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Abstract It has been suggested that a connection between

the STN and value-sensitive areas of the prefrontal cortex

might mediate value-based actions in perceptual decision

making. In this study, we first seek to quantify a structural

connection between the STN and a cortical region that was

associated with mechanisms underlying bias in choice

behavior (vmPFC). Next, we tested whether individual

differences in the probabilistic tract-strength of this con-

nection were predictive for individual differences in the

magnitude of bias in a perceptual decision-making task.

Probabilistic tractography was used to measure the tract-

strength between the STN and the vmPFC. Bias was

quantified using an accumulation-to-bound model where a

shift in the starting point of the accumulation of sensory

evidence causes faster and more choices for an alternative

that is more likely or more valuable. Results show that

vmPFC is structurally connected with the STN and that the

strength of this connection is predictive for choice bias

towards an alternative that is more valuable, but not for

choice bias towards an alternative that is more likely.

These findings confirm the involvement of the cortico-

subthalamic circuit in mechanisms underlying value-based

actions in perceptual decision making.

Keywords Probabilistic tractography � vmPFC � STN �
Perceptual decision making � Choice bias

Introduction

The subthalamic nucleus (STN) has been implicated in

mechanisms underlying perceptual decision making (Frank

2006; Fleming et al. 2010a, b; Simen et al. 2006; Bogacz

and Gurney 2007; Bogacz 2007; Bogacz et al. 2010a;

Cavanagh et al. 2011). These mechanisms are described by

formal models that conceptualize the decision process as

the accumulation of sensory information over time toward

a decision threshold (for review, see Bogacz 2007;

Gold and Shadlen 2007; Ratcliff and McKoon 2008;

Wagenmakers 2009). The STN is believed to be involved

in the adaptation of the decision threshold, which results in

a change of distance between the starting and ending point

of the accumulation process (Frank 2006). When the con-

flict between two response alternatives is high, an increase

in the distance results in a longer time to decide, reducing

premature choices.

Interestingly, evidence from human and animal studies

has implicated the STN in value-based processes as well

(Kantak et al. 2012; Matsumura et al. 1992; Baunez et al.

2002, 2005; Darbaky et al. 2005; Witjas et al. 2005;

Teagarden and Rebec 2007; Lardeux and Baunez 2008;

Lardeux et al. 2009; van Wouwe et al. 2011). Furthermore,

computational models of perceptual decision making sug-

gest that the STN might receive value-based information

from cortical regions that are involved in processing value

(e.g. OFC; Frank 2006). Along these lines, the STN might

play a role in adjusting the distance between the starting and

ending point of the accumulation process, which can be an

optimal strategy to maximize reward (Bogacz et al. 2006;

Feng et al. 2009; Simen et al. 2006, 2009). According to this

idea, a preferred choice would correspond to a smaller

distance than for the non-preferred choice, also giving rise

to more and faster preferred choices (i.e., choice bias).
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Bias mechanisms like these might be mediated by a

connection between the STN and value-sensitive areas of

the prefrontal cortex. Anatomical models have proposed a

structural pathway originating from these cortical regions

and the STN (Temel et al. 2005; Baunez and Lardeux

2011). Indeed, although cortical inputs to the STN seem to

originate mainly from (pre)motor and lateral prefrontal

cortex regions (Lambert et al. 2012; Aron et al. 2007; Aron

and Poldrack 2006), evidence from animal studies show

projections from the medial–orbital cortical areas to the

STN in rodents (Maurice et al. 1998, 1999) and from the

orbito/ventromedial areas to the STN in monkeys as well

(Haynes and Haber 2013). Furthermore, it is shown that

fibers originating from the monkey orbito/ventromedial

area travel through the basal ganglia (Ferry et al. 2000;

Haber et al. 2006) including the STN (Lehman et al. 2011).

In line with these findings, studies using deep brain stim-

ulation in patients with Parkinson’s disease reported

changes in the blood flow and metabolism of orbito/ven-

tromedial prefrontal regions (Brodmann area 11) after

stimulation of the STN (Gjedde and Geday 2009; Kalbe

et al. 2009). Although these studies suggest a connection

between medial–orbital cortical areas and the STN, up until

now it is unclear whether such structural pathway really

exists in the human brain (Marani et al. 2008).

In this study, we first address the anatomical question

whether there exists a structural connection between the

STN and a value-sensitive region of the prefrontal cortex.

For this purpose, we use diffusion weighted imaging

(DWI) in combination with probabilistic tractography. As

our cortical region, we choose a cluster (sphere) that is

specifically associated with bias in perceptual decision

making for the sample of subjects that are included in the

current DWI analyses (vmPFC11; Mulder et al. (2012).

This region has been reported by studies of value-based

processes in the orbito/ventromedial prefrontal cortex

(e.g. Gläscher et al. 2009; Philiastides et al. 2010; Blair

et al. 2006; Hampton et al. 2007; Smith et al. 2010; Liu

et al. 2007; Ramnani et al. 2004; Knutson et al. 2004, 2005,

2007; Beckmann et al. 2009; Kable and Glimcher 2007).

As such, this group-specific cortical cluster is a suitable

candidate to test for an anatomical connection with the

STN, as it is functionally associated with choice bias and

value-based processes.

Second, if such a connection exists, we will test whether

individual differences in the strength of this connection

predict individual differences in the magnitude of choice

bias. Bias was measured using two versions of the random-

dots motion task in which bias was manipulated by either

assigning a larger reward to one of two alternatives

(potential payoff) or changing the prior likelihood of

occurrence for two alternatives (prior probability; Mulder

et al. 2012). For each task, we fitted the drift-diffusion

model (DDM; Ratcliff 1978) to the behavioral data and

used the starting point parameter from the model to mea-

sure the magnitude of choice bias (Fig. 1). Importantly, the

vmPFC region was associated with both types of bias

(Mulder et al. 2012), allowing us to test whether the

vmPFC–STN connection might be associated with mech-

anisms underlying choice bias that is driven by value

(payoff) or likelihood of occurrence (probability).

