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A neurocognitive investigation of test methods and gender effects in listening assessment 

Abstract 

This is the first study to investigate the effects of test methods (while-listening performance 

and post-listening performance) and gender on measured listening ability and brain activation 

under test conditions. Functional near-infrared spectroscopy (fNIRS) was used to examine 

three brain regions associated with listening comprehension: the inferior frontal gyrus and 

posterior middle temporal gyrus, which subserve bottom-up processing in comprehension, 

and the dorsomedial prefrontal cortex, which mediates top-down processing. A Rasch model 

reliability analysis showed that listeners were homogeneous in their listening ability. 

Additionally, there were no significant differences in test scores across test methods and 

genders. The fNIRS data, however, revealed significantly different activation of the 

investigated brain regions across test methods, genders, and listening abilities. Together, 

these findings indicated that the listening test was not sensitive to differences in the 

neurocognitive processes underlying listening comprehension under test conditions. The 

implications of these findings for assessing listening and suggestions for future research are 

discussed. 

Keywords: Functional near-infrared spectroscopy; gender; listening test; test methods  
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A neurocognitive investigation of test methods and gender effects in listening assessment 

Listening comprehension involves decoding linguistic codes, retrieving literal meaning from 

memory (i.e., bottom-up processing), and incorporating one’s own knowledge to recreate a 

mental representation of the aural message (i.e., top-down processing) (Kintsch, 1998; Rost, 

2016). In general, the arrival of an aural message elicits a series of bottom-up processes, 

including phonological analysis, word recognition, semantic retrieval, and syntactic 

decoding, that are subserved by the left inferior frontal gyrus (IFG; in particular Broca’s 

area), superior temporal gyrus (STG), and posterior middle temporal gyrus (pMTG) 

(Friederici, 2011). Through top-down processing mediated by the dorsomedial prefrontal 

cortex (dmPFC), listeners subsequently make inferences about auditory inputs by integrating 

bottom-up information with their prior knowledge (Ferstl, Neumann, Bogler, & von Cramon, 

2008; Perfetti & Frishkoff, 2008). It has been reported that low-ability listeners rely primarily 

on word- and sentence-level (i.e., bottom-up) processing, whereas high-ability listeners can 

execute discourse-level (i.e., top-down) processing more effectively (Rost, 2016).  

Traditionally, listening ability is assessed using listening comprehension tests. 

Previous research has, however, identified several factors that can influence and confound 

test-takers’ performances on such tests. Amongst the factors, test methods (Aryadoust, 2012, 

2019; Field, 2012) and gender (Abbott, 2007; Aryadoust, 2012; Pae & Park, 2006; Harding, 

2011) are the most under-researched. Listening test methods refer to the manner through 

which listening texts and test items are presented and comprise while-listening performance 

(WLP) and post-listening performance (PLP) tests (Aryadoust, 2019). A WLP test presents 

the listening text and test items simultaneously and thus demands concurrent listening, item 

reading, and answering (Aryadoust, 2019). In contrast, a PLP test first engages test-takers in 

listening (often allowing them to take notes), followed by reading and answering of test items 

(Aryadoust, 2019). Field (2012) noted that the need to multitask can undermine the 
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ecological validity of a WLP test method, as test-takers often over-rely on test-specific 

strategies and shallow comprehension that differ from real-life listening. The findings from 

the verbal reports used by Field (2012) are supported by a recent eye-tracking study by 

Aryadoust (2019). Compared with reading test items at the start of a WLP test, Aryadoust 

(2019) reported that test-takers gazed at test items more frequently and for longer durations  

when simultaneously listening to the listening text and reading the test items. Importantly, the 

increases in gaze behaviors while multitasking reflected increased cognitive processing 

(Aryadoust, 2019). Kormos et al. (2018) also reported that individual ability to 

simultaneously process written and spoken language could affect listening test performance. 

However, it remains unknown whether low-ability and high-ability listeners can be similarly 

differentiated at the behavioral (i.e., based on test-scores) or neural levels under WLP and 

PLP test methods.  

Apart from test methods, gender can influence listening test performance. Previous 

research using item response theory (IRT), structural equation modeling, and verbal 

elicitation methods has reported gender differences in listening test scores (Abbott, 2007; 

Aryadoust, Goh, & Lee, 2011; Aryadoust, 2012; Harding, 2011; Pae & Park, 2006). 

Interestingly, several neuroimaging studies have suggested that gender performance 

differences in linguistic tasks may be associated with the neural substrates involved in 

bottom-up auditory processing (Burman, Bitan, & Booth, 2008; Kansaku, Yamaura, & 

Kitazawa, 2000; Phillips, Lowe, Lurito, Dzemidzic, & Mathews, 2001; Shaywitz et al., 1995; 

Zaidi, 2010). Burman, Bitan, and Booth (2008) reported that activity of the IFG and pMTG 

was associated with auditory spelling and rhyming tasks for both boys and girls, and that girls 

showed larger hemodynamic responses in the STG during auditory tasks. Gender differences 

when processing verbal language have also been reported in adults, with women showing 

bilateral activation in the IFG, STG, and pMTG, and men showing leftward lateralization in 
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the aforementioned areas (Kansaku, Yamaura, & Kitazawa, 2000; Phillips et al., 2001; 

Shaywitz et al., 1995). However, it is presently unknown if such gender differences extend to 

the dmPFC, which is involved in top-down auditory processing. Nevertheless, these findings 

suggest that females and males may utilize different cognitive processes to comprehend aural 

messages which, in turn, would contribute to differences in performance across both WLP 

and PLP tests. 

