decision making. With the yteqization of Kahneman and

Tversky’'s (1979) work on prospect theory, whichpart posits that human judgment is
influenced by outcomes relative to logical refeeempoints such as initial endowments
(gains versus losses), more recent work has furdeeeloped models that formalize
reference-dependent utility theories (Sugden 28@3zegi and Rabin 2006).

Neoclassical utility functions are often quite gpar— the individual receives income,
goods and services that neatly translate into al lef utility according to the given
functional form. Behavioral economists are slovdypanding utility functions to
accommodate insights drawn from key research imitiwg psychology that suggests
that the absolute rewards received by an individuast be interpreted in context. This
context can come from many sources, including tuvidual’s: past (self referential,
giving rise to differential treatment of losses agains and baseline effects), peers or
other reference groups (peer referential, givisg to fashions and ‘keeping up with the
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Jones’), unexplored alternatives (counterfactudéreamtial, giving rise to ‘what if
evaluations), and most likely outcomes (expectatiierential, giving rise to
unappreciated gains that fail to meet expectations)

The overview of dopamine learning models readilygsathe way for this context, as the
degree of expectation of a reward can alter thénlmegions that process its receipt.
Breiter et al. (2001) demonstrate how the contéxrabsolute reward is crucial to the
nature of neural responses generated in responise receipt. Building off theoretical
work of Mellers et al. (1997), they hypothesizetttitee same absolute reward (in their
case the receipt of no financial reward, $0) wéhgrate different neural responses when
this reward level is the best possible outcome {$0,50, -$6) than when it is the worst
possible outcome ($10, $2.50, $0).

The authors found two brain regions — the NAc amdenticular extended amygdala (a
region near the NAc and amygdala) — that revealedtgr relative activation when

receiving $0 was the best of all possible outcothas when it was the worst possible
outcome. The authors suggest this is congrueift thé subject treating $0 as a gain in
the former case and a loss in the latter casegththey caution that this interpretation
may only hold for extreme cases because the refsattsa case in which the receipt of
$0 was a middling alternative did not result inisiermediate level of relative activation.

Coricelli et al. (2005) also reveal that countetfiat information can affect the neural
processes involved in evaluating a particular auteas well as the neural processes
engaged to cast subsequent decisions. In theirl ftdsk subjects observe a pair of
gambles, choose the preferred gamble, see therge@fgamble’s resolution and receive
notification that their payment has been adjustasalingly. In some trials subjects also
observe the outcome of the other (unselected) ganpoviding the subject with
counterfactual data. The authors show that thelagen of counterfactual data, while
not altering the subject’s financial reward, do#erahow the resolution of the selected
gamble is processed by the brain and how brairmigctidjusts in subsequent decisions.

Specifically the authors show that the OFC is mmncite active when counterfactual data
is given to the subject, with the level of OFC waation scaling linearly with the level of
relief or regret. That is, OFC would drop belovséline levels of activity if the subject’s
choice turned out better than the unselected ga(ndlief) and rise above baseline if the
unselected gamble turned out better than the selegamble (regret). The ACC and
hippocampus revealed similar sensitivities to thenterfactual data.

When subjects suffer a ‘regretful’ outcome in atigatar trial, it appears to influence
neural activity during subsequent decision. Dutlmgchoice cast immediately following
a regretful outcome, several additional region9ldis activity that is not otherwise
present. These regions include the DLPFC, whicligely implicated in behavior

necessary to control impulsive choices. As mord arore regretful outcomes are
accumulated by a subject, the OFC becomes incgggsactive during the decision

process as does the amygdala, which is known torzonicate the emotional valence of
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of stimuli, particularly aversive stimuli. Ursu @rCarter (2005) and Windmann et al.
(2006) also find related evidence of how contefeécis reward processing and decisions.

These findings provide a solid neurological basrstfie expanding volume of work that
documents framing effects in choice settings. Tdosnmon knowledge has clearly
worked its way into political communications as Wweith parties wisely expressing
outcomes in the frame of reference most benefioi#their political cause. It poses some
difficult questions for both posing hypotheticalegtions that might be used to evaluate
policy alternatives, as a particular frame must desen, and for interpreting the
relevance of revealed preference data if the pesisidns leading to the collected data
were cast in a frame that might not be relevamtiiare circumstances.

[11.C. Malleable Preferences

Mainstream neoclassical economics has primarilgtéc preferences as complete, fixed
and static; in the words of Hobbes, “...consider ragiif but even now sprung out of the
earth, and suddenly (like mushrooms), come to fudturity, without any kind of
engagement with each other.” ([1651] 1949, p. 1Yych an assumption provides great
convenience during welfare analyses, for theretgexsstable set of preferences that are
sovereign to the consumer and against which gants lasses can consistently be
measured.

Any proposed changes to policy will yield predideabhanges in surplus that can be used
to assess the desirability of the proposed changde given the cardinal nature of the
measures generated and given some aggregatiomardss individuals, one may even
rank competing proposals. If policy alternativesrevto purposefully shift preferences,
however, the basis for neoclassical welfare angalgscomes murky. In this section we
review several studies that explore how possiblécyanterventions could shape
preferences.

[11.C.1. The Role of Advertising and Promotion

Persuasive communication is at the heart of mamagegfic initiatives generated in both

the private and public sector. While many initia8 may serve to better inform people
about available options so that choices betteecefturrent preferences, many others
focus on persuading individuals to alter existimgferences. Branding provides an

excellent example of persuasive campaigns. Brandstheir associated images are key
strategic elements of many business plans, andughrcsustained advertising and

promotional campaigns, brand imagery has pervadedudture.

McClure et al. (2004) document the role of produreinding in the processing of primary
rewards. In their famous reworking of the “Pepsiallenge” the authors gather fMRI

images as subjects taste Pepsi and Coke. In scane the subjects were not informed
which brand was being delivered (blind), while ther scans the delivery of one type of
cola was always preceded by the presentation dfrdred’s logo (branded).
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When tasted without brand identification outsidehs fMRI, subjects’ choices between
Coke and Pepsi were equally split and not signitigacorrelated with previously stated
brand preferences. However, the brand they chosieei blind taste test did generate a
larger BOLD signal in the ventromedial prefrontairtex (VMPFC) during the fMRI
portion of the protocol. The VMPFC is a region tmofor registering gustatory rewards.
The two brands engendered no differences in agiiivibther brain regions so long as the
scanned subjects were blind to cola’s brand identit

Once brands were identified, several interestirgulte emerge. In a standard (non-
scanning) taste test, subjects systematically peefeCoke to an unlabeled alternative,
which subjects were told could be either Pepsiakel but was always Coke. However,
when the same taste test was given for Pepsi, @shjed not systematically prefer Pepsi
to an unlabeled alternative, where subjects wece again told the alternative was either
Coke or Pepsi but, in reality, was always Pepsiends#, the subject pool regularly
preferred labeled Coke to unlabeled Coke, but wesential indifferent between labeled
and unlabeled Pepbi.