Third, we investigated whether the striatum might be

part of a possible tract between vmPFC and STN. Recently,

a tracing study with non-human primates showed that tracts

originating in the vmPFC travel through the striatum before

reaching the STN (Lehman et al. 2011). Furthermore, both

the STN and the striatum are involved in the circuit

underlying decision and reward processes (Frank 2009). As

such, the striatum might be an important waypoint for the

tract between vmPFC and STN.

Materials and methods

Subjects

Sixteen healthy subjects (11 female, mean age = 23.6,

SD = 2.7) were included in the present study. All subjects

participated in a previous functional magnetic resonance

imaging (fMRI) study investigating the biasing effects

of prior knowledge on choice behavior (for details, see

Mulder et al. 2012). Subjects were recruited through the

University of Amsterdam and had normal or corrected-to-

normal vision. The procedure was approved by the ethical

review board at the University of Amsterdam and informed

consent was obtained from each subject. According to self-

report, no subject had a history of neurological, major

medical, or psychiatric disorder.

Behavioral data

Subjects participated in two sessions of a perceptual deci-

sion-making paradigm (inside and outside the scanner

environment). Since the chosen vmPFC region (see below)

was identified by values of choice bias that were measured

during the scanner session, we will report task details for

this session only.

Subjects performed a RT version of the random-dot

motion direction-discrimination task. On each trial, sub-

jects had to decide whether a cloud of white dots moved to

the left or to the right, on a black background. We matched

the difficulty level of the motion stimulus across subjects at

1 This region was labeled as medFG in Mulder et al. (2012).

However, peak coordinates are in accordance with the ventral part of

the medFG (MNI coordinates: 16 58–10; BA11).
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80 % accuracy (for details see Mulder et al. 2012). Partic-

ipants performed two blocks for each manipulation. Each

experimental block consisted of 40 bias trials and 40 neutral

trials. Each stimulus was preceded by a cue, which was an

arrow pointing to the left or to the right (bias) or a square

with the size of the arrow without arrow-points (neutral). In

the bias trials, the cue indicated which direction had a

higher likelihood of occurrence (prior probability) or which

direction would lead to the highest payoff (potential pay-

off). In the prior probability manipulation, 80 % of the bias

trials were valid (i.e., in 32 of the 40 trials the direction

indicated by the cue was consistent with the direction of the

stimulus) and 20 % of the bias trials were invalid (i.e., in 8

of the 40 trials, cue and stimulus direction were inconsis-

tent). Subjects received five points for each correct response

in both the biased and neutral trials. No points were given

for an incorrect response. In the potential payoff manipu-

lation, half of the bias trials were valid, i.e., cue and stim-

ulus direction were consistent, and a large reward (eight

points) was received for a correct response. On the other

half of the bias trials, the cue and stimulus direction were

inconsistent and subjects received two points for a correct

response. No points were given for an incorrect response.

Fitting the drift-diffusion model to the data

The DDM assumes that for two-alternative forced choice

decisions, sensory evidence in favor of one of the alter-

natives begins to accumulate from a starting point z (for

review, see Bogacz 2007; Gold and Shadlen 2007; Ratcliff

and McKoon 2008; Wagenmakers 2009). When the evi-

dence accumulation process reaches a threshold value, a

response is initiated (Ratcliff 1978; Ratcliff and Tuerlinckx

2002; Ratcliff and McKoon 2008). The DDM can capture

the effects of bias by changing the starting point

(Dz; Edwards 1965; Laming 1968; Link and Heath 1975;

Ratcliff 1985; Voss et al. 2004; Bogacz et al. 2006;

Diederich and Busemeyer 2006; van Ravenzwaaij et al.

2012; Leite and Ratcliff 2011; Ratcliff et al. 1999). For

neutral trials, we assumed that starting point z equals half

the decision threshold a. For a valid trial, we assume that

the decision process is biased by the cue toward the correct

bound (z ? Dz). For invalid trials, we assume that the

decision process is biased away from the correct bound

(z - Dz). We fitted the DDM to the data from each subject

and each condition separately for the prior probability and

potential payoff manipulations. First, for each trial-type

(valid, neutral, and invalid) RT data were divided by RT-

bins defined by the 10th, 30th, 50th, 70th, and 90th quan-

tiles of the RT-distribution for correct and incorrect

responses. RT-bins together with the proportion correct

responses for each bin were entered in a Fortran routine

that minimizes a X2 value using a Nelder-Mead SIMPLEX

optimization algorithm Ratcliff and Tuerlinckx (2002).

Bias was quantified as the proportional change in the mean

starting point (Dz/z; for details see Mulder et al. 2012). In

sum, by fitting the DDM to the data we were able to cap-

ture the bias in RT and accuracy for each individual subject

in a single parameter (starting point).

Imaging acquisition

Imaging data were acquired on a 3T Philips scanner using a

32-channel head coil. For each subject, a T1 anatomical

scan was acquired (T1 turbo field echo, 220 coronal slices

of 1 mm, with a resolution of 1 9 1 mm, field of view =

240 9 188 9 220 mm, flip angle = 8�, TR = 8.4 ms,

TE = 3.9 ms).

Four repetitions of a multi-slice spin echo (MS-SE),

single shot DWI scans were acquired on a 3T MRI

Fig. 1 Schematic

representation of the drift-

diffusion model. The model

assumes that dichotomous

decisions are based on the

accumulation of noisy evidence

over time that starts at the

starting point and ends at a

decision threshold. Drift rate

represents the average amount

of evidence accumulated per

time unit. Non-decision time is

the time for processes other than

the decision process. Prior

information (green text) biases

the decision process by

adjusting the starting point,

resulting in a smaller distance

for the accumulation process to

hit the decision threshold
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(TR = 7,545 ms, TE = 86 ms, 60 transverse slices of

2 mm, with a resolution of 2 9 2 mm, field of view =

224 9 224 9 60 mm). Diffusion weighting was distrib-

uted along 32 directions (b-value = 1,000 s/mm2). For

each repetition, one image with no diffusion weighting

(b0; b-value = 0 s/mm2) was acquired.

