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1. What were the major goals and objectives of this project? 

The goal of our proposal was to investigate the neurocognitive basis of individual differences in 

complex skill acquisition, with the intention of bridging basic neuroscientific research with 

applications for screening and training military personnel. The vast individual differences that 

exist in the ability to acquire new information and to master complex skills must be rooted in 

varying information-processing capacities of individual brains. Thus, leveraging the field of 

cognitive neuroscience to understand the nature of individual differences in learning allows one 

to move beyond characterizing ability at the behavioral level, toward a more complete 

understanding of why an individual performs at the level he or she does. Such an understanding 

is critical for informing education and remediation attempts. Importantly, the availability of 

affordable, consumer-grade neuroimaging technology allows for the possibility of augmenting 

behavioral screening, placement, and assessment tools with the addition of accessible 

measures of neural functioning. With these tools, we have continued to define the field of 

neuropsychometrics, discovering neural measures of aptitude, and using them to better 

understand which minds and brains will excel under varying circumstances. 

The overarching goal of the current proposal was to extend the neuropsychometric indicators 

developed based on previous funding to the point at which they could be used to create 

measurable improvements in screening and training techniques. To do so, four interrelated aims 

were addressed: (1) Describe the neural mechanisms that give rise to efficient second language 

learning, with an emphasis on understanding the extent to which they reflect static 

characteristics of brain structure versus a dynamic ability to get the brain ready to learn; (2) 

Specify the learning processes that link individual differences in resting state EEC (rsEEG) and 

rate of second language learning by examining the extent to which these indicators predict 

learning more broadly in domains such as computer programming, or more specifically, such as 

the acquisition of declarative versus procedural knowledge; (3) Relate individual differences in 

complex skill acquisition to different learning strategies; and (4) Bridge neuroscience and 

education by pairing our existing individual differences research with neuroengineering tools to 

improve second language learning by shaping neural circuits. 

To achieve these goals, we applied experimental research involving complex skill training and 

computational modeling, iteratively. A central feature of the experimental work to date has been 



the use of the Operational Language and Culture Training (OLCT) system (Johnson & Valente, 

2008) developed by ONR research, to systematically expose participants to a second language 

using an immersive, virtual reality environment. Although the OLCT system provides a rich 

language experience, including tests of auditory comprehension and speech production, as well 

as the more traditional testing, the software we are using Is no longer supported. As such, we 

began using Duolingo in our last experiment. Additionally, we extended this work by exploring 

individual differences in the ability to learn the Python programming language through the 

interactive online learning platform Codecademy, and compared the neurocognitive predictors 

measured to the previously identified predictors of natural language learning. 

2. What was accomplished toward achieving these goals? 

Aim 1: To uncover the neurobiological mechanisms that underpin the rsEEG predictors 

of complex skill learning, particularly in the beta frequencies 

Over the period of funding, we collected usable multimodal neuroimaging data from 78 

individuals. Each of these have resting-state fMRI (rsfMRI), eyes open and eyes closed rsEEG, 

and on task EEG, as well as structural brain scans. To better understand what the source(s) of 

individual differences in the frequency bands of interest are, we first correlated resting state beta 

power obtained from EEG with basal ganglia connectivity at rest. The results suggested that 

higher beta power was observed when individuals had greater connectivity in fronto-striatal 

loops, including connectivity between the caudate nuclei, the thalamus, the anterior cingulate 

cortex, the insula, and the inferior frontal gyrus (Prat, Zeitlin, Mottarella, Yamasaki & 

Madhyastha, 2019: Figure 1). This is consistent with an idea recently proposed by Miller, 

Lundqvist & Bastos (2018) suggesting that beta power operates like a gate to working memory 

and frontal representations, which has also been proposed to rely on basal ganglia functions. 