The qualitative (i.e., verbal reports) and quantitative methods (i.e., IRT and eye-

tracking) previously used for examining test method and gender effects are unable to provide 

deeper insights into the neurocognitive mechanisms involved in listening under test 

conditions (Kok & Jarodzka, 2017, Norris, 1990, Mislevy, 2009). Furthermore, the previous 

neuroimaging studies that investigated brain activation patterns during linguistics tasks 

primarily used functional magnetic resonance imaging (fMRI) (Burman, Bitan, & Booth, 

2008; Kansaku, Yamaura, & Kitazawa, 2000; Phillips, et al., 2001; Shaywitz et al., 1995). 

During fMRI scanning, individuals’ movements are restricted and the scanner generates 

substantial background noise that can confound experiments involving listening assessments 

(Gaab, Gabrieli, & Glover, 2007; Lei, Miyoshi, Niwa, Dan, & Sato, 2018).  

Given the above-mentioned methodological constraints, functional near-infrared 

spectroscopy (fNIRS) may be more suitable for shedding light on the neurocognitive 

mechanisms that underlie test methods and gender effects under test conditions. FNIRS is a 

non-invasive and quiet optical brain imaging tool that has the potential to “reveal different 

patterns of cortical responses to those same stimuli, suggesting [sic] that stimuli are actually 

perceived or processed differently” (Sulpizio et al., 2018, p. 90). This technique contrasts 

with the behavioral measures discussed above which were based on the correlations of 

responses across different stimuli (Sulpizio et al., 2018; Watanabe, Yagishita, & Kikyo, 

2008). Importantly, research has shown that fNIRS is capable of detecting changes in areas of 
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the brain associated with auditory processing (e.g., the STG) when performing functional 

tasks in speech perception and comprehension where individuals provide correct and 

incorrect responses (Defenderfer, Kerr-German, Hedrick, & Buss, 2017; Lei et al., 2018). By 

extension, these works imply that it may be possible to use fNIRS to distinguish low-ability 

listeners (i.e., those with more incorrect responses) from high-ability listeners (i.e., those with 

more correct responses) during WLP and PLP tests.  

Aims and Hypotheses 

Considering the gaps in the literature, this study adopted the fNIRS imaging technique to 

examine the effects of test methods (i.e., WLP and PLP) and gender on listening ability and 

brain activation patterns in the dmPFC, IFG, and pMTG under test conditions. The 

hypotheses for this study were as follows: 

 Hypothesis One: Both WLP and PLP tests can differentiate low-ability from high-

ability test-takers based on test performance scores and brain activation patterns. Based on 

previous neuroimaging research (Ferstl et al., 2008; Perfetti & Frishkoff, 2008), it was 

anticipated that high-ability test-takers would exhibit increased dmPFC activation (top-down 

processing) compared with low-ability test-takers for both the PLP and WLP tests. It was also 

hypothesized that higher ability test-takers would have lower IFG and pMTG activation 

(bottom-up processing) than low-ability test-takers during the PLP and WLP tests.   

Hypothesis Two: There are significant differences in test performance scores and 

brain activation patterns between the WLP and PLP test methods. Based on previous 

neuroimaging studies (Ferstl et al., 2008; Perfetti & Frishkoff, 2008), it was hypothesized that 

the IFG, pMTG, and dmPFC would be engaged during listening under test conditions. Based 

on the works of Aryadoust (2019) and Field (2012), it was also hypothesized that the 

aforementioned neural substrates would be more activated during WLP than PLP tests. 
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Hypotheses Three: Males and females utilize distinct parts of their brains and score 

differently on the WLP and PLP listening tests. Based on previous research (Kansaku, 

Yamaura, & Kitazawa, 2000; Phillips et al., 2001; Shaywitz et al., 1995; Zaidi, 2010), it was 

hypothesized that females would score higher than males for both the WLP and PLP tests and 

show greater engagement of the dmPFC, IFG, and pMTG during the PLP test (i.e., when 

listening to the listening text) and WLP test (i.e., when simultaneously listening to the text 

and answering the test items). 

Methods 

Participants  

Twenty-five university students without neurological, intelligent, or developmental 

atypicalities aged between 21 and 28 (22.9 ± 2.0 years, females: n = 15, males: n = 10) were 

recruited for this study. All participants communicated in English either as their first (L1; n = 

14) or second language (L2; n = 9) and originated from Singapore (n = 14), China (n = 6), 

Vietnam (n = 1), India (n =1), Mauritius (n = 1), Germany (n = 1), and New Zealand (n = 1). 

This study was approved by the Institutional Review Board at a local university in Singapore 

and informed consent was obtained prior to the start of data collection. Upon completing the 

study, the participants were compensated SGD$10 for their time. 

Edinburgh Handedness Inventory 

Only right-handed participants were recruited for this study as previous research has 

indicated that the language-associated neural networks in right-handers are more activated in 

the left hemisphere (Kubota, Inouchi, Dan, Tsuzuki, Ishikawa, & Scovel, 2008). An online 

version of Oldfield’s (1971) Edinburgh Handedness Inventory (EHI) was used to determine 

participants’ handedness. At the end of the questionnaire, a laterality index was automatically 

generated where a positive index indicates right-handedness and a negative index indicates 
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left-handedness. All participants scored > 60 on the laterality index and were thus considered 

right-handed.  

