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PARTICIPANTS 
§   33 young adults ages 18-34 (M±SD = 20.7 ± 2.6) from Washington, DC metro area 
§   2 participants subsequently eliminated from all analyses due to image artifact or 

meeting study drug exclusion criteria (final sample: N = 31) 
 

fMRI DATA ACQUISITION & PREPROCESSING 
§  Subjects scanned in resting state (eyes open) for 11 minutes in 3T Siemens Trio magnet 
§  264 whole brain  images, gradient EPI acquisition (TR = 2500ms, TE = 30ms, 90ºflip 

angle, FOV = 192 x192mm, voxel size = 3 mm isotropic) 
§  Data preprocessing in SPM8 (Slice Time Correction/Realignment, Normalization to EPI 

template, Resliced to 3mm, Smoothing {8mm FWHM}, Band-pass filtering, and 
“scrubbing” (Power et al., 2012) with at least 200 volumes retained per participant 

 

BEHAVIORAL TESTING (see top middle panel)  
§  Took place in scanner immediately following the resting scan 
§  3 sessions (720 trials) of the Triplets Learning Task (TLT; Howard, Howard, Dennis, 

& Kelly, 2008), modified for fMRI 
§  Computer-based recognition task and interview to assess explicit awareness 
 

RESTING STATE FUNCTIONAL CONNECTIVITY CALCULATIONS 
§  Bilateral dorsal caudate (DC) seed created in Marsbar as two spheres (R and L 

hemispheres) of radius 6mm, centered around coordinates taken from Di Martino et al. 
(2008) 

 

Seed based Voxelwise resting state connectivity: 
§  For each subject, partial correlations computed between timecourse of DC seed and 

those of every other voxel in brain, controlling for motion (from realignment parameter 
timecourses) and physiological noise (approximated by timecourses of WM and CSF); 
resulting r-values converted to Z-scores before statistical analyses of correlation 
strengths 

§  Produced brain map of intrinsic connectivity strength with the DC for each subject 

 

Correlations with SL performance: 
§  Single-subjects’ whole brain connectivity maps entered as the DV in regression models 

(SPM8) testing for correlations with SL performance within a medial temporal lobe 
(MTL) region of interest, as well as across the whole brain 

§  Mean framewise displacement included in models as a covariate of no interest 
§  Whole Brain results corrected for multiple comparisons at P < .05 using Monte Carlo 

simulation (p <.005, k > 54) 
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§  The ability to acquire and exploit environmental regularities enables us to efficiently 
adapt to complex aspects of our world.  
§  Implicit probabilistic sequence learning (SL) involves extracting probabilistic 

regularities from sequences of events, even without explicit intent. 
§  Task-dependent fMRI studies have identified a neural network supporting SL, including 

the caudate, MTL, and regions in the frontal lobe (e.g., Rieckmann et al., 2010; Simon et 
al., 2011). 
§  Caudate and MTL thought to underlie the learning during SL tasks 
§  Better SL in healthy young adults associated with a specific pattern of MTL/caudate 

recruitment  
§  In a recent resting state fMRI study we demonstrated that subsequent SL can also be 

predicted by the strength of functional connectivity between the dorsal caudate (DC) and 
medial temporal lobe (MTL) at rest (Stillman et al., 2013). 
§  Stronger rsFC between these regions may help promote “readiness” to learn. 
§  However, a number of limitations of the earlier study, e.g.,  

§  time between the scan and learning not controlled 
§   length of resting scan was short compared to more recent studies in the field 

§  To replicate and extend our recent finding that stronger rsFC between the DC and MTL 
predicted better subsequent SL using a modified SL task 

LEARNING PERFORMANCE 

CONNECTIVITY CORRELATIONS WITH SEQUENCE LEARNING 

SUMMARY & DISCUSSION 

Did participants learn the probabilistic regularity in fMRI TLT?  
§  Calculated implicit associative learning (IAL) scores: 

§  For each participant, median RTs calculated for all correct responses to each unique 
triplet presented in the TLT 

§  These median RTs were then correlated with the number of times that triplet had occurred  
§  r-values multiplied by -1 so that higher IAL scores reflect greater SL 

§  IAL scores (M±SD = .19 ±.08) were significantly greater than zero, t(30) = 5.59, p < 0.0001, 
indicating learning had occurred 

§  IAL scores not correlated with mean accuracy or reaction time (ps > .11), suggesting 
learning was not influenced by individual differences in overall performance  

Was learning implicit? 
§   Analyzed mean ratings of triplets from the computer-based recognition task  

§  On average, HP and LP triplets rated as having occurred equally often, t(30) = .01, p = .
72, suggesting little explicit awareness by this measure 

§  Analyzed participants’ responses on the verbal recognition interview 
§  11 participants were able to report ≥ 1 HP triplet (max 3), suggesting some had gained 

awareness by end of training.  
 