The second set of analyses looked at the relation between beta power during learning 

(as opposed to at rest) and language learning aptitude. These analyses show power in the beta 

frequency bands over right temporo-parietal regions during learning was a significant predictor 

of learning outcomes including quiz and post-test accuracy (ps < .005). Differently from rEEG, 

however, power in the theta band and peak alpha frequency over the same regions predicted 

subsequent grammatical proficiency outcomes (ps < .02). Taken together, these data suggest 

that EEG obtained from learning data both replicate and extend our previous rEEG 

neuropsychometric measures. 

Third, to see whether resting-state beta power predicted individual beta power during 

language learning, we correlated the two measures on a channel by channel basis. Power in the 

beta band at rest was significantly positively correlated with power in the beta bands during 

learning in all channels (ps < .01). 

Fourth, to determine whether our findings in beta frequency bands, defined at the group 

level, were partially driven by fast alpha frequencies or high alpha power, we conducted a 

separate analysis in which beta bands were defined on an individual basis, centered on each 

individual’s peak alpha frequency. Our results suggested that many of the resting-state beta 

effects were diminished by this adjustment. Consistent with the idea put forth by Miller et al. that 

“beta is the frontal lobe’s alpha,” these findings suggest that part of the predictive utility of beta 



power previously measured is driven by fast or large alpha peaks which are detectable in 

canonical beta frequencies. Taken together, these findings suggest that the previously observed 

predictive utility of resting-state beta power reflects enhanced synchronization in a fronto-striatal 

network purported to function as a gating mechanism that allows task-relevant information to 

enter working memory. This mechanism, detectable at rest, is correlated with both brain and 

behavior during complex skill learning. 

Aim 2: To specify the learning processes that link individual differences in resting state 

rsEEG and rate of second language learning by examining the extent to which these 
indicators predict learning more broadly in domains such as computer programming. 

During the funding period we completed the first study investigating the neurocognitive 

predictors of learning to program in Python (Prat, Madhyastha, Mottarella & Kuo, 2020). The 

paper, which showed that predictors of natural language learning (including rsEEG) could 

predict up to 72% of the variance in learning programming languages (Figure 2 & 3), has been 

quite influential. Since its publication in March of 2020, it has been downloaded over 60,000 

times, and is ranked 1st for impact on Scientific Reports. Since that time, we have begun 

comparing individual differences in the ability to learn programming languages to the ability to 

learn natural languages directly, in 19 participants who completed both Python and language 

training in the lab (in varied orders). Learning outcomes for both skills were highly correlated. 

For example, post-test vocabulary scores in French were strongly, positively correlated with 

programming accuracy in Python [Figure 4: r(19) = 0.68, p = 0.008]. We are currently writing up 

these results for publication. 

Aim 3: To predict strategies for complex tasks from neurocognitive indices. 
To advance our understanding of complex skill learning, in 2019 we began a series of 

computational modeling investigations of the role of declarative and procedural learning 

mechanisms in complex skill learning. We conducted a behavioral experiment in which 83 

participants completed five psychometric tasks commonly used to assess individual differences 

in procedural learning (the Weather Prediction Task - Li et al., 2016, the Probabilistic Stimulus 

Selection task - Frank et al., 2004), working memory capacity (3-back updating task - Redick et 

al., 2013), or variability in the relative reliance on procedural versus declarative memory 

(Artificial Grammar Learning - McAndrews et al., 1985, and Stimulus Response Mapping - 

Collins et al., 2018). Our goal was to explore the possibility of using performance on some 

subset of these tasks to predict performance on the other tasks. Interestingly the bivariate 

correlations between tasks typically believed to measure the same thing were not significant. 

Instead, our results suggest an interaction between task demands and individual processing 

capabilities, suggesting that individuals will dynamically deploy declarative and procedural 

learning systems depending on particular task characteristics. We then took the stimulus 

response task and created three computational models in ACT-R which reflect differences in the 

strategies one might deploy to accomplish the tasks (Figure 5; reinforcement learning, 

declarative memory, or combined). In our paper entitled “One size doesn’t fit all: Idiographic 

computational models reveal individual differences in learning and meta-learning strategies” 

(Haile, Prat, & Stocco, 2020), we showed that each of these models was the best fit for some 



subset of participants, with the declarative learning model fitting the most participants (N=38), 

and the reinforcement learning model fitting the smallest number of participants (N=4), and each 

of the combined models falling in between (see Figure 6). 