Listening Tests 

Two computer-mediated listening tests were used in this study. Each test comprised one long-

listening monologue (i.e., lectures on Astronomy and Economics) and 11 comprehension 

questions. In this study, each test was used as assessment materials for both the WLP (i.e., 

WLP-Astronomy and WLP-Economics) and PLP (i.e., PLP-Astronomy and PLP-Economics) 

tests. Each listening text was first divided into 11 segments according to the information that 

was required for the respective comprehension questions. Both the WLP and PLP tests were 

presented on a 17-inch laptop (HP Pavilion, Hewlett Packard, CA, USA) using SuperLab 5 

(Cedrus Corporation, CA, USA) stimulus presentation software. 

 The WLP test comprised one block of 11 listening segments and the corresponding 

comprehension questions (Figure 1). The test instructions were displayed for 20s. A 20s rest 

period was given prior to the start of the WLP test and participants were required to fixate on 

a “+” presented in the middle of the screen. For the test, all audio segments were presented 

concurrently with the corresponding test items (i.e., the questions and stems). Each test item 

was displayed for 5s longer than the audio segment to provide participants with sufficient 

time to answer the question. Each segment was followed by a 20s rest period. The end of the 

test was marked by an “End of section” message presented for 5s.  

In contrast, the PLP test comprised two blocks that were presented sequentially, 

namely the PLP-Audio and PLP-Questions (Figure 1). Prior to the start of PLP-Audio, the 

instructions were displayed for 20s followed by a 20s rest period. For PLP-Audio, the 11 

listening segments were presented in succession with a 20s rest at the end of each segment. 

While the audio was playing, participants could take notes on a sheet of paper. However, 

participants were required to fixate on a “+” during the rest periods. Following the last 20s 
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rest period of the block, an “End of section” message was displayed for 5s. Subsequently, the 

PLP-Questions began with a set of instructions and a rest period lasting for 10s and 20s, 

respectively. Here, participants were instructed to answer the comprehension questions 

displayed on the screen using their notes. Like the WLP test, the end of PLP-Questions was 

indicated by an “End of section” message presented for 5s. 

 
Figure 1. The listening comprehension experiment protocols were administered using 

SuperLab 5 software (Cedrus Corporation, CA, USA). The arrows represent the event 

markers sent through to NIRStar software (NIRx Medical Technologies LLC, MN, USA). 
Abbreviations: Aud = Audio; PLP = post-listening performance; Qns = Questions; WLP = while-

listening performance.  

 

Data Collection 

All participants completed the abovementioned questionnaire (i.e., EHI) and listening tests 

(i.e., WLP and PLP) in single testing sessions lasting approximately 75 minutes at a computer 

lab. Following the completion of the EHI, participants undertook the two listening tests as 

described above. In this study, a counterbalanced measures design was adopted to control for 

the effects of extraneous factors and test difficulty that could influence the results (Witmer, 
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Aeschlimann, Metz, Troche, & Rammsayer, 2018). Thus, participants were divided into two 

groups according to the sequence in which they took the listening tests. Twelve participants 

were assigned to the first paradigm comprising the WLP-Astronomy test then the PLP-

Economics test, while 13 participants were assigned to the second paradigm comprising the 

WLP-Economics test then the PLP-Astronomy test.  

To measure the hemodynamic responses of the left IFG, dmPFC, and pMTG during 

the PLP and WLP tests, participants were fitted with a NIRS cap connected to a portable 

NIRS system (NIRSport device, NIRx Medical Technologies LLC, MN, USA). This system 

measured the hemodynamic responses at 7.81Hz and comprised eight pairs of sources and 

detectors arranged in accordance with the manufacturer’s standard topographical montage to 

form 20 channels (Figure 2). 

Prior to the start of the listening tests, an automatic calibration process was conducted 

using NIRStar 15-0 recording software (NIRx Medical Technologies LLC) to determine the 

optimum amplification factors for each of the 20 channels. To synchronize the data collected 

using SuperLab 5 software (Cedrus Corporation) and NIRStar 15-0 software (NIRx Medical 

Technologies LLC), an additional c-pod (Cedrus Corporation) was used to send event 

markers (i.e., in the form a square wave jerk) via USB through connections with the 

NIRSport device (NIRx Medical Technologies LLC). Each event marker was pre-set within 

SuperLab 5 software (Cedrus Corporation, CA, USA) to mark the start of each segment for 

the WLP and PLP tasks, as shown in Figure 1.        
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Figure 2. Montage of the functional near-infrared spectroscopy (fNIRS) device. This figure 

illustrates the locations of eight pairs of sources and detectors. 

 

Data Processing 

The number-right method was used for scoring the test questions, with scores of 0, 1, and 2 

being awarded for incorrect, partially correct, and correct responses, respectively.   