When these taste tests were repeated during scarthendifferences in BOLD response
between the labeled and unlabeled cola delivenedyced no difference in the VMPFC.
That is, a subject’'s neural response in the VMPFES the same whether labeled or
unlabeled cola was delivered. This is not terrgalyprising given there was no change in
the chemical composition of the liquid delivereddowever, statistically significant
differences in BOLD response for labeled and un&beCoke (but not Pepsi) were
observed in other brain regions. Specifically,esal/locations in the hippocampus and
one region in the dorsal lateral prefrontal cor@kPFC) recorded greater activation for
the branded than the unbranded delivery of Cokeoth Bhese regions have been
previously associated with emotion-related behaichange. The hippocampus has
also been implicated in the recall of emotion-basednories.

We interpret this as one stark manifestation ofedgoence shift. The neural evaluative
process and subsequent choice of product werelyclakered by the presentation of
brand image. It would appear that the accumulbtadd development spending by Coke
was effective in altering the manner in which a@emappetitive reward was processed
by the brain, at least for the sample of subject®lved in the McClure et al. (2004)
study. When brand information was absent, subjgetserated neural responses in one
region (VMPFC) that correlated with brand-blinddtbices, while the revelation of the
iconography associated with the more popular bractd/ated a separate circuit also
consistent with the actual choice.

This finding spawns many questions, such as whatle neural mechanisms at work
that integrate the additional input from the hippopus and DLPFC with the unchanged
input from the VMPFC to change the preference anddoetween the two brands? Also,
are there other manifestations of preference chtmgdead to different neural patterns?
For example, could commercial communications lea@ tirect change in the reward

8 This finding essentially reverses the “Pepsi, k& stance emphatically maintained by Pete
DionasopoligJohn Belushi), the owner/operator of the Olymp#dé Saturday Night Live, circa 1977).
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level measured in the VMPFC? This finding alsovama some fundamental questions
concerning welfare analysis, which we articulatd discuss at the close of this section.

l11.C.2. Genetics, Environmental Factors, and Prefeee Change

With the development of the human genome project e concomitant technical
improvements available to assay individual geneliferences, there has been an
explosion of studies focused on linking genotypesigher-order phenotypes such as
personality types and behavioral disorders. Fammgte, several promising studies have
linked polymorphisms in genes known to affect thectioning of key neurotransmitters
to psychometrically defined personality dimensioglated to risk aversion, e.g., Bjork et
al. (2002) correlate a serotonin polymorphism wigterogeneity in impulse control.

Other examples include work by David E. Comings aederal sets of colleagues who
have correlated polymorphisms for genes associatibdseveral neurotransmitters with
pathological gambling (Comings et al. 2001); selv@irmensions of personality including
novelty seeking, harm avoidance, reward dependandecooperativeness (Comings et
al. 2000a); and several complex behavioral dissrdercluding attention deficit
hyperactivity disorder, oppositional defiance disarand conduct disorder (Comings et
al. 2000b). While the Comings studies (and aahfither similar studies, see Munafo et
al. 2003 for a review) have suggested some intmguinkages between genes and
behavior with potential import for economic behayithis vein of literature has been
marked by highly inconsistent results, with mangiah findings failing to be replicated
by subsequent studies (Munafo et al. 2003).

This lead some researchers to begin to investif#tte lack of replication was driven, in
part, by failure to control for key environmentatfors that might affect gene expression,
i.e., control for how factors such as stressfd &vents or early developmental stressors
might have switched on or off key outputs of a ipafar genetic variant (recall the
purpose of a gene is to help create a protein, twtgan affect the level of
neurotransmitters available within the brain). Whihe concept of environmentally
mitigated genetic impacts on phenotype is not Heeweifardo and Hen 2006), the number
of studies that test for gene-environment intecsmsihas only recently begun to increase.

A seminal gene-environment study by Caspi et &8l082 analyzes the genetic correlation
between a key polymorphism in genes affect serotfumction and recent episodes of
depression for a large cohort of subjects in thed-20’s. Depression, while a clinically
defined medical disorder, can also be thought & skift in preferences for a wide array
of consumption goods and leisure, as subjects’abegical responses to basic rewards
are strongly affected. For example, Rand (200dnases that employers lose more than
$51 billion per year due to absenteeism and redpoadlictivity.

Caspi and colleagues found an increased likelihafoal major depressive episode after
enduring one or more major life stressors (relaiedeither employment, financial,

housing, health or relationship issues) during iast five years for the 69 percent of
subjects with one serotonin genetic variant. Thkenaining subjects revealed no
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relationship between major life events and depoassiFurthermore, only subjects that
had never previously reported a depressive episate considered, which drastically
limits the possibility of reverse causality.

This path-breaking study is important for sevemhsons. First, it documents how
elements of the macroeconomic situation can feexk ato individual preferences.
Unemployment and financial stressors, which areemally tied to the aggregate
economic situation, can affect to outcomes suctegsession that can shift preferences
and impact the supply and effectiveness of lab@mne can truly see how economic
depressions received this moniker and postulatébteek mechanisms that may recast
business cycle dynamics. In the general scienitkcature, this study and others have
slowly led to a de-emphasis of ‘nature versus mattilninking and an emerging vision of
‘nature via nurture.’

The Caspi et al. (2003) study has inspired a grgwitimber of replication studies (Grabe
et al. 2004; Kendler et al. 2005; and GillespialeR005) and related studies that test for
find environmentally mitigated correlations betweggnetics and other behavioral and
personality outcomes (conduct disorder, Foley e2@04; behavioral inhibition, Fox et
al. 2005; childhood depression, Kaufman et al. 20@®velty seeking, Keltikangas-
Jarvinen et al. 2004). These studies suggest that potentially large eatgnof the
population are genetically predisposed to preferestufts that may be triggered by the
outcomes of the policy process. Considerable veaikts to understand the implications
of this work for policy evaluation, however.