For the validation and visualization data set, we

acquired 7T DWI data from an individual that did not

participate in the current experiment. Four repetitions of

a MS-SE, single shot DWI scans were acquired on a 7T

MRI (TR = 5,000 ms, TE = 86 ms, 60 transverse slices

of 0.87 mm, with a resolution of 0.87 9 0.9 mm, field of

view = 256 9 256 9 176 mm). Diffusion weighting was

distributed along 64 directions (b-value = 1,000 s/mm2).

For each repetition, one image with no diffusion weighting

(b0; b-value = 0 s/mm2) was acquired.

Preprocessing

Diffusion image preprocessing was done using FSL 4.1.4

(www.fmrib.ox.ac.uk/fsl). All four DWI runs were merged

and corrected for motion and eddy currents by registering

each volume, including b0 volumes, to a reference DWI

volume using FLIRT (Jenkinson and Smith 2001). Next,

the anatomical T1 was registered to the b0 image. To use

probabilistic tractography, we estimated the diffusion

parameters using a sampling technique, while controlling

for crossing fibers using a dual-fiber model (bedpostX; FSL

4.1.4; Behrens et al. 2007).

Masks

The vmPFC mask was taken from a conjunction analysis

between two bias manipulations reported elsewhere (Mul-

der et al. 2012). A sphere of 10-mm radius was drawn

around the peak coordinate (MNI coordinates: 16 58-10).

The STN mask was taken from the atlas probability map of

the STN (Forstmann et al. 2010a, 2012; www.fmrib.ox.

ac.uk/fsl; www.nitrc.org/projects/atag) and thresholded at

20 %. The striatal mask was created using subcortical

regions (caudate, putamen, and nucleus accumbens) from

the Harvard-Oxford subcortical structural atlas (www.

fmrib.ox.ac.uk/fsl) and thresholded at 25 %. All masks

were registered to each subject’s native space. First, for

each subject, the MNI-standard brain was registered to the

anatomical T1 image, which was already registered to the

DWI image. Then, these registration parameters were used

to register all masks to the individual’s native space. All

registration steps were done using trilinear interpolation as

implemented in FLIRT (Jenkinson and Smith 2001; FSL

4.1.4). For each individual we verified the registration

procedure using visual inspection. The resulting masks had

an average (SD) number of voxels of vmPFC = 484.10

(99.2), STN = 90.9 (12.2) and striatum = 2,224 (225.8).

The contralateral (exclusion) masks for the left STN and

left striatum were generated using the probabilistic atlases

that are implemented in FSL. For the left vmPFC we took

the original peak coordinates and mirrored it to the other

hemisphere by taking the negative of the x-coordinate.

Next, a sphere was drawn around this flipped coordinate

resulting in the contralateral vmPFC mask.

For Fig. 2b, a manually segmented STN mask was

created (Forstmann et al. 2010a, 2012) using anatomical

images acquired on a 7T Magnetom MRI system (Siemens,

Erlangen), with a 24-channel head array Nova coil (NOVA

Medical Inc., Wilmington MA, USA). For this purpose,

whole brain images were acquired with an MP2RAGE

(Deichmann et al. 2000) sequence (TR = 3,000 ms,

TE = 2.95 ms, TI = 1,100 ms, voxel size: 0.8 mm iso-

tropic, flip angle = 6�, GRAPPA acceleration factor 2).

Probabilistic tractography

Diffusion image analyses were performed using FSL 4.1.4

(www.fmrib.ox.ac.uk/fsl). Estimation of tracts was con-

ducted using probabilistic tractography (Behrens et al.

2003a). This method uses the orientation of water diffusion

within white matter fibers to reconstruct a (probabilistic)

white matter tract from voxel to voxel (Mori and van Zijl

2002; Mori 2006). At each voxel, a probability distribution

of the diffusion direction is estimated, resulting in proba-

bilistic maps of fiber connectivity between brain regions.

These distributions are then used to estimate the probability

that a fiber starting at a voxel in a seed region, travels

through any other voxel towards a voxel in a classification

region, and vice versa (Behrens et al. 2003a, b).

Five thousand tracts were sampled from each voxel in

the seed mask (e.g., vmPFC) at a curvature threshold of

0.2. Next, the number of samples that reach the classifi-

cation target mask (e.g., STN or striatum) was measured.

In addition, contralateral exclusion masks were used to

discard pathways crossing over to the contralateral hemi-

sphere before traveling to the classification target mask. To

control for the difference in mask-size, the number of

voxels in the seed mask for which a minimum of 10

samples reached the classification mask (Aron and Pold-

rack 2006; Aron et al. 2007; Forstmann et al. 2012) was

divided by the total number of voxels in the seed mask.

This results in a value that represents the proportion of the

seed mask that was probabilistically connected to the

classification mask.

As directionality cannot be inferred from tractography

analyses, we followed a similar procedure in the opposite

direction (where the seed and classification masks were

switched). Next, probabilistic tract-strength was defined as
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the average of the two proportions that resulted from the

seed-to-classification and classification-to-seed analyses.

These values were then used in a correlational test (two-

sided) together with individuals shift in starting point DDM

model parameters.

Tracts

We investigated the connection between the right vmPFC

and STN while using several inclusion and exclusion

masks. Below we will describe each analysis in detail.

vmPFC–STN

We tested for a probabilistic tract between the right vmPFC

and the right STN while using the contralateral (left)

vmPFC and STN regions as exclusion masks. This means

that in the probabilistic tractography analyses, tracts were

not allowed to travel via the left vmPFC or via the left

STN, respectively.

Cortico-subthalamic and the striatum

To study the structural role of the striatum in the cortico-

subthalamic tracts, we ran three additional probabilistic

tractography analyses. First, we investigated whether the

striatum served as an important waypoint for this tract. To

this end, we used the mask of the striatum as a waypoint

mask, which limited the probabilistic tractography analyses

to only those tracts between the vmPFC and the STN that

travel via the striatum. Second, an additional analysis was

done to test whether a tract between the vmPFC and STN

exists that does not travel via the striatum. To this end, the

striatum was used as an exclusion mask, ensuring that no

tracts traveled via the striatum in the probabilistic trac-

tography analyses. Third, we investigated whether a

probabilistic tract exists between vmPFC and striatum and

tested for a relationship between individual differences in

the probabilistic tract-strength of this tract and individual

differences in choice bias.