 For brain activity measurements, raw data recorded using the NIRSport device (NIRx 

Medical Technologies LLC) were firstly exported from NIRStar 15-0 (NIRx Medical 

Technologies LLC) to NIRSLab v201706 (NIRx Medical Technologies LLC) for pre-

processing. Pre-processing included the truncation of unreliable data, detecting possible 

sources of saturation (i.e., anomalies in the channels), removing discontinuities and spikes, 

and setting parameters for estimating hemodynamic states. Channels with significant 

background noise (i.e., gain > 8, coefficient of variation > 7.5) were visually inspected for 

data quality. Any channels with too many spikes and anomalies following the data pre-

processing steps were removed from further analysis. 

Two levels of general linear modeling (GLM) are available in NIRSLab v201706 

software (NIRx Medical Technologies LLC): within-subject statistical parameter mapping 

(SPM) and between-subject SPM. To carry out within-subject SPM, the processed 
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hemodynamic-state data file for each participant was uploaded in order to specify the 

parameters1 for GLM analysis. Using a robust-to-noise SPM-based algorithm (i.e., the 

restricted maximum likelihood estimation), the GLM coefficients were estimated. Finally, a 

non-thresholded within-subject SPM analysis was performed to generate the t-statistics of all 

channels as two-dimensional and three-dimensional color-coded images for easier 

visualization.  

Neural evidence (fNIRS data) 

Beta values representing blood oxygenated hemoglobin (Oxy-Hb) levels were first extracted 

from the within-subject SPM. Based on the brain region for each of the 20 channels, the data 

were averaged to create a mean beta value for each brain region of interest (i.e., dmPFC, IFG, 

and pMTG). The averaged beta values were subjected to further statistical analyses using 

IBM SPSS software, Version 25 (IBM Corporation, 2017). 

For hypothesis one, the participants were split into two groups based on their test 

scores: (i) above average or (ii) below average. This separation was performed separately for 

the WLP and PLP tests, resulting in a total of four groups (i.e., low-WLP, high-WLP, low-

PLP, and high-PLP). At each brain region (i.e., dmPFC, IFG, and pMTG), brain activation 

levels were analyzed separately across the WLP (i.e., low-WLP vs. high-WLP) and PLP tests 

(i.e., low-PLP vs. high-PLP). 

Non-parametric statistical analysis was used to investigate the hypotheses. Mann-

Whitney U tests were conducted to test for different levels of listening ability (i.e., hypothesis 

one) and differences in activation levels in the dmPFC, IFG, and pMTG across genders (i.e., 

hypothesis three). In addition, a Wilcoxon rank-sum test was performed to assess whether 

there were differences in activation levels in the dmPFC, IFG, and pMTG across the WLP 

and PLP tests (i.e., hypotheses two). All non-parametric statistics were performed using IBM 

SPSS software, Version 24 (IBM Corporation, 2017). 
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Behavioral evidence (Test scores) 

Psychometric quality of the test. To investigate the psychometric properties of the 

listening test items, two rounds of Rasch-Andrich rating scale model (RSM) analysis were 

performed on the WLP and PLP tests (Andrich, 1978). The RSM analysis was used to verify 

whether the test items functioned properly and were not confounded by sources of construct-

irrelevant variance. The RSM is robust for small samples (Linacre, 2018a) and is therefore 

well-suited for the analysis in this study. Item difficulty, fit statistics, and reliability 

coefficients were computed using Winsteps, Version 4.4 (Linacre, 2018b). Item difficulty 

measures the cognitive demand of test items and is expressed in log-odd-units (logits) (Fan & 

Bond, 2019). Fit statistics are diagnostic measures for investigating whether there are 

perturbations or anomalies in test data (Fan & Bond, 2019). Two fit measures were 

generated: the infit mean square (MnSq) and outfit MnSq. The infit MnSq is inlier-sensitive 

and thus detects anomalies when item difficulty and person ability measures are close, 

whereas the outfit MnSq is outlier-sensitive and is more useful when item difficulty and 

person ability measures are far from each other (Linacre, 2018a). While the expected value of 

both the infit and outfit MnSq is 1, any value between 0.5 and 1.5 reflects acceptable 

psychometric properties (Linacre, 2018a). Finally, reliability and separation coefficients were 

computed for persons and items to determine whether items and persons were divisible into 

separate levels of difficulty and ability, respectively. 

Testing the hypotheses. Each hypothesis was further evaluated using the test scores. 

The RSM computed Rasch-based reliability and separation coefficients for test takers were 

used to examine the first hypothesis. Reliability and separation coefficients equal to or greater 

than .80 and 2.00 per WLP and PLP test, respectively, would indicate that the tests 

discriminated between at least two levels of listening ability.   
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To test the second hypothesis, a Wilcoxon rank-sum test was performed to examine 

differences between WLP and PLP test scores. To test the third hypothesis, Mann-Whitney U 

tests were conducted to investigate differences in test scores across genders (i.e., males vs. 

females). Bonferroni correction was applied for multiple comparisons. 

