제목 (영어): Brain Signals as a Window into English Skills: Linking fNIRS Activation to TOEIC Performance
제목 (한국어): 뇌 신호로 보는 영어 능력: fNIRS 데이터 기반 TOEIC 점수 예측
Objective:
Language switching requires cognitive control, neurally known for its engagement in prefrontal brain activation. Functional near-infrared spectroscopy (fNIRS) provides a non-invasive measure of changes in cortical hemodynamic responses during cognitive tasks such as language switching. While language switching has been widely examined, it is largely unknown whether brain signals during language switching can predict second language (L2) proficiency in the Korean(L1)-English(L2) bilingual context. In this study, we investigated, for native Korean speakers, whether oxy- and deoxy- hemodynamic changes of prefrontal regions during language-switching task could be used to predict TOEIC scores.

Methods: 
Thirty-six healthy college students, all native Korean and English learners (7 males, 22.03±2.06 years old) were recruited. All participants completed a language-switching task (BCMT) and AX-CPT. In BCMT, words in L1 and L2 were presented in random order. Participants identified whether the current word matched the category of the previous word. In AX-CPT, participants responded to target sequences among non-target sequences to access cognitive control. Cortical hemodynamic responses in the prefrontal cortex were recorded during both tasks using 15-channel fNIRS (OBELAB, Korea).  A two-way ANOVA was performed to examine the effects of LANGUAGE and CATEGORY on accuracy and reaction time. Subsequently, fNIRS signals were preprocessed for motion artifacts and physiological noises. Then neural features were extracted from preprocessed signals by standardizing and segmenting into time windows, which were used as input to a bidirectional LSTM to predict TOEIC scores.

Results: 
Regarding RT in BCMT, there were significant main effects on CATEGORY (F(1,35)=130.679, p<.0001, η2 = 0.0867) and LANGUAGE (F(1,35)=13.757, p=.007, η2 = 0.0031). Benjamini-Hochberg FDR correction revealed that significantly slower RT for congruent conditions compared to incongruent trials (p<.0001), and for non-switch compared to switch trials (p=.0007). Additionally, non-switch trials were slower than switch trials within both congruent (p=.0388) and incongruent trials (p=.0004). For accuracy, there were significant main effect only for CATEGORY (F(1, 35)=102.895, p<.0001, η2=0.436), with lower accuracy in congruent to incongruent (p<.0001).
Using fNIRS features extracted from both BCMT and AX-CPT tasks, we predicted TOEIC scores employing bidirectional-LSTM. The BCMT model showed high predictive performances for TOEIC (R2 = 0.9746, mse=415.9113), reading comprehension (RC; R2 = 0.9809, mse=70.8942), and listening comprehension (LC; R2 = 0.9435, mse=125.1986). Similarly, the AX-CPT model achieved strong predictions for TOEIC (R2 = 0.9629, mse=350.8604), RC (R2 = 0.9589, mse=155.3871), and LC (R2 = 0.9539, mse=107.445).

Conclusion: 
Our findings suggest that both behavioral and neural responses reflect the dynamic interaction between cognitive control and L2 proficiency. Behaviorally, both incongruency and language switching facilitated faster responses, indicating enhanced cognitive efficiency through adaptive control mechanisms. At the neural level, prefrontal activation patterns differentiated between control- and language-related demands. fNIRS-based LSTM models revealed that neural signals from the language-switching task were particularly predictive of RC, which implies our task is based on visual and lexical processing components, whereas signals from cognitive control task better predicted overall TOEIC and LC scores, reflecting the domain-general attentional control engaged in auditory language processing. These results indicate that the task-specific neural dynamics reflect different aspects of second-language proficiency. Furthermore, prefrontal neural activity can serve as a reliable biomarker for assessing L2 ability and the efficiency of cognitive control during language processing.
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