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Deciding between multiple appealing (or
unappealing) options is sometimes diffi-
cult, and the neural mechanisms of this
process are not yet fully understood. Re-
cently, experimental studies and computa-
tional models have explored the potential
roles of the basal ganglia in mediating deci-
sion making through reciprocal connec-
tions with cortex. Some of these studies
specifically propose that the subthalamic
nucleus (STN) “holds off” cortically medi-
ated action selection, allowing integration of
more information for making difficult deci-
sions (Frank, 2006; Frank et al., 2007).
Because intraoperative electrophysiol-
ogy is typically used to identify the STN as
a target structure for deep brain stimula-
tion (DBS) implantation for Parkinson’s
disease, it is possible to measure the neural
activity from the STN while the patient is
awake and able to engage in tasks. In
a recent study published in The Journal
of Neuroscience, Zaghloul and colleagues
(2012) used this approach to test the hy-
pothesis that the neural activity of the STN
encodes the degree of “decision conflict,”
that is, the difficulty of choice between op-
tions with similar reward values. The au-
thors recorded single-unit activity from the
STN of patients undergoing DBS surgery
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while the patients performed a reward-
conflict decision-making task. During the
training phase of the task, subjects were pre-
sented with a series of trials in which they
chose one of two simultaneously presented
visual symbols via a right- or left-hand but-
ton press. Three pairs of symbols were pre-
sented during training, and for a given
symbol in the pair, the probability of receiv-
ing a reward was fixed and probabilistic
(ranging from 20% to 80%). After each
choice, visual and auditory feedback indi-
cated whether the choice was “correct” (re-
warded) or “incorrect.” Based on this
feedback, participants learned over time
which symbols were more likely to result in
reward. The learned “reward expectation”
for each symbol was defined as the rate of
selection of a particular symbol during the
final block of training; i.e., symbols that
were expected to lead to reward were se-
lected more often.

During the testing phase of the task,
trials consisted of the originally trained
symbol pairs in addition to new pairs con-
structed by rearranging the symbols into
new pairings. For example, if A-B and
C-D were trained, test pairs would in-
clude A-B, C-D, A-C, and B-D. These
new pairings resulted in a wide range of
reward expectations across the different
symbol pairs. In the testing phase, no
feedback was presented after the choice.
Decision conflict was defined as one mi-
nus the absolute value of the difference in
reward expectations between two stimuli.
Thus, if both symbols had a similarly high

(or low) expectation of reward, there
would be high decision conflict and it
would be more difficult to decide between
the two options. This measure of decision
conflict was used to probe STN activity.

The authors found that STN spiking
increased in the 100—400 ms window after
visual stimuli were presented, and this in-
crease was greater for high-conflict stimulus
pairs than for low-conflict pairs. The in-
creased firing rate during this time window
also correlated with response time, whereby
smaller differences in expected reward (i.e.,
high conflict) corresponded to behavioral
slowing. This is not surprising given that in-
creased response time is a typical behavioral
correlate of increased difficulty.

Close examination of Figure 3d of
Zaghloul et al. (2012) suggests that of the 15
possible reward expectation pairs, six of
which involved high (>0.8) decision con-
flict, only two in particular were responsible
for the statistical effect of increased spike
rate as a function of increased decision con-
flict. Because the association between fixed
reward probabilities and specific stimuli
were randomized across patients, this result
cannot be explained by outliers within the
set of visual stimuli. It would be interesting
to know which reward value pairs were re-
sponsible for this positive correlation. For
example, was the correlation between in-
creased spiking and decision conflict ex-
plained by pairs with similarly high reward
expectation (e.g., win/win trials with 80% vs
85% reward) or by pairs with similarly low
reward expectation (e.g., lose/lose trials with
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20% vs 25% reward)? This is an important
distinction because previous research has
demonstrated that Parkinson’s patients’
abilities to learn correct choices more easily
from positive versus negative reinforcement
are based on their levels of dopamine (Frank
et al,, 2004). Although Zaghloul and col-
leagues (2012) found no statistical differ-
ence in spike rates between win/win, win/
lose, and lose/lose trial types, the correlation
between spike rate and decision conflict
could have a dependency on expectation
valence.

What does STN spiking encode?

The task used by Zaghloul et al. (2012) is a
complex one, likely engaging multiple cog-
nitive processes, including visual recogni-
tion, memory retrieval, action selection,
reward anticipation, movement prepara-
tion, and motor action. The design of the
study, despite controlling for many vari-
ables, cannot disambiguate all of these fac-
tors. Behavioral results demonstrated that
patients successfully learned the reward val-
ues of only a subset of the stimuli. If these
were the stimuli pairs responsible for the
statistically increased spiking displayed in
Figure 3d, then it is possible that the in-
creased spiking encoded successful memory
retrieval or learning rather than decision
conflict. A comparison of spiking responses
from the final training phase and from the
testing phase might in theory aid the disso-
ciation of some of these factors because
memory retrieval and learning would play a
lesser role during the initial training session,
but the data for this comparison were not
available.