Results 

Testing the hypotheses: Neural evidence (fNIRS data) 

Hypothesis One (Figure 3). The omnibus Mann-Whitney U test indicated that the overall 

Oxy-Hb levels across the three brain regions for high-WLP test-takers (β values: (3.50 ± 

11.03) * 10-5) were higher than those for low-WLP test-takers (β values: (-1.22 ± 10.13) * 10-

5), U = 4016.00, p = 0.013. However, the overall Oxy-Hb level was not different between 

high-PLP test-takers (β values: (0.86 ± 84.77) * 10-5) and low-PLP test-takers (β values: 

(13.66 ± 14.44) * 10-5) during PLP-Audio, U = 4393.00, p = 0.169. In contrast, the overall 

Oxy-Hb level for high-PLP test-takers (β values: (-1.47 ± 40.86) * 10-5) was lower than that 

for low-PLP test-takers (β values: (5.45 ± 13.42) * 10-5) during PLP-Questions, U = 4079.00, 

p = 0.033. Further post-hoc tests did not reveal any significant differences in Oxy-Hb levels 

between high-ability and low-ability test-takers across the dmPFC, IFG, and pMTG for WLP 

and PLP-Questions (p > 0.05) (refer to Table 1 for p-values). 

Hypothesis Two (Figure 4). The omnibus Wilcoxon Signed Ranks test showed that 

the overall Oxy-Hb level across the three brain regions for the WLP test (β values: (1.63 ± 

10.86) * 10-5) was significantly lower compared with PLP-Audio (β values: (5.57 ± 67.96) * 

10-5), Z = -7.26, p < 0.001, but higher compared with PLP-Questions (β values: (1.07 ± 

33.50) * 10-5), Z = -2.07, p = 0.039. 

For WLP vs. PLP-Audio, post-hoc tests with Bonferroni corrections (α= 0.01667) 

indicated that the Oxy-Hb level measured during WLP was lower than that of PLP-Audio at 

the dmPFC (β values: for WLP: (0.21 ± 7.63) * 10-5; PLP-Audio: (12.23 ± 14.42) * 10-5, Z = 
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-3.11, p = 0.002) and IFG (β values for WLP: (1.51 ± 10.64) * 10-5, PLP-Audio: (14.14 ± 

19.37) * 10-5, Z = -3.09, p = 0.002). No difference in Oxy-Hb level was, however, observed at 

the pMTG between the WLP (β values: (3.04 ± 13.55) * 10-5) and PLP-Audio (β values: (-

9.46 ± 114.56) * 10-5), Z = -1.64, p = 0.100. 

For WLP vs. PLP-Questions, post-hoc tests with Bonferroni corrections (α=0.01667) 

indicated that the Oxy-Hb levels at individual brain regions were not statistically different. 

The statistics are as follows: dmPFC (β values for WLP: (0.21 ± 7.63) * 10-5, PLP-Questions: 

(4.35 ± 6.33) * 10-5, Z = -1.96, p = 0.050); IFG (β values for WLP: (1.51 ± 10.64) * 10-5, 

PLP-Questions: (5.55 ± 10.88) * 10-5, Z = -1.69, p = 0.092); and pMTG (β values for WLP: 

(3.04 ± 13.55) * 10-5, PLP-Questions: (-6.60 ± 56.26) * 10-5, Z = -0.547, p = 0.584).   

Hypothesis Three (Figure 5). The omnibus Mann-Whitney U tests indicated that 

females had lower Oxy-Hb levels than males for the WLP test (β values for females: (-2.18 ± 

9.41) * 10-5 and males: (7.06 ± 10.60) * 10-5, U = 3304.00, p < 0.001), PLP-Audio (β values 

for females: (7.11 ± 85.53) * 10-5, males: (23.69 ± 17.71) * 10-5, U = 1809.00, p < 0.001), and 

PLP-Questions (β values for females: (-2.52 ± 42.23) * 10-5, males: (6.21 ± 12.78) * 10-5, U = 

3669.00, p < 0.0001).  

Further post-hoc tests with Bonferroni corrections (α= 0.01667) indicated that females 

had significantly lower Oxy-Hb levels than males for PLP-Audio at the dmPFC (β values for 

females: (5.21 ± 13.14) * 10-5, males: (21.58 ± 10.47) * 10-5), U = 19.00, p = 0.012) and 

pMTG (β values for females: (3.28 ± 143.09) * 10-5, males: (26.89 ± 19.50) * 10-5, U = 

18.00, p = 0.005. There was, however, no difference in Oxy-Hb level between females (β 

values: (8.03 ± 15.12) * 10-5) and males for PLP-Audio at the IFG (β values: (22.69 ± 22.13) 

* 10-5), U = 32.00, p = 0.026. 
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Hypothesis one: WLP (high- vs 

low-listening ability) 

Hypothesis one: PLP-Audio 

(high- vs low-listening ability) 

Hypothesis one: PLP-Questions 

(high- vs low-listening ability) 

 

 
 

 

 

 

 

Figure 3. Results of functional near-infrared spectroscopy (fNIRS) for hypothesis one. Positive values (yellow to red) indicate greater activation 

in individuals with higher listening comprehension ability than individuals with lower listening comprehension ability; negative values (light 

blue to dark blue) indicate lower activation in individuals with higher listening comprehension ability than individuals with lower listening 

comprehension ability. Green indicates equal activation across both groups. Abbreviations: WLP = while-listening performance; PLP = post-

listening performance. 
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Hypothesis two: WLP vs PLP-

Audio 

Hypothesis two: WLP vs. PLP-

Questions 

 
 

 

 
 

Figure 4. Results of functional near-infrared spectroscopy (fNIRS) for hypothesis two. Positive values (yellow to red) indicate greater activation 

in the first condition than the second condition; negative values (light blue to dark blue) indicate lower activation in the first condition than in the 

second condition. Green indicates equal activation across both groups. Abbreviations: WLP = while-listening performance; PLP = post-listening 

performance. 
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Hypothesis three: WLP (Males 

vs. Females) 

Hypothesis three: PLP-Audio 

(Males vs. Females) 

Hypothesis three: PLP-Questions 

(Males vs. Females) 

   
Figure 5. Results of functional near-infrared spectroscopy (fNIRS) for hypothesis three. Positive values (yellow to red) indicate greater 

activation in males than females; negative values (light blue to dark blue) indicate lower activation in males than females. Green indicates equal 

activation across both groups. Abbreviations: WLP = while-listening performance; PLP = post-listening performance.