[11.C.3. Therapeutic Methods of Changing Preference

The multi-loop decision-making models discussethm previous section posit possible
competition between striatal and frontal brain oegi where striatal circuits rely upon
dopamine to quickly code rewards relative to exgmts while the frontal regions

integrate information from the striatal and othegions, and may engage in more
sophisticated cognitive processes that conduct nstagstically rigorous analysis of

possible decisions and rewards. This suggeststhieahpeutic interventions, such as
drugs, physical stimulation or behavioral practjcaay exist that could affect the relative
output of certain regions or tip the balance otutspduring decision making in a manner
that alters subsequent choice.

Knoch et al. (2006a) conduct an experiment utizifMS that reveals one tantalizing
example of such an intervention. The investigat@d three groups of subjects play a
simple game in which they must choose between magbagambles where one gamble

® One issue that is still unclear is whether sucéritions are relevant for all age groups or oolynger
age groups, as most of the studies revealing gignif interactions use subjects under the age of IR0
fact, a replication of the Caspi et al. (2003) gtudvolving older subjects revealed no significant
interaction between the genetic and environmerspéets of depression (Gillespie et al. 2005). Ty
suggest a greater influence of stressful life event the behavioral outcomes of younger populations
though more research is needed to solidify suatmalasion.
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involves relatively greater risk (higher reward hvibwer probability). Prior to playing
the game, one group receives low-frequency TMSh right DLPFC, one group
receives the same treatment to the left DLPFC,enhié third group receives a placebo
treatment over the right DLPFC. Subjects receivimg TMS over the right DLPFC,
which is densely connected and co-activates wighatthjacent areas in the orbitofrontal
cortex (OFC), chose risky options with greater fieacy than those in the other two
groups (who took risky decisions with statisticafiynilar frequency to one another).
Thus, it would appear that TMS, when applied tortget DLPFC, has the ability to shift
risk preferences for a brief period following tiheatment.

The right region of the OFC has been previously litaped as a key region for
controlling impulsive behavior (Garavan et al. 1298 opens the door to understanding
how manipulations of this region could alter demmsimaking behavior. The authors
speculate that alternative frequencies appliednduifiMS could lead to alternative
neuronal firing patterns and, hence, alternativiealimral responses, and cite evidence
from their previous work that correlates various SNtequencies with a spectrum of
behavioral responses (Knoch, Bruegger and Reg@f)2

While Knoch et al. (2006a) report increased ridking due to their intervention, other
authors have identified interventions that causedibposite affect. Rahman et al. (2006)
work with a group of subjects that suffer from anfioof dementia known to affect the
orbitofrontal cortex, which causes them to take engsky decisions than age-matched
healthy controls. The investigators use a doubhedlwithin-subject design and find that
the administration of Ritalin (methylphenidate) wedd the tendency of these patients to
take risky bets. Ritalin consumption has been shaw increase neural flows of
dopamine, whose presence is important for rewand signaling and associated learning
that requires feedback between frontal and striath regions.

Risk-taking behavior is not the only arena in whisteferences can be altered via
therapeutic manipulations. Several salient exam@ase in the context of social
interactions during economic exchange. Knoch €R2@0D6b) replicate the experimental
design from Knoch et al. (2006a) only they repldee game involving gambles with an
ultimatum game. The ultimatum game involves a-fmgver, who proposes a division of
a fixed amount of money, and a second mover, wimoetther accept or reject the first
mover’s proposal. Acceptance leads to the didiobuof the money between the two
parties according to the offer and rejection leti0 payment for either party. The
neoclassically rational response by the second mivéo accept any offer, though a
broad range of experimental data suggests thatsodistributing less than 25 percent of
the money to the second-mover are regularly rejeloyesecond movers.

Knoch et al. (2006b) apply TMS to the second ma@ver to the accept/reject decision.
Furthermore, in half the trials, the first moveoer is the result of volitional choice of
the first mover (human), while for the remaininigs the offer is randomly generated by
a computer (computer); in each case the second mmwasvare of the process by which
the offer is generated. This subtlety in desidoved the investigators to isolate the role
of interpersonal emotional interaction in the setarover’s response (reciprocity) from
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the role of a second mover’s preference for morgakdistributions of payments (pure
concerns for equity).

As in Knoch et al. (2006a), TMS to the right DLPERoked significantly different
choices, with this group being more likely to adctlye smallest offers (offers of 25% of
the available pot of money) and to spend less tooatemplating unfair offers.
Interestingly, all groups rated the fairness offsoffers equally, suggesting that while
beliefs about the fairness of such offers wereditbérent across the treatment groups,
the propensity to reject unfair offers and accaptdmaller level of payout was affected.
Furthermore, the three groups were no differenthir propensity to reject the same
offer if it were generated by a computer rathentbg the first mover. This solidifies
that the interpretation that manipulating the rigpitPFC via TMS affects how the
subjects were processing the interpersonal ematorgent of the offer rather than
affecting purely distributional preferences. Theastigators suggest that the disruption
in the right DLPFC hinders integration of infornwati from areas of the brain the
generate input concerning the emotional, interpekaspects of the situation, which
allows pure self interest to then dominate the sleni making process, though further
investigation will be needed to solidify such atenpretation.

Kosfeld et al. (2005) also manipulate preferencesacial economic exchange through
the nasal administration of a key neurotransmitigytocin’® Prior to participating in a
trust game or in a risky investment game, subjects nasally administered either
oxytocin or a placebo in a double-blind experimedésign.

The trust game involves a first mover (investor) anrandomly-matched second mover
(trustee), who each receive identical monetary @emaents. The investor may send some
portion of the endowment to the trustee, whichriglad by the experimenter before
being physically delivered to the trustee; bothiparare aware that transferred funds are
tripled. The trustee, upon observing the transfey chose to send any portion of the
accumulated funds (endowment and transfer) badkeoinvestor, though there is no
multiplication of this ‘back-transfer.” The gamavolves risk for the investor, as a
transfer increases the total payments receivedsadvoth players, but may not result in
an increase in the investor’s payout, particuldrtite trustee behaves selfishly.

The risk game played by the remaining subjects eastructed such that the subject
faced the same opportunity to transfer money from emdowment into a risky
investment, where the odds of losing the investneeneceiving a payout mirrored the
probabilities and payments faced by the investdahéntrust game. However, whether an
investment resulted in a return or a loss was dribg a non-human random process.
Hence, the investigators could disentangle whetlgtocin may have had an effect on
subject’s tolerance for any kind of risk or onlyarpersonal risk.