Striatal-subthalamic connection

Finally, we investigated whether there was a probabilistic

tract between the striatum and STN, and whether individual

differences in this tract were related to individual differ-

ences in choice bias.

Results

In this study, we seek to quantify the structural connection

between the STN and a cortical region that was associated

with mechanisms underlying bias in choice behavior

(vmPFC). Next, we tested whether the probabilistic tract-

strength of this connection was predictive for the magni-

tude of bias in a perceptual decision-making task. Below

we first report the results of the probabilistic tractography

analyses. We then report the results of the correlational

analyses between individual measures of the probabilistic

tract-strength and the individual measures of choice bias. In

addition, we report results of probabilistic tractography

analyses in which we investigated the possible role of the

striatum in the cortico-subthalamic tract.

Fig. 2 MR Images showing the

connection (red) between

vmPFC (yellow) and STN

(green) for 3 Tesla (A) and 7

Tesla (B) images. Background

images are anatomical scans

acquired at a 3T Philips (T1)

and 7T Siemens (MP2RAGE)

scanner
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Probabilistic tractography

For each of the 16 subjects, we estimated the probabilistic

tract-strength between a functionally defined vmPFC mask

and an anatomically defined STN mask using probabilistic

tractography (Behrens et al. 2003a). The results show a

probabilistic tract [mean (std) tract - strength = 0.30

(0.26)] starting from the vmPFC traveling via the anterior

corona radiata (acr) and the anterior limb of the internal

capsule (aic) through the STN. The tract is depicted for one

subject in Fig. 2a.

Since the registration of the probabilistic STN mask to

individual space might induce inter-individual variability

in the size and localization of the STN, we validate the

analysis on an independent DWI data set that was

acquired on a Siemens 7T Magnetom MRI system.

Instead of using the probabilistic STN map, we used a

mask of the STN that was manually segmented for this

participant (see Forstmann et al. 2010a, 2012 for seg-

mentation procedure details). Note also that this subject

did not participate in the current 3T study, and as such

was not part of the analyses described below. Results are

shown in Fig. 2b.

Individual differences in probabilistic tract-strength

and choice bias

All 16 healthy subjects performed an RT version of a

random-dot motion direction-discrimination task in which

bias was manipulated by a cue indicating a higher value

associated with the motion stimulus (potential payoff) or a

higher probability of the direction of the motion stimulus

(prior probability). Subjects tended to make more and

faster decisions toward the alternative that had the largest

value or was the most likely. Bias was quantified by fitting

the drift-diffusion model to the behavioral data. The results

show that the biasing effect was primarily driven by a

change in the starting point of the accumulation process

(Mulder et al. 2012). These individual differences in

starting point were used to test whether the vmPFC–STN

connection is associated with mechanisms underlying

choice bias that is driven by value (payoff) or likelihood of

occurrence (probability).

We performed a two-sided correlational test using the

individual values of the connection strength between

vmPFC and STN together with the individual values of

choice bias (e.g., shift in starting point of the accumulation

process). Results show that the strength of the connection

between vmPFC and STN were associated with the shift in

starting point for the potential payoff manipulation

(r = 0.58, P = 0.02), but not for the prior probability

manipulation (r = -0.03, P = 0.92; see Fig. 3). These

results suggest that the connection strength is predictive of

choice bias, but only when it is value-driven.

To test whether the probabilistic tract-strength was a

better predictor for value-driven compared to probability-

driven choice bias, we performed a permutation test. At

each of ten thousand permutations we randomly reordered

the tract-strength values, and re-paired the new values with

the choice bias values. We recalculated the explained

variance (r2) for each manipulation and calculated the

difference between them. This resulted in a distribution of

all possible differences under the null hypothesis that there

is no difference between the explained variances of both

manipulations. Next, a two-sided p value was calculated

from the proportion of times in which the (absolute) dif-

ference computed from the permuted values was greater

than the (absolute) difference between original values.

Results confirmed that probabilistic tract-strength was a

better predictor for value-driven choice bias compared to

probability-driven choice bias (P \ 0.05).

Fig. 3 a Schematic representation of tracts between vmPFC, stria-

tum, and STN. No significant correlations were found between

vmPFC–striatum tracts (red) and choice bias. For the vmPFC–STN

connection (green), we found that individual differences in probabi-

listic tract-strength predict individual differences in value-driven but

not probability-driven choice bias (b)
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Cortico-subthalamic and the striatum

Our results show that tracts originating in the vmPFC travel

through the striatum before reaching the STN (Fig. 2),

which is in line with findings from tracing studies with

non-human primates (Lehman et al. 2011). Furthermore,

the cortico-striatal circuit is associated with the adaptation

of the decision threshold for choices under speed stress

(Forstmann et al. 2008, 2010a; van Maanen et al. 2011). To

investigate whether the relationship between the strength of

the vmPFC–STN tract and choice bias depends on the

striatum, we re-ran the probabilistic tractography analyses

with an anatomically defined (probabilistic) mask of the

striatum (see ‘‘Methods’’). This mask was first registered to

each individual’s native space and then used as waypoint,

exclusion or classification mask in the following probabi-

listic tractography analyses:

1. Striatum as a waypoint mask: In this analysis, tracts

were required to pass through the striatum. Tracts that

did not pass the striatum were discarded from the tract-

strength calculation. Probabilistic tract-strength did not

change [mean (SD) tract-strength = 0.30 (0.26)] and

the relationship with choice bias was as strong as

before (r = 0.58, P = 0.02).

2. Striatum as an exclusion mask: In this analysis, all

pathways were discarded if they enter the striatum.

No tracts arrived at the STN [mean (SD) tract-

strength = 0.0 (0.0)].

3. Striatum as a target mask: Here we tested for a

probabilistic tract between vmPFC and striatum, while

excluding those tracts that might travel via the STN.

We found a tract between vmPFC and striatum [mean

(SD) tract-strength = 0.71 (0.11)]. No significant

relationship was found between the strength of the

vmPFC–striatum tract and choice bias (r = 0.16,

P = 0.56 for potential payoff and r = -0.38,

P = 0.15 for prior probability).