In FY 2019-2020 we also began exploring the neural correlates of declarative and 

procedural learning mechanisms. One study looked at rsEEG correlates with performance on 

the stimulus-response learning task. We found that power in rs beta bands was correlated with 

the rate of forgetting in the declarative (short) blocks, consistent with the idea that rs beta 

reflects individual differences in working memory gating. Our next steps will be comparing 

rsEEG in the groups of participants who were best fit by each model, and then correlating the 

learning parameters of those models with rsEEG. 

Also in FY 2019-2020, we extended this research on learning strategies to investigate 

the relation between resting state fMRI (rsfMRI) and learning outcomes traditionally related to 

declarative (vocabulary) and procedural (grammar) learning systems. We found that correlations 

between hippocampus and fronto-parietal networks at rest uniquely predicted vocabulary 

learning, while connections between basal ganglia and default mode networks uniquely 

predicted grammar learning (see Figure 7). These findings are in the process of being written up 

for publication. 

Aim 4: To bridge neuroscience and education by pairing individual differences research 

with neuroengineering to improve second language learning 

From FY 2018 onward, we conducted a series of investigations using neurostimulation 

(transcranial direct current stimulation: tDCS) protocols to target two different circuits known to 

be related to declarative learning and procedural learning. In the first experiment, we ran 96 

participants through an artificial grammar learning paradigm. Of these, usable data were 

obtained from 31 participants with no stimulation, 16 with “sham” stimulation, 16 with 

fronto-striata! (procedural) stimulation, and 16 with temporal (declarative) stimulation. As 

expected, we found that participants who had left temporal stimulation (targeting declarative 

pathways) learned the surface features of the grammar whereas those with front-striatal 

stimulation (targeting procedural pathways) learned the structure of the grammar and were 

more sensitive to frequent letter chunks than people who had frontal stimulation or sham 

stimulation (see Figure 8). These results were published in the Cognitive Science conference 

proceedings and a manuscript for journal publication is in preparation (Bice & Prat, 2020 and in 

prep). 

Next, we repeated the experiment but replaced the artificial grammar task with a more 

naturalistic language task, learning French with Duolingo. This experiment involved four 

language learning sessions with concurrent tDCS stimulation to either left temporal lobes (N = 

7) or fronto-striatal circuits (N=9) or sham stimulation (N =7). Preliminary results demonstrate an 

early and consistent advantage for temporal (declarative) stimulation during learning, such that 

learners receiving temporal stimulation make significantly fewer errors, ask for significantly 

fewer hints, and complete significantly more lessons on average than learners receiving sham 

stimulation. Data collection for this Duolingo experiment was supported in part by a postdoctoral 

fellowship awarded to trainee Kinsey Bice and is still in process. 



3. What opportunities for training and professional development did the 
project provide? 

A total of eight graduate students, one post baccalaureate and one postdoctoral trainee 
were involved with the research supported by this grant. Three graduate students were directly 
funded as Research Assistants. Margarita Zeitlin, a graduate student co-supervtsed by Dr. Prat 
and Lee Osterhout, was funded as a Research Assistant in 2019. During this time, Margarita 

received advanced training in fMRl analysis, attending an AFNI Training Opportunities 

bootcamp in which she learned how to analyze our resting-state fMRl data. Malayka Mottarella 
and Chu-Hsuan Kuo, graduate students supervised by Chantel Prat, were both funded as 
Research Assistants on the grant in 2020. During this time Malayka worked with postdoctoral 
fellow Kinsey Bice, to develop a new BEG analysis method which defines spectral bands based 

on an individual’s alpha peak. Chu-Hsuan Kuo worked to develop new evaluation 
measurements for our Python training protocols while gaining more advanced knowledge of 
Python. Additionally, the grant provided many critical opportunities for all of our trainees to 

attend international conferences, present their work, and network with other scholars in their 

fields. Three graduate students, Brianna Yamasaki, Jose Ceballos, and Roy Seo successfully 
completed their dissertation work and accepted competitive postdoctoral (2) and industry (1) 
positions. We also recruited Kinsey Bice, a postdoctoral fellow funded by the University of 