The authors find that investors receiving oxytottansferred significantly more to the
trustee than did the placebo group, though theamkytand placebo groups invested the
same in the generic risky investment game, sugggegtiat oxytocin administration

19 Oxytocin is also commonly referred to as a neuptife, which is a class of neurotransmitters
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shifted preferences in that interpersonal risk sieer (Bohnet and Zeckhauser 2004 call
this betrayal aversion) was reduced. Aside frasnfunctional importance during child
birth and nursing, oxytocin receptors are locatedbriain regions associated with social
behavior, including those regularly engaged durthg formation of normal social
attachments and affiliations. Given these resiiltgypears that the ability to trust others
in economic exchange may be counted as a contetich oxytocin plays a role.

l11.C.4. Malleable Preferences and Welfare Analysis

The findings in the previous three subsections spa@me intriguing questions
concerning policy analysis. Focusing particulastythe McClure et al. (2004) study in
which brand revelation produced clear alterationshoice and neural processing, let us
conduct a simple thought experiment. Assume advarhere every person has an
unlimited supply of generic cola at his or her dsg that is freely supplied by the
government. There are no competing colas or atleese substitutes available. Each
person consumes the maximum feasible amount ofeanth day and the cola that goes
unused is freely disposed. Each person is fullyilfar with its taste and its nutritional
properties. Furthermore, everyone knows that tlaeeeno long-term benefits or costs
associated with its consumption and that are not-¢éion productivity boosts associated
with its consumption (assume its caffeine free).

Now consider a proposal that would spend a biltloHlars to create a logo and expansive
advertising campaign for this cola, complete withn ftoe-tapping jingles and
commercials that associate drinking the cola withaetive people and good times. No
person will drink more cola because of this — ewagyis already drinking as much as is
possible. How would a traditional cost-benefit lggs rate such a policy? The math
should be straightforward — the policy creates #iob in costs and yields no benéefits.
However, if the promotional campaign is as effectas the Coke campaigns were for the
subjects of the McClure et al. (2004) study, itlsar that some type of surplus is being
created.

This hypothetical policy proposal is particulantgubling because it specifically seeks to
alter preferences. By the assumptions of neoclalssheory, preferences are stable,
hence any policy aimed at changing them would ledéfentive. If consumers merely
lacked information concerning product attributesl dhat information was costly, the
problem would be tractable by neoclassical stargjarsl there exists latent surplus that is
created when information is provided that allowsntormed consumers to fully assess
products against fixed preferences and alter dmwsaccordingly. However, in our
simple example, we assume all consumers are alfafgynformed.

Governments regularly engage in programs aimedntlueince public opinion and
preference, though it is unclear how such progranmsld be evaluated in a neoclassical
cost-benefit paradigm. Surely the loss experiermyed population from, say, restricting
the availability of a particular good (e.g., beadtess) will be lessened if accompanied
by campaigns that reduce the preference for theedsy The question becomes if there
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exists a coherent approach to evaluation that allfmw the ranking of potential policies
given that policies are aimed at preference change.

Sugden (2005) proposes that, when preferencesenbarent in that different framing
may arise in the implementation of a policy tharswased to estimate the preferences
used to analyze the policy, an analyst might bewasrely upon estimates of the surplus
that will manifest during the long-run implementatiof the policy. While not arguing
with the logic of such an approach, this approacy mot be desirable if preference
change itself is one of the policies under consitien.

Let us return to our example of generic cola. ®gppthe government now considers
ending its provision of generic cola and bannisguge. It estimates that the lost surplus
associated with such a ban is $1 billion per yehilesthe cost of provision is merely
$800 million. Clearly such a ban would not passt-benefit test. Now suppose the
government could conduct an aversion campaignvibatd cause most people to dislike
the drink. Such a campaign would cost $250 milléoxd would drive the surplus lost
from such a ban down to $100 million. The $250iomlfor the aversion campaign plus
the $100 million in lost surplus are now less ttiet $800 million spent delivering the
generic cola. While an outright ban of the colaldmot pass a cost benefit test, a ban
coupled with an aversion campaign can if the valileonsumer surplus is measured at
post-implementation position.

IV. The Future of Environmental Policy Analysis

While still in its infancy, at least in applicatiaa the study of economic decision making,
the use of biomedical technologies has irrevocanlg perhaps irreparably shaken the
foundations of positive welfare analysis. The eathges of our understanding of the
decision process as viewed through the lens ofohegists prevent us from making

decisive conclusions about the future of environtalepolicy analysis. Rather this

discussion should be viewed as a wake-up call feirenmental decision makers and
analysts. In light of the future transparency #&brleast translucency) of the decision
process afforded by ever improving technologieadamental questions arise about the
future of positive welfare analysis as a tool foligy decisions.

It is our view that we are approaching a three-geshfork in the road. The first path
ignores the voluminous set of biomedical resultsdeaision processes (of which only a
fraction are described herein) and stubbornly na@ist the current course. In other
words, the neoclassical model is correct and welfaralysis based on the neoclassical
decision model is not only defensible but corredlthough taking such a path is
attractive, it is potentially unfulfilling and daagpus.

In its simplest form, neoclassical policy analysisan outcome based approach. Early
modelers could not view the intricate and messyitdebdf the decision process. Rather
they had to rely on what people told them and oladEms of the individual’'s actual
behavior. Observed patterns of behavior were thesd to derive models of decision
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making consistent with the observed outcomes. d&Mheduced-form decision-making
models provide the foundation for prediction andleation of new policies that are
beyond the scope of observable behavior.

Technological restrictions prevented an in-deptldenstanding of the actual decision
process leading to observed behaviors and in thk leaves us with an analysis
framework based on how we think people make dawssioThis is not to criticize the
neoclassical foundations of policy analysis buheatmake an appeal for a broader
understanding of the decision process now thantdolyy and science allow it. Once we
accept the need for a broader understanding okidecmaking with a foundation in
modern decision science, we are left with a chb&teveen two equally challenging paths
of future research.

One path leads down the path of abandonment andergion of neoclassical decision
theory. Researchers choosing the path of abanddnmay think: If neurological
findings reject the basic assumptions of neoclatgieference theory, then neurological
preference theory is invalid and all techniqguesedasn such assumptions are invalid.
The implications of such thinking are troubling. ej&tion of neoclassical decision
theory means either developing new schools of thbdgr decision modeling, or
abandoning the pretense of behavioral modelingworf of process based approaches to
policy design.

While philosophically defensible, we feel this 13 averly pessimistic view. Adherents
to such thinking will make reference to strict mpieetation of the scientific method: If
the underlying assumptions are proven invalid, ¢inéire theory and all consequent
testable hypotheses must be rejected.