Striatal-subthalamic connection

Although the individual differences in cortico-striatal

connection strength could not explain the individual dif-

ferences in choice bias, it might be the case that the relation

is driven by a connection between the striatum and the

STN. To test this, we run the probabilistic tractography

analyses between the striatal and STN masks. Results show

a connection between the striatum and STN [mean (SD)

tract-strength = 0.74[0.09]). No significant relationship

with choice bias was found (r = 0.05, P = 0.86 for

potential payoff and r = 0.19, P = 0.49 for prior

probability).

Note that the strength of the probabilistic tract for the

different parts (vmPFC–striatum and striatum–STN tracts)

deviates from the strength of the entire tract (vmPFC–

STN). This is inherent to the method: Although the prob-

abilistic tractography will ‘follow’ the existing white

matter tracts (see also Jbabdi et al. 2013), it does not rep-

resent an absolute measure of white matter volume (for

further details see Johansen-Berg and Behrens 2009).

Rather, it represents the likelihood that a tract will travel

from a seed to a target region, which will vary with the

distance between the seed and target regions. As such, the

probabilistic strength of a tract will likely deviate from

the strength of its parts.

In sum, the results show a structural connection between

vmPFC and STN that travels through the striatum. As such,

it is likely that the striatum plays a role in the relation

between the probabilistic strength of the vmPFC–STN tract

and choice bias. However, no correlation was found

between the strength of one of the two parts of the tract

(vmPFC–striatum or striatum–STN), suggesting that the

relationship was not driven by one of these parts alone.

Discussion

In this study, we identified a structural tract in vivo

between the STN and a cortical region that was associated

with mechanisms underlying bias in choice behavior

(vmPFC). We used (DWI) and probabilistic tractography to

measure the tract-strength and tested whether individual

differences in this tract-strength were predictive for indi-

vidual differences in the magnitude of choice bias. Choice

bias was quantified using the DDM where a shift in the

starting point of evidence accumulation produces faster

choices and a larger proportion of choices for an alternative

that is more likely or more valuable. Results show that the

STN is structurally connected with this region of the

vmPFC and that the strength of this connection is predic-

tive for choice bias towards an alternative that is more

valuable, but not for choice bias towards an alternative that

is more likely.

Recently, we showed that the vmPFC was active for

both value-driven and probability-driven choice bias. This

raises the question why the individual differences in the

strength of the cortico-subthalamic tract would be selec-

tively related to value-driven, but not to probability-driven

choice bias. Note that the absence of a relationship between

the probabilistic tract-strength and probability-driven

choice bias does not have to imply that the connection is

not used in probability-driven decision processes at all.

Rather, it might be the case that individual differences in

processing the information about the likelihood of an
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alternative cannot be explained solely by the differences in

strength of the vmPFC–STN tract. Indeed, activation pat-

terns related to probability-driven choice bias show a

broadly distributed network of brain regions (Mulder et al.

2012; Forstmann et al. 2010b; Preuschhof et al. 2010),

whereas the network for value-driven bias might be less

diffuse (Mulder et al. 2012). A possible explanation may

involve the type of prior information that is processed

before the moment of choice; although the consequences

might be the same (a shift in starting point), information

about the possible direction of the stimulus might rely on

other cognitive resources than information about the value

associated with the alternatives. It might be the case that

the latter is more closely related to the reward-circuit, and

as such is more sensitive to individual changes therein.

A key question remains: how does the STN use the

value-based information to bias the decision process? One

hypothesis is that the STN has to resolve the conflict

between the possible choice outcomes that compete for

access to the motor system (Zaghloul et al. 2012).

According to this idea, the value-driven bias signal causes

a difference in conflict between the alternatives. First, the

STN pre-selects the motor program that is associated with

the most valuable alternative. This pre-selection is then put

on a hold, until an action has been chosen in response to the

stimulus. When the appropriate motor response to the

stimulus is not compatible with the pre-selected program,

the conflict between prior (cue) and actual information

(stimulus) is high, causing the STN to respond and inhibit

the motor system (Gurney et al. 2001; Humphries et al.

2006; Zaghloul et al. 2012; Frank 2006). As such, a choice

with a preceding invalid cue (that is, representing prior

knowledge that is not compatible with the stimulus) would

cause slower and fewer correct decisions. In contrast, when

the pre-selected motor program is compatible with the

upcoming stimulus (valid), the conflict between the pre-

selected (cue) and selected (stimulus) responses will be

low, resulting in faster and more correct decisions.

Such a scenario would be in line with the behavioral

expectations of the DDM, where a shift in the starting point

of the accumulation process results in faster response times

for valid but slower response times for invalid preceding

cues (e.g., van Ravenzwaaij et al. 2012; Mulder et al. 2012;

Edwards 1965; Laming 1968; Link and Heath 1975; Rat-

cliff 1985; Voss et al. 2004; Bogacz et al. 2006; Leite and

Ratcliff 2011; Ratcliff et al. 1999; Diederich and Buse-

meyer 2006). Within this framework, the mechanisms

underlying choice bias might be similar to an adaptation of

the decision threshold. When two alternatives are highly

conflicting, an increase in the decision threshold results in a

larger distance between the starting and ending point of the

accumulation process, which in turn results in a longer

time to decide, reducing premature choices (Frank 2006).

Similarly, a shift in the starting point towards the preferred

alternative (i.e., low conflict) results in a smaller distance

towards the preferred alternative, with faster and more

preferred choices as a consequence (choice bias). As such,

the model-based framework provides a possible explana-

tion of how the STN might use the value-driven informa-

tion in biasing perceptual choices.

A second remaining open question is: what is the role of

the striatum in the relationship between the probabilistic

tract-strength and choice bias? Our data shows that the

vmPFC–STN tract travels through the striatum. This is in

line with animal studies showing projections from the

medial/orbito frontal regions to the STN via striatal regions

(Lehman et al. 2011; Maurice et al. 1998, 1999). As noted

earlier, the strength of the probabilistic tracts between the

striatum and vmPFC or STN (vmPFC–striatum and stria-

tum–STN) were different from the strength of the entire

tract (vmPFC–STN). Although this is inherent to the

method, individual differences in tract strength for the

whole tract might still be similar to the individual differ-

ences in tract strength of its parts, meaning that the cor-

relation between tract-strength and behavior might still be

apparent for the vmPFC–striatum and striatum–STN tracts.