19 

 

Testing the hypotheses: Behavioral evidence (test scores) 

Hypothesis One. The RSM was used to compute the person and item reliability and 

separation coefficients of the WLP and PLP tests. The person and item reliability coefficients 

of the WLP test were 0.50 (1 stratum) and 0.83 (2 strata), respectively. These values suggest 

that the participants were homogenous in terms of their listening ability but that the test items 

were heterogeneous in terms of their difficulty level. The person and item reliability 

coefficients of the PLP test were 0.70 (1 stratum) and 0.77 (1.84 strata), respectively. This 

finding is indicative of a similar psychometric quality for the WLP and PLP tests, thus 

rejecting hypothesis one. (In addition, the fit statistics of all test items fell between 0.5 and 

1.5, except for item 1 in the PLP-Astronomy (i.e., infit and outfit MnSq values of 1.77 and 

1.69, respectively)). Further inspection of this item revealed that this mild deviation from the 

acceptable fit range was due to three incorrect answers provided by high-PLP participants.)  

Hypotheses Two. The Wilcoxon rank-sum test indicated no significant differences 

between the test scores obtained for the WLP (11.92 ± 4.55) and PLP (15.56 ± 4.32) tests, Z 

= -1.06, p = 0.29.  

Hypothesis Three. The Mann-Whitney U test indicated no significant differences in 

test scores for the WLP test between males (13.50 ± 4.15) and females (10.87 ± 4.54), U = 

77.50, p = 0.24. Similarly, there were no significant differences in test scores for the PLP 

between males (16.50 ± 3.41) and females (14.93 ± 4.76), U = 65.50, p = 0.09.  

Summary 

Table 1 provides a summary of the findings of this study. It also presents the hypotheses, 

comparisons, and statistical analyses carried out.  
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Table 1 

Hypotheses of the Study 
Hypothesis Results of statistical 

analysis based on test 

scores (behavioral level) 

Brain activity 

comparisons  

Results of statistical analysis based on 

neural activation (neural level) 

Conclusion  

Hypothesis one: Both WLP 

and PLP tests can 

differentiate low-ability 

from high-ability test-takers 

based on test performance 

scores and brain activation 

patterns. 

WLP: 

Person reliability: 0.50, 1 

stratum 

Item reliability: 0.83, 2 

strata 

 

PLP: 

Person reliability: 0.70, 1 

stratum 

Item reliability: 0.77, 1.84 

strata 

High-WLP vs. Low-

WLP 

(Mann-Whitney U tests) 

Omnibus: p = 0.013 (High-WLP > Low-WLP) 

 

dmPFC: p = 0.385 (Not significant) 

IFG: p = 0.380 (Not significant) 

pMTG: p = 0.208 (Not significant) 

1. Test scores did not support the hypothesis. 

Participants were homogenous in their 

listening ability despite the heterogeneous 

item difficulty. 

2. Neural activation partially supported the 

hypothesis. The results suggested that high 

ability performers had overall decreased 

activity, in line with the hypothesis; 

however, the regional differences were not 

statistically significant. 

High-PLP vs. Low-PLP 

(PLP-Audio; Mann-

Whitney U test) 

Omnibus: p = 0.169 (Not significant) 

High PLP vs. Low-PLP 

(PLP-Questions; Mann-

Whitney U tests) 

Omnibus: p = 0.033 (High-PLP < Low-PLP) 

 

dmPFC: p = 0.469 (Not significant) 

IFG: p = 0.668 (Not significant) 

pMTG: p = 0.801 (Not significant) 

Hypothesis two: There are 

significant differences in test 

performance scores and 

brain activation patterns 

between WLP and PLP test 

methods. 

WLP vs. PLP scores: N.S. WLP vs. PLP-Audio 

(Wilcoxon signed rank 

tests) 

Omnibus: p < 0.001 (WLP < PLP-Audio) 

 

dmPFC: p = 0.002 (WLP < PLP-Audio) 

IFG: p = 0.002 (WLP < PLP-Audio) 

pMTG: p = 0.100 (Not significant) 

1. Test scores did not support the hypothesis. 

2. Neural activation partially supported the 

hypothesis. The results suggested that the 

PLP-Questions resulted in significantly 

higher brain activation than the WLP.  

WLP vs. PLP-Questions 

(Wilcoxon signed rank 

tests) 

Omnibus: p = 0.039 (WLP > PLP-Questions) 

 

dmPFC: p = 0.050 (Not significant) 

IFG: p = 0.092 (Not significant) 

pMTG: p = 0.584 (Not significant) 

Hypothesis three: Males and 

females utilize distinct parts 

of their brains and score 

differently on WLP and PLP 

listening tests.  