The final path extends the path of neoclassic thinko accommodate bumps in the road.
While slightly more optimistic in its outlook, su@path still presents a daunting task.
The first steps down this path are underway. Witthie broad scope of neoclassical
preferences, teams of interdisciplinary researchakse begun to provide a rich set of
models for thinking about the complex decision psses being uncovered. Although
these models are at times simplistic, at times spgeific and, as of yet, do not yield

universal frameworks for policy analysis, the esien of existing models for welfare

analysis keeps the focus on the evaluation of pi@leoutcomes. We view Bernheim

and Rangel’s neurologically inspired models of atidh and subsequent analysis of
policy options (2004, 2005) to be exemplars of saiclapproach.

In contrast to Robert Frost's two roads divergititg three possible future paths for
environmental policy analysis are not equally ative in foresight—although in
hindsight, the path chosen may indeed make alilififirerence. While we, as a discipline,
are not in a position to determine the correct gast yet, the rapidly accelerating
volume of results flowing from the biomedical-sd@aience interface will soon force us
to choose a path.

39



References

[1]

[2]
[3]
[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]
[13]

[14]

[15]

[16]

B. Abler, H. Walter, S. Erk, H. Kammerer, and Bbpitzer, Prediction error as a
linear function of reward probability is coded iarhan nucleus accumbens.
Neuroimage 31 (2006) 790-795.

D.J. Balding, A tutorial on statistical methofis population association studies.
Nature Reviews Genetics 7 (2006) 781-791.

B.D. Bernheim, and A. Rangel, Addiction and dtiggered decision processes.
American Economic Review 94 (2004) 1558-1590.

B.D. Bernheim, and A. Rangel, Behavioral Pulidimonomics: Welfare and Policy
Analysis with Non-Standard Decision-Makers, Natiddareau of Economic
Research Working Papers, Cambridge, MA, 2005.

B.D. Bernheim, and A. Rangel, From NeuroscietecPublic Policy: A New
Economic View of Addiction. Swedish Economic PoliRgview 12 (2005) 99-
144,

G.S. Berns, S.M. McClure, G. Pagnoni, and RMBntague, Predictability
modulates human brain response to reward. JoufiNgroscience 21 (2001)
2793-2798.

J.M. Bjork, F.G. Moeller, D.M. Dougherty, A.Gwann, M.A. Machado, and
C.L. Hanis, Serotonin 2a receptor T102C polymonmhésd impaired impulse
control. American Journal of Medical Genetics 12a@02) 336-339.

A.J. Blood, and R.J. Zatorre, Intensely pleable responses to music correlate
with activity in brain regions implicated in rewaadd emotion. Proceedings of
the National Academy of Sciences of the UnitedeStaf America 98 (2001)
11818-11823.

I. Bohnet, and R. Zeckhauser, Trust, risk aattdyal. Journal of Economic
Behavior & Organization 55 (2004) 467-484.

H.C. Breiter, I. Aharon, D. Kahneman, A. Daésd P. Shizgal, Functional
imaging of neural responses to expectancy and exjmer of monetary gains and
losses. Neuron 30 (2001) 619-639.

C. Camerer, S. Issacharoff, G. LoewensteirQDonoghue, and M. Rabin,
Regulation for conservatives: Behavioral econoraiug the case for "asymmetric
paternalism”. University of Pennsylvania Law Revigsd (2003) 1211-1254.

C. Camerer, G. Loewenstein, and D. Prelec,rbietonomics: How neuroscience
can inform economics. Journal of Economic Literatd8 (2005) 9-64.

C. Camerer, and R.H. Thaler, ULTIMATUMS, DICT®RS AND MANNERS.
Journal of Economic Perspectives 9 (1995) 209-2109.

C. Camerer, Individual Decision Making. inHIJK.a.A.E. Roth, (Ed.), The
Handbook of Experimental Economics, Princeton UrsiNg Press, Princeton,
New Jersey, 1995, pp. 587-703.

C.F. Camerer, G. Loewenstein, and M. Rabinvakates in Behavioral
Economics, Princeton University Press, PrincetawNersey and Oxford,
England, 2004.

C.S. Carlson, M.A. Eberle, L. Kruglyak, andAD Nickerson, Mapping complex
disease loci in whole-genome association studiaturid 429 (2004) 446-452.

40



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

A. Caspi, K. Sugden, T.E. Moffitt, A. TayldrW. Craig, H. Harrington, J.
McClay, J. Mill, J. Martin, A. Braithwaite, and Roulton, Influence of life stress
on depression: Moderation by a polymorphism inBHeTT gene. Science 301
(2003) 386-389.

T. Chorvat, and K. McCabe, The brain and the.IPhilosophical Transactions of
the Royal Society of London Series B-Biologicaleéswes 359 (2004) 1727-1736.
J.D. Cohen, S.M. McClure, M.S. Gilzenrat, &adAston-Jones, Dopamine-
norepinephrine interactions: Exploitation versuplesation.
Neuropsychopharmacology 30 (2005) S28-S28.

D.E. Comings, The real problem in associastudies. American Journal of
Medical Genetics Part B-Neuropsychiatric GenetitSBL(2003) 102-102.

D.E. Comings, R. Gade-Andavolu, N. Gonzaled, 8/u, D. Muhleman, H.
Blake, F. Chiu, E. Wang, K. Farwell, S. Darakjy,Baker, G. Dietz, G. Saucier,
and P. MacMurray, Multivariate analysis of assaora of 42 genes in ADHD,
ODD and conduct disorder. Clinical Genetics 58 (B(&1-40.

D.E. Comings, R. Gade-Andavolu, N. GonzaleANsI, D. Muhleman, H. Blake,
M.B. Mann, G. Dietz, G. Saucier, and J.P. MacMuyraynultivariate analysis of
59 candidate genes in personality traits: the tearpent and character inventory.
Clinical Genetics 58 (2000) 375-385.

D.E. Comings, R. Gade-Andavolu, N. GonzaleAMsI, D. Muhleman, C. Chen,
P. Koh, K. Farwell, H. Blake, G. Dietz, J.P. Macliay, H.R. Lesieur, L.J. Rugle,
and R.J. Rosenthal, The additive effect of neunstratter genes in pathological
gambling. Clinical Genetics 60 (2001) 107-116.

G. Coricelli, H.D. Critchley, M. Joffily, J.FO'Doherty, A. Sirigu, and R.J. Dolan,
Regret and its avoidance: a neuroimaging studyoice behavior. Nature
Neuroscience 8 (2005) 1255-1262.

A.R. Damasio, Descartes' Error: Emotion, Reasmd the Human Brian, Avon
Books, 1994.

N.D. Daw, Y. Niv, and P. Dayan, Uncertaintysled competition between
prefrontal and dorsolateral striatal systems fdravéoral control. Nature
Neuroscience 8 (2005) 1704-1711.