However, the relationship with choice bias could not be

explained by the cortico-striatal or striatal-subthalamic

connections. Possibly, both the cortico-striatal and cortico-

subthalamic circuits process information concurrently in

the reward and motor domain (Nambu et al. 2002; Temel

et al. 2005; Teagarden and Rebec 2007; Heida et al. 2008).

Earlier findings show that the striatum plays an impor-

tant role in adjusting the decision threshold under speed

stress (Bogacz et al. 2010b; Frank 2006; Forstmann et al.

2008, 2010a; van Maanen et al. 2011). According to these

studies, people lower their decision threshold by activating

the striatum, resulting in a release of inhibition of selected

motor programs with faster choices (and more errors) as a

consequence (speed–accuracy tradeoff; Bogacz et al.

2010b). Interestingly, the stronger the connection strength

between the striatum and pre-supplementary motor area

(pre-SMA), the more flexible subjects are in changing the

decision threshold (Forstmann et al. 2010a). This might

suggest that the cortico-striatal connections are involved in

an increasing speed, without considering which response is

the most appropriate one. In contrast, activating the STN

results in an inhibition of a motor response, preventing a

premature response to occur before the appropriate one is

actually chosen (Frank 2006). Along these lines, the

vmPFC–STN tract might have a purpose in mediating the

selection of the most valuable option, and inhibiting

the least appropriate one.

Taken together, in this study we quantified a structural

connection between vmPFC and STN using probabilistic

tractography. We showed that the strength of this
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connection predicts the magnitude of value-driven choice

bias in a simple perceptual decision-making task. These

results confirm the importance of cortico-subthalamic

structural networks in perceptual decision making.
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Gläscher J, Hampton AN, O’Doherty JP (2009) Determining a role

for ventromedial prefrontal cortex in encoding action-based

value signals during reward-related decision making. Cereb

Cortex 19(2):483–495. doi:10.1093/cercor/bhn098

Gold JI, Shadlen MN (2007) The neural basis of decision making.

Annu Rev Neurosci 30:535–574. doi:10.1146/annurev.neuro.

29.051605.113038

Gurney K, Prescott TJ, Redgrave P (2001) A computational model of

action selection in the basal ganglia. I. A new functional

anatomy. Biol Cybern 84(6):401–410

Haber SN, Kim KS, Mailly P, Calzavara R (2006) Reward-related

cortical inputs define a large striatal region in primates that

interface with associative cortical connections, providing a

substrate for incentive-based learning. J Neurosci 26(32):8368–

8376. doi:10.1523/JNEUROSCI.0271-06.2006

Hampton AN, Adolphs R, Tyszka MJ, O’Doherty JP (2007)

Contributions of the amygdala to reward expectancy and choice

signals in human prefrontal cortex. Neuron 55(4):545–555. doi:

10.1016/j.neuron.2007.07.022

Haynes WIA, Haber SN (2013) The organization of prefrontal-

subthalamic inputs in primates provides an anatomical substrate

for both functional specificity and integration: implications for

basal ganglia models and deep brain stimulation. J Neurosci

33(11):4804–4814. doi:10.1523/jneurosci.4674-12.2013

Heida T, Marani E, Usunoff KG (2008) The subthalamic nucleus part

II: modelling and simulation of activity. Adv Anat Embryol Cell

Biol 199:1–85, vii

Humphries MD, Stewart RD, Gurney KN (2006) A physiologically

plausible model of action selection and oscillatory activity in the

basal ganglia. J Neurosci 26(50):12921–12942. doi:10.1523/

JNEUROSCI.3486-06.2006

Jbabdi S, Lehman JF, Haber SN, Behrens TE (2013) Human and

monkey ventral prefrontal fibers use the same organizational

principles to reach their targets: tracing versus tractography.

J Neurosci 33(7):3190–3201. doi:10.1523/JNEUROSCI.2457-

12.2013

Jenkinson M, Smith S (2001) A global optimisation method for robust

affine registration of brain images. Med Image Anal 5(2):

143–156

Johansen-Berg H, Behrens TE (2009) Diffusion MRI: from quanti-

tative measurement to in vivo neuroanatomy. Elsevier, London

Kable J, Glimcher PW (2007) The neural correlates of subjective

value during intertemporal choice. Nat Neurosci 10(12):1625–

1633. doi:10.1038/nn2007

Kalbe E, Voges J, Weber T, Haarer M, Baudrexel S, Klein JC, Kessler

J, Sturm V, Heiss WD, Hilker R (2009) Frontal FDG-PET

activity correlates with cognitive outcome after STN-DBS in

Parkinson disease. Neurology 72(1):42–49. doi:10.1212/01.wnl.

0000338536.31388.f0

Kantak KM, Yager LM, Brisotti MF (2012) Impact of medial orbital

cortex and medial subthalamic nucleus inactivation, individually

and together, on the maintenance of cocaine self-administration

behavior in rats. Behav Brain Res 238C:1–9. doi:10.1016/

j.bbr.2012.10.021

Knutson B, Bjork JM, Fong GW, Hommer D, Mattay VS, Weinberger

DR (2004) Amphetamine modulates human incentive process-

ing. Neuron 43(2):261–269. doi:10.1016/j.neuron.2004.06.030

Knutson B, Taylor J, Kaufman M, Peterson R, Glover G (2005)

Distributed neural representation of expected value. J Neurosci

25(19):4806–4812. doi:10.1523/JNEUROSCI.0642-05.2005

Knutson B, Rick S, Wimmer GE, Prelec D, Loewenstein G (2007)

Neural predictors of purchases. Neuron 53(1):147–156. doi:

10.1016/j.neuron.2006.11.010

Lambert C, Zrinzo L, Nagy Z, Lutti A, Hariz M, Foltynie T,

Draganski B, Ashburner J, Frackowiak R (2012) Confirmation of

functional zones within the human subthalamic nucleus: patterns

of connectivity and sub-parcellation using diffusion weighted

imaging. Neuroimage 60(1):83–94. doi:10.1016/j.neuroimage.

