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In this thesis, I have described the studies my colleagues and I have done regard-

ing speed-accuracy tradeoff (SAT). We have studied SAT both at the computational 

and at the implementational level of explanation (Marr, 1982). In this chapter, I will 

first provide a brief summary of the previous chapters, then discuss their relevance, 

and provide suggestions for future research.

Summary

In chapter 2 of this thesis, we described how the basal ganglia form a control 

structure, gating between competing cortical action plans. We formulated three 

different research questions, related to the mathematical psychology, the systems 

neuroscience, and the functional neurochemistry of speeded decision making.

Urgency gating or evidence accumulation?

The first research question, addressed in chapter 3, was ‘is evidence accumulation 

required to explain perceptual decision making?’. This question lies within the field of 

mathematical psychology, and it relates to the computational level of explanation. 

A new model, the urgency gating model (UGM), proposed that decisions are made 

based on the current level of evidence and a sense of urgency, and does not require 

the accumulation of evidence over time (Cisek et al., 2009). This is directly contrary to 

conventional evidence accumulation models, such as the drift diffusion model (DDM).  

The DDM predicts that evidence presented early in a trial will not influence the deci-

sion made unless that decision is made directly. We hypothesized that perceptual 

decisions are the result of evidence accumulation, rather than of urgency gating.

Hypothesis 1:

Evidence accumulation is necessary to explain perceptual decision making.

We hypothesize that the urgency gating model does not correctly predict behav-

ior in a perceptual decision making task with changing evidence. Rather, we ex-

pect that early evidence will be weighed into subsequent perceptual decisions, 

in concordance with the drift diffusion model. We tested this hypothesis in chap-

ter 3 of this thesis
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As such, we expected to find that evidence presented early on would affect later 

decisions. The experimental data we collected matched our expectations, showing 

clear effects of the early evidence in the directions predicted by the DDM. This con-

firmed our hypothesis that decisions are made based on evidence accumulation, 

rather than urgency gating. This, in turn, validates the accumulator class of deci-

sion-making models, and as such paved the way for our subsequent studies, which 

make use of these models to probe the neural underpinnings of decision making.

A causal role for the striatum in setting the decision threshold?

The second research question, addressed in chapter 4, was ‘is the striatum part 

of the functional circuit responsible for setting the decision threshold?’. This ques-

tion lies within the field of systems neuroscience, and it relates to the implementa-

tional level of explanation. Previous research has shown the striatum to be active 

when preparing fast decisions (Forstmann et al., 2008). Based on this research, and 

our understanding of the role of the basal ganglia in gating cortical activation pat-

terns, we stated the following hypothesis. 

We tested this hypothesis using methods from neuropsychology. Patients with 

a focal ischemic lesion in the striatum were asked to respond in a speed or an ac-

curacy regime, and we compared their performance to that of healthy control par-

ticipants. The patients showed a deficit in adjusting the decision threshold, consist-

ent with our hypothesis. Interestingly, the patients had a lower decision threshold 

than the controls, especially during the accuracy regime. This effectively resulted 

in impulsive behavior, with an inability to raise their decision threshold. Having 

Hypothesis 2:

The striatum is necessary to adjust the decision threshold.

We hypothesize that the striatum is causally involved in setting the decision 

threshold to meet the speed or accuracy demands of the environment. This hy-

pothesis was also put forward in a recent review paper (Bogacz et al., 2010). We 

tested this hypothesis in chapter 4 of this thesis.



118

established that the striatum is causally involved in setting the decision threshold 

raises the question what the controlling input is that affects the striatal processing 

to lower the threshold.

Threshold adjustment through dopaminergic modulation?

Our third research question, addressed in chapter 5, was ‘does dopamine regu-

late the decision threshold?’. This question lies within the field of functional neuro-

chemistry, and it relates to the implementational level of explanation. Dopamine’s 

central neuromodulatory role in the basal ganglia allows it to make large scale 

changes to the activity of the entire system, which make it a likely candidate for 

implementing the SAT (Lo and Wang, 2006). In chapter 2, we formulated the follow-

ing hypothesis.

We tested this hypothesis using neuropharmacological methods. Healthy con-

trol participants were given bromocriptine, a dopamine receptor agonist, or a pla-

cebo. Based on our hypothesis, we expected to find decreased decision thresholds 

during bromocriptine administration, as compared to the placebo sessions. Instead, 

we found that bromocriptine did not affect participants’ decision thresholds at all. 

Based on this finding, as well as converging results from the literature (Nagano-

Saito et al., 2012), we rejected our hypothesis, concluding that the setting of the 

decision threshold is most likely not driven by dopaminergic signaling. While this 

outcome answers our narrow research question regarding the role of dopamine in 

SAT, it does of course leave the larger question unanswered: how does the striatum 

adjust SAT?

Hypothesis 3:

Striatal dopamine sets the decision threshold.

We hypothesize that the level of nigrostriatal dopaminergic innervation is the 

driving factor that determines the height of the decision threshold. 
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Discussion

Our findings from chapter 3 demonstrate that accumulation models of decision 

making provide a valid account of how perceptual decisions work. However, while 

the standard DDM with static thresholds may provide a parsimonious account of 

decision making, many authors argue for a threshold that changes over the course 

of a decision process. For instance, Ditterich (2006) also argues for a gain that in-

creases over time during the decision process, similar to a decreasing threshold. 

The addition of such a gain parameter isn't just visible in the behavioral data, it also 

makes sense from an optimal decision making standpoint, if there is a cost associ-

ated with additional observation (Drugowitsch et al., 2012). However, this compu-

tation of optimality assumes that the quality of the incoming evidence is known. If 

the quality of the evidence is not known to the participants, it is still possible to 

determine the optimal shape of the decision boundary based on the quality of the 

evidence sampled so far (Deneve, 2012).