M. de Haan, and K.M. Thomas, Applications &fFEand fMRI techniques to
developmental science. Developmental Science R2)2886-343.

D.J.F. de Quervain, U. Fischbacher, V. Tre)rSchelthammer, U. Schnyder,
A. Buck, and E. Fehr, The neural basis of altraiptinishment. Science 305
(2004) 1254-1258.

F. Denk, M.E. Walton, K.A. Jennings, T. ShakhF.S. Rushworth, and D.M.
Bannerman, Differential involvement of serotonim aopamine systems in cost-
benefit decisions about delay or effort. Psychoptzaology 179 (2005) 587-596.
M.C. Dorris, and P.W. Glimcher, Activity in pterior parietal cortex is correlated
with the relative subjective desirability of actidveuron 44 (2004) 365-378.

R. Elliott, K.J. Friston, and R.J. Dolan, Dissable neural responses in human
reward systems. Journal of Neuroscience 20 (20089-®165.

41



[32]

[33]

[34]
[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

R. Elliott, J.L. Newman, O.A. Longe, and J.E.Dkakin, Differential response
patterns in the striatum and orbitofrontal cortefimancial reward in humans: A
parametric functional magnetic resonance imagiadystJournal of Neuroscience
23 (2003) 303-307.

R. Elliott, J.L. Newman, O.A. Longe, and J.E.Rkakin, Instrumental responding
for rewards is associated with enhanced neurospbrese in subcortical reward
systems. Neuroimage 21 (2004) 984-990.

R.C. Elston, Introduction and overview. Statigl Methods in Medical Research
9 (2000) 527-541.

S. Erk, M. Spitzer, A.P. Wunderlich, L. Gallegnd H. Walter, Cultural objects
modulate reward circuitry. Neuroreport 13 (20029242503.

M. Ferrari, L. Mottola, and V. Quaresima, Riles, techniques, and limitations
of near infrared spectroscopy. Canadian JournApplied Physiology-Revue
Canadienne De Physiologie Appliquee 29 (2004) 4%B-4

D.L. Foley, L.J. Eaves, B. Wormley, J.L. SitgeH.H. Maes, J. Kuhn, and B.
Riley, Childhood adversity, monoamine oxidase Aajgpe, and risk for conduct
disorder. Archives of General Psychiatry 61 (20083-744.

N.A. Fox, K.E. Nichols, H.A. Henderson, K. RaobL. Schmidt, D. Hamer, M.
Ernst, and D.S. Pine, Evidence for a gene-envirennméeraction in predicting
behavioral inhibition in middle childhood. Psychgical Science 16 (2005) 921-
926.

D. Fudenberg , and D.K. Levine A Dual-Self Mb@f Impulse Control.
American Economic Review 96 (2006) 1449-1476.

P. Fusar-Poli, P. Allen, P. McGuire, A. Platiea, M. Cortesi, and J. Perez,
Neuroimaging and electrophysiological studies efeffects of acute tryptophan
depletion: a systematic review of the literaturgydhopharmacology 188 (2006)
131-143.

A. Galvan, T.A. Hare, M. Davidson, J. Spicér,Glover, and B.J. Casey, The
role of ventral frontostriatal circuitry in rewalzhsed learning in humans. Journal
of Neuroscience 25 (2005) 8650-8656.

H. Garavan, T.J. Ross, and E.A. Stein, Rigihmhispheric dominance of inhibitory
control: An event-related functional MRI study. Peedings of the National
Academy of Sciences of the United States of Ame3&#1999) 8301-8306.

M.S. Gazzaniga, R.B. Ivry, and G.R. Mangung@itive Neuroscience: The
Biology of the Mind, Second Edition, W.W. Norton@ompany, Inc., New York,
2002.

N.A. Gillespie, J.B. Whitfield, B. Williams, &A. Heath, and N.G. Martin, The
relationship between stressful life events, thetsain transporter (5-HTTLPR)
genotype and major depression. Psychological Meeligb (2005) 101-111.

R. Glaser, B. Rabin, M. Chesney, and S. CoB#&ress-induced
immunomodulation - Implications for infectious dises? Jama-Journal of the
American Medical Association 281 (1999) 2268-2270.

P.W. Glimcher, M.C. Dorris, and H.M. Bayer,\RIological utility theory and the
neuroeconomics of choice. Games and Economic Beh&2i(2005) 213-256.

42



[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]
[60]

[61]

[62]

[63]

J.C. Gore, Principles and practice of funciloMRI of the human brain. Journal
of Clinical Investigation 112 (2003) 4-9.

H.J. Grabe, M. Lange, B. Wolff, H. Volzke, Mucht, H.J. Freyberger, U. John,
and I. Cascorbi, Mental and physical distress igutated by a polymorphism in
the 5-HT transporter gene interacting with sodiedssors and chronic disease
burden. Molecular Psychiatry 10 (2005) 220-224.

D.P. Hanes, and J.D. Schall, Neural contralatintary movement initiation.
Science 274 (1996) 427-430.

J. Hardy, The real problem in association &sidAmerican Journal of Medical
Genetics 114 (2002) 253-253.

A.R. Hariri, V.S. Mattay, A. Tessitore, B. Kathana, F. Fera, D. Goldman, M.F.
Egan, and D.R. Weinberger, Serotonin transporteetjevariation and the
response of the human amygdala. Science 297 (20Q02403.

M. Haruno, and M. Kawato, Heterarchical reifment-learning model for
integration of multiple cortico-striatal loops: fMIBxamination in stimulus-
action-reward association learning. Neural Netwdr&$2006) 1242-1254.

A. Heinz, D.F. Braus, M.N. Smolka, J. WraseR?ls, D. Hermann, S. Klein,
S.M. Grusser, H. Flor, G. Schumann, K. Mann, an8@hel, Amygdala-
prefrontal coupling depends on a genetic variatibthe serotonin transporter.
Nature Neuroscience 8 (2005) 20-21.

T. Hobbes, De Cive or The Citizen, Appletona@ey-Crofts Inc., New York,
1949.

P.C. Holland, and M. Gallagher, Amygdala-frainhteractions and reward
expectancy. Current Opinion in Neurobiology 14 (@20048-155.

P.H. Huang, Beyond Cost-Benefit Analysis ind&icial Regulation: Process
Concerns and Emotional Impact Analysis, 2005, 9p. 6

W. Jevons, The Theory of Political Economy,dWhllan and Co., London and
New York, 1871.

R. Jones, M. Pembrey, J. Golding, and D. K&rThe search for
genenotype/phenotype associations and the phenmneRaediatric and
Perinatal Epidemiology 19 (2005) 264-275.