2011.11.082

Laming D (1968) Information theory of choice reaction times.

Academic Press, New York

Lardeux S, Baunez C (2008) Alcohol preference influences the

subthalamic nucleus control on motivation for alcohol in rats.

Neuropsychopharmacology 33(3):634–642. doi:10.1038/sj.npp.

1301432

Lardeux S, Pernaud R, Paleressompoulle D, Baunez C (2009) Beyond

the reward pathway: coding reward magnitude and error in the

rat subthalamic nucleus. J Neurophysiol 102(4):2526–2537. doi:

10.1152/jn.91009.2008

Lehman JF, Greenberg BD, McIntyre CC, Rasmussen SA, Haber SN

(2011) Rules ventral prefrontal cortical axons use to reach their

targets: implications for diffusion tensor imaging tractography

and deep brain stimulation for psychiatric illness. J Neurosci: Off

J Soc Neurosci 31(28):10392–10402. doi:10.1523/JNEUROSCI.

0595-11.2011

Leite FP, Ratcliff R (2011) What cognitive processes drive response

biases? A diffusion model analysis. Judgm Decis Mak 6(7):

651–687

Link S, Heath R (1975) A sequential theory of psychological

discrimination. Psychometrika 40(1):77–105. doi:10.1007/bf02

291481

Liu X, Powell DK, Wang H, Gold BT, Corbly CR, Joseph JE (2007)

Functional dissociation in frontal and striatal areas for process-

ing of positive and negative reward information. J Neurosci

27(17):4587–4597. doi:10.1523/JNEUROSCI.5227-06.2007

Marani E, Heida T, Lakke EA, Usunoff KG (2008) The subthalamic

nucleus. Part I: development, cytology, topography and connec-

tions. Adv Anat Embryol Cell Biol 198:1–113, vii

Matsumura M, Kojima J, Gardiner TW, Hikosaka O (1992) Visual

and oculomotor functions of monkey subthalamic nucleus.

J Neurophysiol 67(6):1615–1632

Maurice N, Deniau JM, Glowinski J, Thierry AM (1998) Relation-

ships between the prefrontal cortex and the basal ganglia in the

rat: physiology of the corticosubthalamic circuits. J Neurosci

18(22):9539–9546

Maurice N, Deniau JM, Glowinski J, Thierry AM (1999) Relation-

ships between the prefrontal cortex and the basal ganglia in the

rat: physiology of the cortico-nigral circuits. J Neurosci

19(11):4674–4681

Mori Zhang (2006) Principles of diffusion tensor imaging and its

applications to basic neuroscience research. Neuron 51(5):527–

539

Mori S, van Zijl PC (2002) Fiber tracking: principles and strategies—

a technical review. NMR Biomed 15(7–8):468–480. doi:

10.1002/nbm.781

Brain Struct Funct

123

http://dx.doi.org/10.3389/fnhum.2010.00040
http://dx.doi.org/10.1016/j.neuroimage.2011.12.044
http://dx.doi.org/10.1016/j.neuroimage.2011.12.044
http://dx.doi.org/10.1016/j.neunet.2006.03.006
http://dx.doi.org/10.1371/journal.pone.0008120
http://dx.doi.org/10.1093/cercor/bhn098
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113038
http://dx.doi.org/10.1146/annurev.neuro.29.051605.113038
http://dx.doi.org/10.1523/JNEUROSCI.0271-06.2006
http://dx.doi.org/10.1016/j.neuron.2007.07.022
http://dx.doi.org/10.1523/jneurosci.4674-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.3486-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.3486-06.2006
http://dx.doi.org/10.1523/JNEUROSCI.2457-12.2013
http://dx.doi.org/10.1523/JNEUROSCI.2457-12.2013
http://dx.doi.org/10.1038/nn2007
http://dx.doi.org/10.1212/01.wnl.0000338536.31388.f0
http://dx.doi.org/10.1212/01.wnl.0000338536.31388.f0
http://dx.doi.org/10.1016/j.bbr.2012.10.021
http://dx.doi.org/10.1016/j.bbr.2012.10.021
http://dx.doi.org/10.1016/j.neuron.2004.06.030
http://dx.doi.org/10.1523/JNEUROSCI.0642-05.2005
http://dx.doi.org/10.1016/j.neuron.2006.11.010
http://dx.doi.org/10.1016/j.neuroimage.2011.11.082
http://dx.doi.org/10.1016/j.neuroimage.2011.11.082
http://dx.doi.org/10.1038/sj.npp.1301432
http://dx.doi.org/10.1038/sj.npp.1301432
http://dx.doi.org/10.1152/jn.91009.2008
http://dx.doi.org/10.1523/JNEUROSCI.0595-11.2011
http://dx.doi.org/10.1523/JNEUROSCI.0595-11.2011
http://dx.doi.org/10.1007/bf02291481
http://dx.doi.org/10.1007/bf02291481
http://dx.doi.org/10.1523/JNEUROSCI.5227-06.2007
http://dx.doi.org/10.1002/nbm.781


Mulder MJ, Wagenmakers E-J, Ratcliff R, Boekel W, Forstmann BU

(2012) Bias in the brain: a diffusion model analysis of prior

probability and potential payoff. J Neurosci 32(7):2335–2343.

doi:10.1523/JNEUROSCI.4156-11.2012

Nambu A, Tokuno H, Takada M (2002) Functional significance of the

cortico-subthalamo-pallidal ‘hyperdirect’ pathway. Neurosci Res

43(2):111–117. doi:S0168010202000275

Philiastides MG, Biele G, Heekeren HR (2010) A mechanistic account

of value computation in the human brain. Proc Natl Acad Sci

USA 107(20):9430–9435. doi:10.1073/pnas.1001732107

Preuschhof C, Schubert T, Villringer A, Heekeren HR (2010) Prior

information biases stimulus representations during vibrotactile

decision making. J Cogn Neurosci 22(5):875–887. doi:10.1162/

jocn.2009.21260

Ramnani N, Elliott R, Athwal BS, Passingham RE (2004) Prediction

error for free monetary reward in the human prefrontal cortex.