 

WLP; Females vs. Males: 

N.S. 

WLP: Females vs. Male  

(Mann-Whitney U tests) 

 

Omnibus: p < 0.001 (Females < Males) 

 

dmPFC: p = 0.023 (Not significant) 

IFG: p = 0.040 (Not significant) 

pMTG: p = 0.038 (Not significant) 

1. Test scores did not show any differences 

between genders. 

2. The neural activation results suggested that 

females had significantly lower activation 

relative to males across the PLP and WLP. 

PLP; Females vs. Males: 

N.S. 

PLP-Audio: Females vs. 

Males 

(Mann-Whitney U tests) 

Omnibus: p < 0.001 (Females < Males) 

 

dmPFC: Females < Males, p = 0.012 

pMTG: Females < Males, p = 0.005 

IFG: p = 0.861 (Not significant)  



21 

 

PLP-Questions: Females 

vs. Males 

(Mann-Whitney U tests) 

Omnibus: p < 0.0001 (Females < Males) 

 

dmPFC: p = 0.118 (Not significant) 

IFG: p = 0.026 (Not significant) 

pMTG: p = 0.044 (Not significant) 

Note: WLP = While-listening performance; PLP = Post-listening performance; dmPFC = dorsomedial prefrontal cortex; IFG = inferior frontal gyrus; pMTG = posterior 

middle temporal gyrus.
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Discussion 

The aims of this study were to examine (i) whether the WLP and PLP tests could similarly 

differentiate between low- and high-ability test-takers at the behavioral and neural levels, and 

(ii) the effects of test methods and gender on brain activation and listening performance 

during the WLP and PLP tests. At the behavioral level, the three hypotheses were not 

supported. Based on the Rasch reliability of the test scores obtained, neither the WLP nor 

PLP test could differentiate low-ability from high-ability test-takers. Furthermore, there were 

no differences between test methods (i.e., WLP and PLP) and genders according to the test 

scores. At the neural level, hypotheses one and two were partially supported, while 

hypothesis three was refuted. Firstly, there were significant differences in the overall 

hemodynamic responses between low- and high-ability test-takers during the WLP test. No 

significant differences in hemodynamic responses were, however, observed between high- 

and low-ability test-takers across specific brain regions (i.e., the dmPFC, IFG, and pMTG). 

Secondly, test-takers’ hemodynamic responses in the dmPFC and IFG during the WLP test 

were significantly lower than those during the PLP-Audio. Lastly, females exhibited lower 

hemodynamic responses than males in the dmPFC and pMTG during PLP-Audio. These 

findings are further discussed below. 

Hypothesis One 

In relation to the first hypothesis, the differences in overall hemodynamic responses suggest 

that the left dmPFC, IFG, and pMTG were activated in unison to support listening 

comprehension during the WLP test. This finding also indicates that none of the 

aforementioned cortical regions was solely responsible for the differences in test performance 

between high-ability and low-ability test-takers for the WLP. The differences in WLP test 

performance may perhaps reflect a general lack of ability to effectively engage the top-down 

and bottom-up language processing networks that involve the dmPFC, IFG, and pMTG.  
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In contrast, the absence of overall or specific cortical activation patterns during the 

PLP-Audio is indicative that high-ability and low-ability test-takers engaged similar neural 

processes when listening to the text. Additionally, high-ability test-takers had lower overall 

hemodynamic responses than low-ability test-takers across the left dmPFC, IFG, and pMTG 

during PLP-Questions. This finding suggests that high-ability test-takers used less cognitive 

effort than low-ability test-takers when responding to questions. This finding contrasts 

previous research where correct answers corresponded with higher brain activation levels 

than incorrect answers (Defenderfer et al., 2017; Lei et al., 2018). Alternatively, other studies 

have shown that less proficient listeners require more extensive brain activation when 

listening for information in their second language (Hasegawa, Carpenter, & Just, 2002; Lei et 

al., 2018; Nakai et al., 1999). This finding is further supported by Cannizzaro, Stephens, 

Breidenstein, and Crovo (2016) who reported that speech that is easier to process is 

associated with lower brain activation. High-ability test-takers may have found the questions 

easier to process than low-ability test-takers, thus exhibiting lower brain activity across the 

left dmPFC, IFG, and pMTG.  

The implication of this finding is that low-ability test takers (below average) likely 

experience a higher cognitive load during listening than high-ability test takers (above 

average). This assumption raises the possibility that the test content perhaps included input 

that was unfamiliar or difficult for the low-ability test takers to process due to higher 

linguistic challenges. This finding is in line with previous studies showing that the demand 

for processing multiple stimuli taxes the working memory of comprehenders (Chai & Erlam, 

2008). Future research is needed to investigate the connection between brain activation, the 

storage capacity of working memory, and cognitive load in WLP and PLP tests. 
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Hypothesis Two 

The second hypothesis was partially supported. While higher brain activation was observed 

during WLP in comparison to PLP-Questions, there was lower activity in WLP in 

comparison to PLP-Audio. This finding suggests that differences in cognitive demand 

between the WLP and PLP tests are not one-directional. It is possible that the multitasking 

nature of WLP (listening and processing new information, reading and processing the 

question, and answering) was more cognitively demanding overall than the PLP-Questions 

(reading and processing the question, recalling information, and answering) (Aryadoust, 

2019), resulting in the lower overall brain activation observed during the PLP-Questions. On 

the other hand, listening and note-taking involve more top-down (i.e., involving the dmPFC) 

and bottom-up (i.e., involving the IFG) cognitive processing, which could account for the 

higher activation during PLP-Audio.  