One recent meta-survey compared this phenomenon of collapsing bounds be-

tween humans and macaques (Hawkins et al., submitted). It found that adding 

a boundary collapse factor did not add sufficiently to the fit of the humans' data to 

warrant inclusion. However, in the monkey data the parameter did explain suffi-

cient additional variance to be included. In other words, the monkeys' behavior 

showed decreased caution as a trial progressed, while the humans' behavior did 

not. This difference may easily result from the vast differences in training regimes, 

rather than an intrinsic species difference. Regardless, it does warrant caution when 

making translational interpretations of decision making neurophysiology data that 

were gathered from monkeys. In addition to decreasing decision boundaries, there 

are other ways in which evidence accumulation may not be as static as the DDM 

suggests. For instance, adaptive gain theory predicts that later evidence is weighed 

more strongly, and that evidence that is inconsistent with previous samples is down-

weighted. It appears that humans make perceptual decisions in a manner consist-
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ent with these predictions (Cheadle et al., 2014).

Our results from chapter 4 support our hypothesis that the striatum is causally 

involved in setting the decision threshold. This in itself provides a clear direction for 

other research into the neural correlates of the decision threshold, including our 

own research into the role of dopamine in setting the threshold described in chap-

ter 5. As we found that manipulating the dopamine system does not, in fact, alter 

the decision threshold, we conclude that large scale striatal activity is most likely 

altered by some other, nondopaminergic mechanism. In the next section, I will pro-

vide some speculations for what this mechanism may be.

Directions for future research
Having answered our three research questions, we are of course left with an 

even larger abundance of new questions. One example is that although we showed 

that bounded evidence accumulation is needed to explain decision making, the ex-

act shape of the boundary is still the topic of intense debate. One challenge for fu-

ture research is to better map the conditions under which various models may or 

may not explain the data well.

While we now believe that the striatal role in SAT is likely not driven by dopamine, 

this does of course leave the question by what mechanism the striatal activity is 

regulated. A good candidate for a region-wide activity modulator would be the re-

gion’s interneurons. The striatum contains a small number of large cholinergic in-

terneurons, and a large number of GABAergic interneurons (Kawaguchi et al., 1995). 
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There are three classes of GABAergic interneurons in the striatum, and these class-

es receive differential inputs from cortex and thalamus (Kawaguchi, 1993, see Tep-

per et al., 2010, for a review). Importantly, like dopamine, these interneurons map 

onto the direct and indirect pathways differentially (Gittis et al., 2010). As such, they 

have the connectivity pattern necessary to both facilitate action while promoting 

inaction, or vice versa, which is a prerequisite for a system implementing SAT. The 

(cholinergic) interneuron activity is also closely linked to the release of dopamine in 

the striatum (Threlfell et al., 2012). The hypothesis that interneurons are the way 

the threshold is adjusted in the striatum could be tested in several ways. Using in 

vivo electrophysiology (Battaglia et al., 2008), we might assess the functional (SAT 

related) response properties of striatal interneurons, as well as their network inter-

action with medium spiny neurons. In humans, techniques such as magnetic reso-

nance spectroscopy (Jocham et al., 2012) or radioligand positron emission tomog-

raphy (Boecker et al., 2010) might indirectly inform us of the role of interneurons in 

SAT by correlating individual differences in striatal GABA or acetylcholine signaling 

with measures of SAT adaptation. One complicating factor is that the striatal medi-

um spiny neurons are themselves GABAergic, so we should be cautious in interpret-

ing striatal GABA as resulting from interneurons, rather than from the striatal me-

dium spiny neurons themselves.

If the striatal interneurons do indeed drive the SAT, the question remains where 

the driving signal originates. We believe the frontal cortex, possibly the pre-SMA, is 

the most likely source of a control signal that drives SAT. High level control is a known 

role of the prefrontal cortex, and there is extensive connectivity between the fron-

tal cortex and the striatum (Cummings, 1993; Haber, 2003). Additionally, the pre-

SMA and striatum are both active during speeded decisions as compared to accu-

rate ones (Forstmann et al., 2008), and the structural connectivity of these regions 

predicts the ability to adjust decision threshold. While we usually simplify the stria-

tum as receiving cortical input, it does also receive inputs from other regions, such 
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as the cerebellum (Dum and Strick, 2013) and the amygdala (Corbit, 2013). There-

fore, we should not rule out the possibility that the signal driving threshold adjust-

ment in the striatum originates in one of these regions, rather than in the (prefron-

tal) cortex. To truly discover the neural mechanisms of SAT, we will need an adapta-

tion of our paradigms that works well in animals. One reason this is problematic, is 

the confounding factor of reward. Since all animal training paradigms involve re-

ward schemas in some way, it becomes hard to disentangle the role of the studied 

structures in SAT vs. their role in reward. This is especially problematic if the struc-

tures we are interested in are highly associated with reward processing, as is the 

case with the basal ganglia.

Currently, much of the research on decision making focus on very simplistic, of-

ten perceptual decisions. While my own research has not formed an exception to 

this, I would like to see the same quantitative methodologies be applied to more 

complex and ecologically meaningful stimulus sets.

The years of research described in this thesis have given me a greater under-

standing of how decisions work, at many different levels. I hope and believe that the 

work my colleagues and I have done has also added new knowledge and insights to 

our overall understanding of speeded decision making and its neural correlates. 

Nevertheless, there is a lot more to explore.
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