§  Next, we examined connectivity correlations with SL across the whole brain (at corrected P 
< .05) 

§  Stronger, more positive rsFC between the DC and clusters in the anterior cingulate cortex 
(k = 500, peak MNI coordinates x = 6, y = 41, z = 16) and left middle temporal gyrus ( k 
= 54, peak MNI coordinates x = -51, y = -25, z = 1) predicted higher IAL scores. 

§  No negative correlations survived correction. 
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BEHAVIORAL TESTING: MODIFIED TLT 

§   First, we restricted results to an MTL region of interest using a bilateral parahippocampal/ 
hippocampal mask. 
§  This was done because SL was positively associated with DC connectivity to a cluster in the 

right MTL in Stillman et al. (2013). 
§   Stronger rsFC between the DC and a cluster in the right MTL (k = 10, peak MNI coordinates x = 

27, y = -37, z = -2) predicted higher IAL scores (p < .005, k = 10, uncorrected). 
§  This cluster (shown in green) is spatially close to—but does not overlap—with that identified in 

Stillman et al. (2013) (shown in purple).  
§  The clusters partially overlap at a more liberal threshold (p <.05 shown in blue). 
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§  Behavioral results were consistent with previous studies using the original TLT in that young adults acquired the regularity in this modified version of the task. 

§  However, some participants were subsequently able to verbalize the regularity, suggesting that the Modified TLT may be more susceptible to explicit strategy use than 
the original (e.g., perhaps due to changes in triplet frequency or task timing parameters) 

§  Within-MTL connectivity correlations with SL were consistent with our previous resting state study, as well as with other studies implicating the importance of 
communication between the caudate and MTL in implicit sequence learning (e.g., Bennett et al., 2011; Rieckmann, et al., 2010; Simon, et al., 2011; Stillman et al., 2013) 
§  Supports the idea that the magnitude of SL depends upon the integrity of the association between DC and MTL at rest; intrinsically stronger functional associations 

between these regions may enable more efficient activation/suppression during the course of acquisition of probabilistic, sequential regularities. 
§  Whole brain connectivity correlations with SL (i.e., DC to ACC and left middle temporal gyrus) were different than those found in our earlier study and may be the result 

of changes made to both the task and imaging protocol.   
§  Given that these regions have been implicated in more explicit cognitive processes (semantic knowledge and cognitive control, respectively), their positive learning-

related connectivity with the DC may reflect more interaction between the explicit and implicit learning systems during the Modified TLT task. 
§ This explanation seems unlikely given that reported correlations remain significant when explicitly aware participants are removed 

§  Perhaps Modified TLT requires more need for monitoring and/or inhibition of prepotent responses compared to original TLT used in the earlier study 
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r = .56  

r = .60  

r = .64  

Original TLT Modified TLT 

•  Participants observe 
first two red cues 
and respond as 

quickly as possible 
to the green “target” 

•  80:20 probabilistic 
regularity 

 

•  Balanced number of HP vs. LP 
trials (120 HP:120 LP per task 
session)   

•  Triplets with preexisting response 
tendencies not presented during 
training 

•  Timeouts possible; target remains 
on screen for set amount of time 
(with or without correct response) 

•  Jittered ITI (1-3s) 
•  Shortened task sessions  
 

 
•  HP outnumber LP trials (400 

HP: 100 LP per task session) 
•  All possible triplets presented 

during training (certain types 
eliminated before analysis) 

•  Timeouts not possible; target 
remains on screen until correct 
response is made and disappears 
after 

•  Constant ITI (650ms) 
•  500 trials per task session 
 

Present Study Stillman et al. (2013) 

DC Seed 


