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Abstract 

The n-back task is one of the most commonly used working memory (WM) paradigms in 

cognitive neuroscience. Converging evidence suggests activation in the lateral prefrontal 

cortex (PFC) and pupil dilation [a proxy for locus coeruleus (LC) activation] during this task. 

However, it remains unclear whether the lateral PFC and the LC are functionally associated 

during n-back task performance. This study’s aim was to examine the relationship between 

changes in lateral PFC activity and the pupil diameter (a proxy for LC activity) and to 

evaluate the effect of WM load on such relationship during the n-back task. Thirty-nine 

healthy young adults (10 males, 29 females) underwent a number n-back paradigm with 0- 

and 3-back conditions. Their prefrontal hemodynamics and changes in pupil size during task 

performance were simultaneously measured using a 16-channel functional near-infrared 

spectroscopy (fNIRS) device and a wearable eye tracker. Young adults exhibited significant 

activation in the bilateral lateral PFC and significant increases in pupil size when the WM 

load was high (i.e., 3-back) but not low (i.e., 0-back) compared with the resting period. 

Interestingly, significant positive correlations were found between changes in lateral PFC 

activity and pupil size during the 0-back task only. These correlations tended to be stronger 

during the 0-back than the 3-back condition. Thus, the functional relationship between the 

lateral PFC and the LC may vary at different load levels during the n-back task. Our findings 

have important implications for neuropsychiatric research and support concurrent fNIRS and 

pupillometric measurements for a better understanding of the mechanisms underlying WM 

processing. 

Keywords: working memory, n-back, prefrontal cortex, near-infrared spectroscopy, 

pupillometry 
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1. Introduction 

Human short-term memory has a limited capacity (Baddeley, 2012; Miller, 1956). Therefore, 

the ability to replace old, irrelevant information with information that is relevant to the 

current context is a core aspect of executive function essential for the pursuit of goals 

(Miyake et al., 2000). In cognitive neuroscience, the n-back task has been one of the most 

widely used working memory (WM) paradigms (Kirchner, 1958). Studies using this task 

have shown that accuracy and reaction time (RT) worsen with increasing WM load across 

ages and materials (Boisgueheneuc et al., 2006; Bopp & Verhaeghen, 2020). Additionally, 

meta-analyses of the positron emission tomography (PET) and functional magnetic resonance 

imaging (fMRI) literature have identified activity in the bilateral dorsolateral and 

ventrolateral prefrontal cortex (PFC), premotor cortex, supplementary motor area, and 

parietal cortex that increases with increasing WM load during the n-back task (Mencarelli et 

al., 2019; Owen et al., 2005; Rottschy et al., 2012; Yaple et al., 2019). Studies using 

functional near-infrared spectroscopy (fNIRS) have also generated converging evidence of 

the involvement of the bilateral lateral PFC during this task (Ito et al., 2011; Koike et al., 

2013; Kopf et al., 2013; Yeung et al., 2016, 2019). It is generally assumed that activation in 

various PFC subregions during the n-back task reflects the active operation of the cognitive 

processes associated with the executive control of WM, such as the storage and manipulation 

of internal representations, monitoring incoming information, the implementation of stimulus 

response mapping, and the use of organizational strategies (Mencarelli et al., 2019; Owen et 

al., 2005).  

Accumulated evidence indicates that the pupil size of the eye increases in response to 

an increasing cognitive load during a variety of tasks (Beatty, 1982; Kahneman & Beatty, 

1966; van der Wel & van Steenbergen, 2018). In the context of the n-back task, the pupil size 

increases with an increasing WM load (Belayachi et al., 2015; Karatekin et al., 2007; 
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Niezgoda et al., 2015; Scharinger et al., 2015). It is well known that the pupil size is 

influenced by the sympathetic and parasympathetic branches of the autonomic nervous 

system, which is modulated by the locus-coeruleus (LC) norepinephrine system (Joshi et al., 

2016; McDougal & Gamlin, 2011; Murphy et al., 2014; Samuels & Szabadi, 2008). The LC 

has been implicated in the regulation of arousal and vigilance (Sara & Bouret, 2012). 

Therefore, the task-evoked pupillary response has been and can be employed as a proxy 

measure for arousal and mental effort (i.e., LC activity; Bradley et al., 2008; Mathot, 2018). 

In the present study, arousal refers to the degree of vigilance and alertness during periods of 

wakefulness, manifesting as motor activation, responsiveness to sensory inputs, emotional 

reactivity, and enhanced cognitive processing (Carter, de Lecea, & Adamantidis, 2013). 

Arousal is expected to occur during the n-back task because individuals have to detect 

incoming sensory stimuli, operate on the information, and generate an efferent response in a 

timely manner. 

