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Abstract
While many aspects of decision making can and have been investigated with fMRI, low temporal 
resolution makes it difficult to use fMRI to infer the specific temporal profile of neural activity un-
derlying rapid perceptual decision making (e.g, with response times on the order of 1 second). To 
address this problem, and to distinguish different hypotheses regarding where in the brain sen-
sory evidence might accumulate over the course of a perceptual decision, we have developed a 
behavioral method that successfully slows average human response times into the 8-15 second 
range. In this range, different temporal profiles of neural activity over the course of individual de-
cisions (such as boxcars, and linear ramps) can in principle be distinguished, and can therefore 
shed light on which areas have ramping firing rates. We accomplished this slowing by imposing 
stiff penalties for errors in a two-alternative forced choice, dot-motion discrimination task. Theo-
retical work examining optimal performance in such tasks predicted that subjects should imple-
mant a drift-diffusion model to make decisions, and that penalties should induce subjects to in-
crease the model’s response thresholds (to favor accuracy) and thereby slow performance. This 
was confirmed behaviorally. Using this behavioral method with fMRI can benefit both traditional 
and multi-variate pattern analysis (MVPA) methods by accentuating the difference between other-
wise correlated, model-based predictors, as well as leveraging the subtraction method of Ho, 
Brown & Serences (2009). A parallel EEG experiment suggests that the same task design can be 
speeded up to help discern neural correlates of the same decision making model components 
that were used as the inputs to the BOLD convolution in our fMRI task. These results lay the 
groundwork for future, simultaneous EEG/fMRI experiments that may help to better understand 
the temporal dynamics of decision making over a wide range of response times.

Decision making with penalties 

Optimal performance requires implementing the drift-
diffusion model with adjustable threshold 

Theoretically, with slow RTs and a canonical HRF, you can 
infer the input to the BOLD convolution

Brain maps (GLM)

Brain maps (MVPA)

Event-related averages for dots task

Readiness potentials in a faster paced 
dots/arrows decion making task

Conclusion
Ramping activation that is consistent with the evidence accumulation aspect of several models 
of decision making appears to be observable in both fMRI and EEG data, when behavioral re-
sponse times are calibrated to the temporal resolution of each method.
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Ramping detected by fMRI in an interval 
timing task
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Map of voxels with betas significantly different from 0
t-test, voxelwise p < 0.001, 
corrected for multiple comparisons, p < 0.01
cluster volume threshold >= 20 voxels

Study: non-penalty version of the fMRI dots/arrows decision task
* 17 participants (ages 18-38; 11 female)
* 3 behavioral sessions, 2 EEG sessions
* task difficulty (coherence) set with psychometric function (70% and 
90% correct)
* +$0.01 rewards for correct, -$0.00 for errors, average response-to-
stimulus interval of 2 seconds

Lateralized Readiness Potential (LRP): 
* difference between potentials in C3 and C4 averaged depending on 
response hand.
* thought to reflect response preparation, occurring even for trials
that will later be aborted 
* could reflect evidence accumulation (e.g., Spencer & Coles, 1999)

Oscillatory analysis methods:
* search across all frequencies and electrodes for activity 
(vincentized) satisfying:
-- significant positive or negative slope
-- slopes in same direction for all conditions
-- slopes start closely together
* select electrodes and frequencies that show consistent slopes 
across participantsIntegration of a constant input 

produces ramping in both a drift-
diffusion model of decision 
making and of interval timing. 

Task: Press a button just before 
an interval elapses to earn maxi-
mum reward. 

3 ROIs examined from the 
GLM analysis
Red: event-triggered aver-
age of the ramp regressor
Green: boxcar regressor
Black: average ROI time-
courses
Std error of the mean 
across trials defines 
bands

ROI 1: large right hemi-
sphere cluster spanning 
IFG, premotor
ROI 2: left IFG
ROI 3: cuneus
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Use a sphere of voxel timecourses as 
the “design matrix”, and do multiple 
linear regression of each predicted 
BOLD signal on these voxel signals. 
Classify voxels based on the predic-
tion with the minimum Z-score.
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Dots-only trials

Boxcar > Ramp, Stimulus, Response Ramp > Boxcar, Stimulus, Response

Arrows trials

Dots-only trials Arrows trials

VIF
1.88
1.91
1.16
1.18

all < 2

t = 10 
(p < 10-23)

t = 10 
(p < 10-23)

p < 0.001

t = +/- 3.28 
(p< .001; 

FDR 
q<.01)

t = -10 
(p < -10-23)

z > 5.24 
(p<10-7)

z > 1.96 
(p< .05)

• One subject
• Sphere size: 10 mm radius
• Ridge regression (ridge parameter: 0.05 x # voxels in sphere)
• Separate ridge regression for each model-based prediction (boxcar, ramp response, onset)
• Leave one-run-out cross validation
• Measure of fit: correlation between regression-prediction based on voxel timecourses and 

the model-based prediction – i.e., convolution of neural signals with HRF
• Colors indicate significantly better prediction of expected timecourse for a boxcar or ramp 

prediction than for the other predictions (p < 0.001), Fisher exact test
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In addition to bilateral IFG/insula and caudate shown in this 
slice, there was also significant ramp-associated activation 
in the bilateral cerebellum, bilateral premotor cortex, and the 
pre-SMA.  (Nothing in parietal or occipital cortex.)
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