D. Kahneman, and A.B. Krueger, Developmenth@&ameasurement of subjective
well-being. Journal of Economic Perspectives 2@ B-24.

D. Kahneman, and R. Sugden, Experiencedytkta standard of policy
evaluation. Environmental & Resource EconomicsZ6) 161-181.

D. Kahneman, Evaluation by Moments: Past amife. in: D. Kahneman, and A.
Tversky, (Eds.), Choices, Values and Frames, CalgérUniversity Press, New
York, 2000.

J. Kaufman, B.Z. Yang, H. Douglas-Palumberi@asso, D. Lipschitz, S.
Houshyar, J.H. Krystal, and J. Gelernter, Brainxee neurotrophic factor-5-
HTTLPR gene interactions and environmental modifigfrdepression in
children. Biological Psychiatry 59 (2006) 673-680.

L. Keltikangas-Jarvinen, K. Raikkonen, J. Eked, and L. Peltonen, Nature and
nurture in novelty seeking. Molecular Psychiatriz004) 308-311.

43



[64]

[65]

[66]

[67]

[68]

[69]

[70]
[71]

[72]

[73]
[74]

[75]

[76]
[77]
[78]
[79]

[80]

K.S. Kendler, J.W. Kuhn, J. Vittum, C.A. Presigc and B. Riley, The interaction
of stressful life events and a serotonin transpgidéymorphism in the prediction
of episodes of major depression - A replicatiorchAves of General Psychiatry
62 (2005) 529-535.

D. Knoch, P. Brugger, and M. Regard, Suppressersus releasing a habit:
Frequency-dependent effects of prefrontal transaramagnetic stimulation.
Cerebral Cortex 15 (2005) 885-887.

D. Knoch, L.R.R. Gianotti, A. Pascual-Leone, Meyer, M. Regard, M.
Hohmann, and P. Brugger, Disruption of right prated cortex by low-frequency
repetitive transcranial magnetic stimulation indudsk-taking behavior. Journal
of Neuroscience 26 (2006) 6469-6472.

D. Knoch, A. Pascual-Leone, K. Meyer, V. Treyand E. Fehr, Diminishing
reciprocal fairness by disrupting the right pretadicortex. Science 314 (2006)
829-832.

B. Knutson, G.W. Fong, C.M. Adams, J.L. Varnend D. Hommer, Dissociation
of reward anticipation and outcome with event-edaMRI. Neuroreport 12
(2001) 3683-3687.

B. Knutson, G.W. Fong, S.M. Bennett, C.M. Adgrand D. Homme, A region of
mesial prefrontal cortex tracks monetarily rewagdoutcomes: characterization
with rapid event-related fMRI. Neuroimage 18 (20Q8B8-272.

M. Kosfeld, M. Heinrichs, P.J. Zak, U. Fiscltbar, and E. Fehr, Oxytocin
increases trust in humans. Nature 435 (2005) 6 63-67

B. Koszegi, and M. Rabin, A model of referertmpendent preferences.
Quarterly Journal of Economics 121 (2006) 1133-1165

T.H.C. Krueger, M. Schedlowski, and G. Mey€artisol and heart rate measures
during casino gambling in relation to impulsivityeuropsychobiology 52 (2005)
206-211.

P.Y. Kwok, Methods for genotyping single nuafiele polymorphisms. Annual
Review of Genomics and Human Genetics 2 (2001)2535h-

D.Y. Lee, Neural basis of quasi-rational deismaking. Current Opinion in
Neurobiology 16 (2006) 191-198.

D. Lee, N.L. Port, W. Kruse, and A.P. Georgolos, Variability and correlated
noise in the discharge of neurons in motor anceparareas of the primate cortex.
Journal of Neuroscience 18 (1998) 1161-1170.

E.D. Leonardo, and R. Hen, Genetics of affecand anxiety disorders. Annual
Review of Psychology 57 (2006) 117-137.

A.W. Lo, and D.V. Repin, The psychophysiologfyreal-time financial risk
processing. Journal of Cognitive Neuroscience D022 323-339.

G. Loewenstein, and R.H. Thaler, ANOMALIESNTERTEMPORAL

CHOICE. Journal of Economic Perspectives 3 (1983) 193.

G. Loewenstein, and T. O'Donoghue, Animal BgiAffective and Deliberative
Processes in Economic Behavior, Cornell Univer&605, pp. 53.

V.S. Mattay, and T.E. Goldberg, Imaging geaatifluences in human brain
function. Current Opinion in Neurobiology 14 (20@89-247.

44



[81]

[82]

[83]

[84]

[85]
[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]
[96]

[97]

S.M. McClure, J. Li, D. Tomlin, K.S. Cypert,M. Montague, and P.R.
Montague, Neural correlates of behavioral prefeedoc culturally familiar
drinks. Neuron 44 (2004) 379-387.

B.A. Mellers, A. Schwartz, K. Ho, and I. RitoRecision affect theory: Emotional
reactions to the outcomes of risky options. Psyaifiohl Science 8 (1997) 423-
429.

G. Meyer, J. Schwertfeger, M.S. Exton, O.Es#en, W. Knapp, M.A. Stadler,
M. Schedlowski, and T.H.C. Kruger, Neuroendocriegponse to casino
gambling in problem gamblers. Psychoneuroendoamol9 (2004) 1272-1280.
T.E. Moffitt, A. Caspi, and M. Rutter, Stratefpr investigating interactions
between measured genes and measured environmectis/es of General
Psychiatry 62 (2005) 473-481.

P.R. Montague, and G.S. Berns, Neural econsan the biological substrates
of valuation. Neuron 36 (2002) 265-284.

P.R. Montague, B. King-Casas, and J.D. Coheaging valuation models in
human choice. Annual Review of Neuroscience 29 62@07-448.

M.R. Munafo, T.G. Clark, L.R. Moore, E. Payre, Walton, and J. Flint, Genetic
polymorphisms and personality in healthy adultsyatematic review and meta-
analysis. Molecular Psychiatry 8 (2003) 471-484.

N.H. Nagvi, D. Rudrauf, H. Damasio, and A. Baca, Damage to the Insula
Disrupts Addiction to Cigarette Smoking. Scienc® 81007) 531-534.

J.P. O'Doherty, Reward representations anérewelated learning in the human
brain: insights from neuroimaging. Current OpiniorNeurobiology 14 (2004)
769-776.