Neuroimage 23(3):777–786. doi:10.1016/j.neuroimage.2004.07.

028

Ratcliff R (1978) A theory of memory retrieval. Psychol Rev 85(2):

59–108

Ratcliff R (1985) Theoretical interpretations of the speed and

accuracy of positive and negative responses. Psychol Rev

92(2):212–225

Ratcliff R, McKoon G (2008) The diffusion decision model: theory

and data for two-choice decision tasks. Neural Comput 20(4):

873–922. doi:10.1162/neco.2008.12-06-420

Ratcliff R, Tuerlinckx F (2002) Estimating parameters of the diffusion

model: approaches to dealing with contaminant reaction times

and parameter variability. Psychon Bull Rev 9(3):438–481

Ratcliff R, Van Zandt T, McKoon G (1999) Connectionist and

diffusion models of reaction time. Psychol Rev 106(2):261–300

Simen P, Cohen JD, Holmes P (2006) Rapid decision threshold

modulation by reward rate in a neural network. Neural Netw

19(8):1013–1026. doi:10.1016/j.neunet.2006.05.038

Simen P, Contreras D, Buck C, Hu P, Holmes P, Cohen JD (2009)

Reward rate optimization in two-alternative decision making:

empirical tests of theoretical predictions. J Exp Psychol Hum

Percept Perform 35(6):1885–1897

Smith DV, Hayden BY, Truong TK, Song AW, Platt ML, Huettel SA

(2010) Distinct value signals in anterior and posterior

ventromedial prefrontal cortex. J Neurosci 30(7):2490–2495.

doi:10.1523/JNEUROSCI.3319-09.2010

Teagarden MA, Rebec GV (2007) Subthalamic and striatal neurons

concurrently process motor, limbic, and associative information

in rats performing an operant task. J Neurophysiol 97(3):

2042–2058. doi:10.1152/jn.00368.2006

Temel Y, Blokland A, Steinbusch HW, Visser-Vandewalle V (2005)

The functional role of the subthalamic nucleus in cognitive and

limbic circuits. Prog Neurobiol 76(6):393–413. doi:10.1016/

j.pneurobio.2005.09.005

van Maanen L, Brown SD, Eichele T, Wagenmakers E-J, Ho T,

Serences J, Forstmann BU (2011) Neural correlates of trial-

to-trial fluctuations in response caution. J Neurosci 31(48):

17488–17495. doi:10.1523/JNEUROSCI.2924-11.2011

van Ravenzwaaij D, Mulder MJ, Tuerlinckx F, Wagenmakers E-J

(2012) Do the dynamics of prior information depend on task

context? An analysis of optimal performance and an empirical

test. Front Psychol 3:132. doi:10.3389/fpsyg.2012.00132

van Wouwe NC, Ridderinkhof KR, van den Wildenberg WP, Band

GP, Abisogun A, Elias WJ, Frysinger R, Wylie SA (2011) Deep

brain stimulation of the subthalamic nucleus improves reward-

based decision-learning in Parkinson’s disease. Front Hum

Neurosci 5:30. doi:10.3389/fnhum.2011.00030

Voss A, Rothermund K, Voss J (2004) Interpreting the parameters of

the diffusion model: an empirical validation. Mem Cognit

32(7):1206–1220

Wagenmakers E-J (2009) Methodological and empirical develop-

ments for the Ratcliff diffusion model of response times and

accuracy. Eur J Cogn Psychol 21(5):641–671. doi:10.1080/0954

1440802205067

Witjas T, Baunez C, Henry JM, Delfini M, Regis J, Cherif AA,

Peragut JC, Azulay JP (2005) Addiction in Parkinson’s disease:

impact of subthalamic nucleus deep brain stimulation. Mov

Disord 20(8):1052–1055. doi:10.1002/mds.20501

Zaghloul KA, Weidemann CT, Lega BC, Jaggi JL, Baltuch GH,

Kahana MJ (2012) Neuronal activity in the human subthalamic

nucleus encodes decision conflict during action selection.

J Neurosci 32(7):2453–2460. doi:10.1523/JNEUROSCI.5815-

11.2012

Brain Struct Funct

123

http://dx.doi.org/10.1523/JNEUROSCI.4156-11.2012
http://dx.doi.org/S0168010202000275
http://dx.doi.org/10.1073/pnas.1001732107
http://dx.doi.org/10.1162/jocn.2009.21260
http://dx.doi.org/10.1162/jocn.2009.21260
http://dx.doi.org/10.1016/j.neuroimage.2004.07.028
http://dx.doi.org/10.1016/j.neuroimage.2004.07.028
http://dx.doi.org/10.1162/neco.2008.12-06-420
http://dx.doi.org/10.1016/j.neunet.2006.05.038
http://dx.doi.org/10.1523/JNEUROSCI.3319-09.2010
http://dx.doi.org/10.1152/jn.00368.2006
http://dx.doi.org/10.1016/j.pneurobio.2005.09.005
http://dx.doi.org/10.1016/j.pneurobio.2005.09.005
http://dx.doi.org/10.1523/JNEUROSCI.2924-11.2011
http://dx.doi.org/10.3389/fpsyg.2012.00132
http://dx.doi.org/10.3389/fnhum.2011.00030
http://dx.doi.org/10.1080/09541440802205067
http://dx.doi.org/10.1080/09541440802205067
http://dx.doi.org/10.1002/mds.20501
http://dx.doi.org/10.1523/JNEUROSCI.5815-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.5815-11.2012

	Cortico-subthalamic connection predicts individual differences in value-driven choice bias
	Abstract
	Introduction
	Materials and methods
	Subjects
	Behavioral data
	Fitting the drift-diffusion model to the data
	Imaging acquisition
	Preprocessing
	Masks
	Probabilistic tractography
	Tracts
	vmPFC--STN
	Cortico-subthalamic and the striatum
	Striatal-subthalamic connection


	Results
	Probabilistic tractography
	Individual differences in probabilistic tract-strength and choice bias
	Cortico-subthalamic and the striatum
	Striatal-subthalamic connection

	Discussion
	Acknowledgments
	References