Washington Research Foundation postdoctoral grant through the Institute for Neuroengineering. 
During this time Kinsey attended a computational modeling workshop hosted by the Allen Brain 
Institute in 2019. She has also received extensive training in neuroengineering over the past two 
year and has been key to developing our neurostimulation procedures in 2020. 

4. How were the results disseminated to communities of interest? 
Over the past three years we have had 10 papers published in a number of well 

respected journals including the Journal of Cognitive Neuroscience, Scientific Reports, 

Neurobiology of Language, Neuroimage, and Topics in Cognitive Sciences. We also have three 

papers under review or revision, and three more in preparation. Our results were also presented 
in 13 conference proceedings and accepted at international meetings such as the Cognitive 

Science Society, the Cognitive Neuroscience Society, the Society for Texts and Discourses, and 
the Society for the Neurobiology of Language. Together, Dr. Prat (PI) and the graduate students 
have also presented this work dozens of times, including during invited colloquia at the 
University of Colorado, Boulder and Mississippi State University, as well as many local 

colloquia. 

5. Honors: What honors or awards were received under this project in the 
reporting period? 

The students supported on this grant have been incredibly successful in their budding 
careers. Brianna Yamasaki, a former graduate student supported on this project, was awarded 

the University of Washington Distinguished Teaching Award in 2018. As a postdoctoral fellow at 

Vanderbilt University, Brianna, also received the Jason Albrecht Outstanding Young Scientist 

Award from the Society for Text and Discourse in 2019 for her doctoral work investigating the 
role of inhibitory control in bilingual reading. Jose Ceballos, a graduate student trained by Dr. 

Prat, received the Marr Prize for best student paper from the Cognitive Science Society in 2019, 
as well as the Diversity Award for travel to the conference. Jose, and fellow graduate student 
Roy Seo, also received travel awards from the Society for the Neurobiology of Language to 
present their research in 2018. Margarita Zeitlin, a graduate student funded on the award, 



received the University of Washington Distinguished Teaching Award in 2019. Malayka 

Mottarella, who was previously a postbac in our lab before joining us as a graduate student in 

2019, received the Graduate Student Research Award at the Society for Text and Discoure in 
2020 for her work examining the relation between proactive control and reading. 
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Figures 

Figure 1: Resting state beta power is positively correlated with basal ganglia connectivity 

in resting-state fMRI. 
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Figure 2: Individual differences in python learning rate 

Differences in Python 
Learning Rates 

B 

2.0 

1.8 
O) 
c 

0.6 

Language Aptitude Predicts 
Python Learning Rate 

R2 = .31 

0 20 40 60 80 100 120 

Language Aptitude (MLAT) 

; Numeracy Predicts Python Q 
Learning Rate 

-50 0 50 100 150 

Numeracy (Rasch-Based Numeracy Scale) 

0.4 

Fluid Reasoning Predicts 
Python Learning Rate 

5 10 15 20 

Fluid Reasoning (RAPM) 



Figure 3: Relative utility of various predictor types for three python outcomes 

Variance Explained By Predictor Type 
and Learning Outcome 
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Figure 4: Positive correlation between python and French learning outcomes 
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Figure 5: Overview of one model that employ both reinforcement and declarative learning 

strategies and uses meta-learning to arbitrate between strategies 
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Figure 6: Counts of the number of participants that are best matched by each of the 
learning strategy models 
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Figure 7: Unique resting state fMRI predictors of vocabulary learning and grammatical 

proficiency. 
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Figure 8: Unique resting state fMRI predictors of vocabulary learning and grammatical 
proficiency. 
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