 As previously discussed, previous research using fNIRS has found a possible link 

between workload and brain activation, where more complex sentences elicited greater 

activation (Lei et al., 2018). In addition, when speech was masked with sounds that increased 

the workload to perceive the speech, there was also increased brain activation (Defenderfer et 

al., 2017). Accordingly, the increased brain activation for WLP could be due to the increased 

cognitive load in engaging both visual and auditory language pathways during WLP 

compared to PLP-Questions, which only engages the visual language pathway. 

For PLP-Audio, previous research has suggested that the left dmPFC is implicated in 

prospective memory that aids future intentions and planning (Umeda, Kurosaki, Terasawa, 

Kato, & Miyahara, 2011). Aside from listening for potential cues at the word level (i.e., 

bottom-up processing; Field, 2012), test-takers must simultaneously (i) remember the 

listening text content, (ii) predict what information might be relevant, and (iii) take notes in 

order to answer the comprehension questions during PLP-Questions (i.e., top-down 
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processing). While this finding resonates with Field (2012), who suggested that the WLP 

engages shallow listening compared with the PLP, it contrasts the gaze behavioral findings of 

Aryadoust (2019). Aryadoust suggested that, because the WLP demands multitasking 

involving reading, listening, and answering test items, it involves more cognitive processing. 

However, it should be noted that the work by Aryadoust (2019) measured gaze behaviors 

during WLP, whereas the present study compared neurocognitive patterns during both WLP 

and PLP.  

Hypothesis Three 

Lastly, the third hypothesis of this study was refuted as females had lower cortical activity in 

the dmPFC and pMTG during PLP-Audio. Although this finding adds to the evidence of 

gender differences in language processing networks (Kansaku, Yamaura, & Kitazawa, 2000; 

Phillips et al., 2001; Shaywitz et al., 1995; Zaidi, 2010), it partially contradicts the finding of 

Burman, Bitan, and Booth (2008), who reported that girls had higher hemodynamic responses 

in the STG than boys when performing auditory tasks. This disparity in hemodynamic 

responses is likely due to differences in task dynamicity as the participants in the Burman et 

al. (2008) study had to perform an auditory task while lying still in an fMRI scanner. As 

previously mentioned, fMRI scanners generate substantial background noise that can 

influence the quality of auditory stimuli (Gaab, Gabrieli, & Glover, 2007; Lei, Miyoshi, 

Niwa, Dan, & Sato, 2018).  

It is important to note that cortical activation of the right hemisphere was not recorded 

in this study. Therefore, further investigation is needed to determine whether the gender 

differences in brain laterality reported in previous studies (Kansaku, Yamaura, & Kitazawa, 

2000; Phillips et al., 2001; Shaywitz et al., 1995; Zaidi, 2010) would be observed during the 

WLP and PLP tests.  

Limitations 
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Considering the sample sizes (and statistical analyses) used in previous research (e.g., 

Defenderfer et al, 2017; Lei et al., 2018), the sample size in this study is considered small. 

This may limit the generalizability of our results, especially the impact of test methods on 

listening ability, as average scores were used to segregate high-ability from low-ability test-

takers. Additionally, the sample was heterogeneous in terms of language background, as not 

all participants communicated in English as L1. While a larger and more homogenous sample 

is imperative for improving the generalizability of the results, further investigations may also 

focus on expanding the sample size to examine the impact of language background (e.g., 

English as L1 vs. L2) on the hemodynamic responses and test scores for both WLP and PLP.  

Conclusions 

In summary, the findings of this study indicate that the WLP and PLP listening tests were not 

equally sensitive to differences in the neurocognitive processes underlying listening 

comprehension under test conditions. Of note, this is the first study to investigate the neural 

substrates involved in listening comprehension under test conditions. The findings of this 

study are encouraging and may lead to new possibilities for research in listening assessment.  

Firstly, the involvement of different neural substrates across test methods has 

important implications for test design, validation, and assessment purposes. For a listening 

test to possess ecological validity, it needs to engage the neurocognitive processes that 

underlie real-life listening. This is a major gap in knowledge that needs to be investigated in 

future research. 

Additionally, the differences in neural substrates across genders reported in this study 

may have implications for test design, specifically from a test fairness perspective. One may 

examine whether differences in language processing can affect test fairness for males and 

females. Previous research has applied IRT or other latent variable models to examine the 

role of gender in fairness in computerized and traditional language assessments (Abbott, 



27 

 

2007; Aryadoust, Goh, & Lee, 2011; Aryadoust, 2012). Differential test functioning (DTF) 

analysis is a useful method for examining whether test items function differentially for 

different groups of test-takers. Based on our findings, we propose the concept of differential 

brain functioning (DBF) in the present study to refer to the differences in brain activation in 

different groups of test-takers that result in differences in test performance. Future research 

may compare brain activation across larger and different groups of test-takers, including (i) 

L1 vs. L2, (ii) males vs. females, and (iii) high-ability vs. low-ability, to determine whether 

DTF is related to DBF, and if so, what implications this would have for test fairness and test 

validity.  
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