J.P. O'Doherty, P. Dayan, K. Friston, H. Gy, and R.J. Dolan, Temporal
difference models and reward-related learning éntthman brain. Neuron 38
(2003) 329-337.

J. O'Doherty, H. Critchley, R. Deichmann, &d. Dolan, Dissociating valence
of outcome from behavioral control in human orbéat ventral prefrontal
cortices. Journal of Neuroscience 23 (2003) 7933979

J. O'Doherty, P. Dayan, J. Schultz, R. Deichm&. Friston, and R.J. Dolan,
Dissociable roles of ventral and dorsal striaturmstrumental conditioning.
Science 304 (2004) 452-454.

J. O'Doherty, E.T. Rolls, S. Francis, R. Bolte. McGlone, G. Kobal, B.
Renner, and G. Ahne, Sensory-specific satiety-@dlatfactory activation of the
human orbitofrontal cortex. Neuroreport 11 (20099-3103.

J. Olds, and P. Milner, Positive ReinforcemBnbduced by Electrical Stimulation
of Septal Area and Other Regions of Rat Brain. Jalusf Comparative and
Physiological Psychology 47 (1954) 419-427.

M.L. Platt, and P.W. Glimcher, Neural correlsiof decision variables in parietal
cortex. Nature 400 (1999) 233-238.

D. Posthuma, S.S. Cherny, and D.I. Boomsniagdiuction to the special issue:
Human linkage studies for behavioral traits. Beba@enetics 36 (2006) 1-3.

R. Corporation, The Societal Promise of ImpngvCare for Depression, Rand
Health Research Highlights, Santa Monica, CA, 2@@4 5.

45



[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]
[107]
[108]

[109]

[110]
[111]

[112]

[113]

[114]

E.M. Robertson, H. Theoret, and A. Pascualdese&tudies in cognition: The
problems solved and created by transcranial magsgtnulation. Journal of
Cognitive Neuroscience 15 (2003) 948-960.

D.L. Robinson, B.J. Venton, M. Heien, and RWightman, Detecting subsecond
dopamine release with fast-scan cyclic voltammiginyivo. Clinical Chemistry
49 (2003) 1763-1773.

J.B. Rosen, and M.P. Donley, Animal studieamygdala function in fear and
uncertainty: Relevance to human research. Biolb§isgchology 73 (2006) 49-
60.

M.T. Rosenstein, and A.G. Barto, Supervisetiof-critic Reinforcement
Learning. in: J. Si, A. Barto, W. Powell, and D. Wg¢eh, (Eds.), Learning and
Approximate Dynamic Programming: Scaling Up to Real World, Wiley, New
York, 2004, pp. 359-380.

A.G. Sanfey, G. Loewenstein, S.M. McCluredanD. Cohen, Neuroeconomics:
cross-currents in research on decision-making.dgem Cognitive Sciences 10
(2006) 108-116.

S. Sato, M. Balish, and R. Muratore, PRINCHI.OF
MAGNETOENCEPHALOGRAPHY. Journal of Clinical Neuroggiology 8
(1991) 144-156.

J.D. Schall, and K.G. Thompson, Neural sé&cand control of visually guided
eye movements. Annual Review of Neuroscience 299)1941-259.

W. Schneider, and R.M. Shiffrin, Controlleddsautomatic human information
processing: I. Detection, search, and attentiopclirdogical Review 84 (1977) 1-
66.

W. Schultz, Behavioral theories and the nphgsiology of reward. Annual
Review of Psychology 57 (2006) 87-115.

W. Schultz, P. Dayan, and P.R. Montague, Araksubstrate of prediction and
reward. Science 275 (1997) 1593-1599.

P. Shizgal, Neural basis of utility estimaticCurrent Opinion in Neurobiology 7
(1997) 198-208.

C. Starmer, Developments in non-expectedayttheory: The hunt for a
descriptive theory of choice under risk. JournaEobnomic Literature 38 (2000)
332-382.

R. Sugden, Reference-dependent subjectiveatag utility. Journal of Economic
Theory 111 (2003) 172-191.

R. Sugden, Coping with preference anomathesost-benefit analysis: A market-
simulation approach. Environmental & Resource Eoaine 32 (2005) 129-160.
S. Ursu, and C.S. Carter, Outcome represengtcounterfactual comparisons
and the human orbitofrontal cortex: Implicationsfieuroirnaging studies of
decision-making. Cognitive Brain Research 23 (2@1550.

J. Viner, The Utility Concept in Value Thecand Its Critics. Journal of Political
Economy 33 (1925) 369-387.

J.M. Warwick, Imaging of brain function usiSf®ECT. Metabolic Brain Disease
19 (2004) 113-123.

46



[115] R.S. Williams, and P.D. Wagner, Transgeniicreahs in integrative biology:
approaches and interpretations of outcome. Joofrrabplied Physiology 88
(2000) 1119-1126.

[116] S. Windmann, P. Kirsch, D. Mier, R. Stark \Balter, O. Gunturkun, and D.
Vaitl, On framing effects in decision making: Limkj lateral versus medial
orbitofrontal cortex activation to choice outcontegessing. Journal of Cognitive
Neuroscience 18 (2006) 1198-1211.

[117] A.J. Yu, and P. Dayan, Uncertainty, neuromation, and attention. Neuron 46
(2005) 681-692.

[118] P.J. Zak, Neuroeconomics. Philosophical Taatiens of the Royal Society of
London Series B-Biological Sciences 359 (2004) 17348.

[119] D.H. Zald, M.C. Hagen, and J.V. Pardo, New@atrelates of tasting concentrated
guinine and sugar solutions. Journal of Neurophggip87 (2002) 1068-1075.

[120] P. Zanzonico, Positron emission tomographyewiew of basic principles,
scanner design and performance, and current sysgamnsnars in Nuclear
Medicine 34 (2004) 87-111.

47



Intrifisic

Meural
Moize
reward — >

Lateral intraparietal (LI area neuronal action potentials

Visual Stisali encode relative utility of each visual location with noize

s

hreshold height

Frontal eve fields establish if ary wizual location

Superior colliculus maps a single visual location that surpassed surpasses biophysical threshald

the hiophysical threshold and generates a motor respotse that will
move the eye to focus on that location

Figure 1. Flow of neural processing for a discretehoice task as executed by a monkey.
Adapted from Glimcher, Dorris and Bayer (2005)



Figure 2. Side (saggital) view of a brain cross sian detailing key regions of interest in many rewad-related studies.
Inset picture: front (coronal) cross section of twdkey regions of the striatum, dorsal (caudate) angentral (putamen).
Source: Camerer, Loewenstein and Prelec (2004)
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