A separate study with a similar behav-
ioral paradigm was performed recently with
local field potential (LFP) recordings from
the DBS lead in the STN (Cavanagh et al.,
2011). Compared with low-conflict trials,
high-conflict trials exhibited lower theta
power within 250 ms and higher delta band
power 750 ms after stimulus presentation.
The relationship between the spiking ob-
served by Zaghloul et al. (2012) and this
modulation of low-frequency power is un-
clear. A correspondence between spiking
and 13-35 Hz beta band power was previ-
ously demonstrated by concurrently mea-
sured LFP and spike recordings in the STN,
particularly in the dorsal region of the STN
and during tremor (Kithn et al., 2005).
Zaghloul etal. (2012) recorded spiking from
the ventral region of the STN and likely con-
trolled for tremor signals by normalizing to
baseline spiking rates. In some cases, the
theta rhythm can serve as an envelope that
modulates spiking (Harris et al., 2002). The
increased spiking 200 ms after the stimuli in

high-conflict trials reported by Zaghloul et
al. (2012) might therefore represent the
alignment of local spiking to a theta trough
generated by population level activity and
cortico-STN dynamics.

What is the evidence for the STN as a
modulator of decision thresholds?
Zaghloul et al. (2012) suggest that the
STN is well suited to “adjust threshold
criteria” for cortical firing rate models
of decision making. This predicts a causal
link between STN and behavioral slowing
resulting from increased response caution,
but support for this hypothesis is not evi-
dent in the present study. Because multiple
areas of cortex connect monosynaptically to
the STN, cortical areas could just as easily
adjust threshold criteria for STN-mediated
decisions as vice versa. Even if the STN's in-
creased spiking does convey a message to
cortex in response to decision difficulty,
there are a number of possible messages that
this could be. For example, increased spik-
ing could signify a “hold your horses” signal
to allow more time for evidence accumula-
tion, resulting in behavioral slowing be-
yond what occurs with increased difficulty
(Frank, 2006). Alternatively, it might signal
“bring more attentional resources” to
downstream nuclei such as the thalamus.
Previous behavioral results from Parkin-
son’s patients off medication suggested that
these patients have greater difficulty decid-
ing between two negative (lose/lose) choices
than deciding between two positive (win/
win) choices, increasing their decision
threshold to slow their responses and al-
low greater evidence accumulation (Frank
et al., 2004). If this relationship holds in
the study by Zaghloul and colleagues
(2012), there should be two sources of be-
havioral slowing: slowing resulting from
difficulty, and additional slowing for trials
with two negative choices (resulting from
the “hold your horses signal”). This pre-
diction was not borne out. The authors
found that there was no correlation be-
tween response time and reward pair type.
Moreover, spike rates were no greater for
decision conflict from two unappealing
choices than from two appealing choices.
The discrepancy between these results and
the behavioral slowing model might be
explained by several factors. Because the
patients stopped medication only 12 h be-
fore surgery, they may not have been fully
in the “off” state. Some Parkinson’s med-
ications are long-acting and require sev-
eral days to be fully removed from the
patient’s system. Alternatively, the lack of
increased spiking during trials with two
negative choices might simply reflect that
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the patient was guessing because of the
low learning rates for many of the stimuli.
Importantly, the only behavioral slowing
found in the present study can be com-
pletely attributed to a natural conse-
quence of increased difficulty (i.e., slower
evidence accumulation); thus, there is lit-
tle evidence for a link between these STN
recordings and threshold adjustment as
described by Frank and colleagues (Frank
et al., 2004; Frank, 2006).

Future directions

Invasive intraoperative recordings from
deep structures of the human brain involve
inherent experimental challenges such as an
electrically noisy environment, severe ex-
perimental time restrictions, and numerous
uncontrollable factors pertaining to the
patient’s behavioral state. That the study
demonstrated task-specific changes to
STN firing rates based on limited data is
interesting. The question remains as to
whether an increase in STN firing rate is
causal or incidental to decision conflict,
and whether these firing rates are func-
tionally related to changes in decision
thresholds. Although ethical consider-
ations limit the options for interventions,
the use of dopaminergic medication or
DBS to exogenously alter the firing rate
might provide opportunities to test the
causality of STN firing patterns during de-
cision conflict. Although the recording of
single units during DBS would be diffi-
cult because of saturation of the ampli-
fiers by the stimulation artifact, the
recording oflocal field potentials during
DBS is feasible (Rossi et al., 2007). This
approach could potentially provide the
opportunity to safely perturb the system
and measure the simultaneous effects
on neural and behavioral responses, fur-
ther elucidating the role of STN activity
in decision conflict.
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