The LC extensively innervates the cerebral cortex of all hemispheric lobes, including 

the dorsolateral and the dorsomedial PFC (Arnsten & Goldman-Rakic, 1984; Aston-Jones & 

Cohen, 2005). Neurons in this small pontine nucleus are the primary source of cortical 

norepinephrine (Samuels & Szabadi, 2008). Thus, the LC is implicated in the regulation of 

arousal and mental effort across many tasks, playing a general, modulatory role in neocortical 

functions. In contrast, the lateral PFC is implicated in executive control and goal-directed 

behavior (Petrides, 2005). This region represents a primary site of WM and plays a crucial 

role in n-back task performance (Barbey, Koenigs, & Grafman, 2013; Levy & Goldman-

Rakic, 2000; Tsuchida & Fellows, 2009). Although lateral PFC activation and pupil dilation 

have been separately observed during n-back task performance, whether they are functionally 

related to each other remains elusive. In addition, the effect of WM demand on the 

relationship between activity in the lateral PFC and the LC during the n-back task, if any, 
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remains unclear. A high WM load may enhance the functional integration of the two systems 

due to the increased general, modulatory effects exerted by the LC system on the cortex. 

Alternatively, it may reduce the functional coupling between the lateral PFC and the LC, or 

remove the co-dependence of the two systems, due to the specialized role of the lateral PFC 

in WM and to a LC or norepinephrine-induced increase in local neural communications 

within network during task performance (Eldar, Cohen, & Niv, 2013).  

The aim of this study was to examine the relationship between changes in lateral PFC 

activity and the pupil diameter (a proxy for LC activity) during n-back task performance. In 

addition, the effect of WM load on such relationship was investigated by evaluating the 

correlation between the moment-to-moment changes in lateral PFC activity and the pupil size 

at two WM load levels (i.e., 0- and 3-back conditions). A significant positive correlation 

between the observed [oxy-Hb] changes and the [oxy-Hb] changes predicted from the pupil 

signal would suggest that lateral PFC activity and pupil dilation were subtended by common 

mechanisms. In contrast, a nonsignificant zero correlation between the observed and the 

predicted [oxy-Hb] changes would indicate that the two proxies might be underpinned by 

distinct mechanisms, and more evidence is needed to elucidate the relationship. Clarifying the 

functional relationship between the lateral PFC and the LC during the n-back task would give 

us insights into the meaning of lateral PFC activity (e.g., lateral PFC activity correlating with 

arousal level) during this task. 

There is growing recognition that fNIRS is relatively tolerant to motion and is free 

from environmental interference (Ferrari & Quaresima, 2012). Thus, fNIRS is a suitable tool 

to use in conjunction with eye trackers, and it is an excellent tool for monitoring brain 

activity in a natural setting (Hosseini et al., 2017; İşbilir et al., 2019). For these reasons, we 

used fNIRS to probe prefrontal hemodynamic changes. Due to the use of a blocked design 
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and fast trial presentation to increase power, the distinction between a shift in tonic and phase 

LC activity (Aston-Jones & Cohen, 2005) in response to increased WM load would not and 

could not be made in the present study. 

2. Method 

2.1. Participants 

Thirty-nine right-handed college students (10 males, 29 females) aged between 18 and 

24 years (Mean = 19.8 years; SD = 1.5 years) were recruited from the subject pool of the 

Chinese University of Hong Kong. This sample size was larger than those in most of the 

previous fNIRS and pupillometry studies using the n-back task (e.g., Ito et al., 2011; 

Karatekin et al., 2007; Niezgoda et al., 2015; Yeung et al., 2016). No participant reported a 

history of psychiatric or neurological disorder, and none was taking any medication. All 

participants self-reported normal or corrected-to-normal vision or else had no difficulty 

identifying n-back test stimuli. All participants also gave written informed consent prior to 

the study. The study protocol received approval from the Joint Chinese University of Hong 

Kong – New Territories East Cluster Clinical Research Ethics Committee. 

2.2. Procedure and Materials 

All participants underwent a digit version of the n-back paradigm with 0- and 3-back 

conditions under simultaneous fNIRS and pupillometric measurements. The paradigm was 

adapted from previous fNIRS studies using the n-back task, all of which involved 1–3 task 

blocks and 28–60 trials (12–15 target trials) for each condition (Ehlis et al., 2008; Koike et 

al., 2013; Yeung et al., 2016). Figure 1 illustrates the flow of the experimental paradigm. The 

paradigm started and ended with a rest block and involved alternations between 0- and 3-back 

blocks interleaved with rest blocks. Each task block was presented twice, and the order of the 

task blocks was counterbalanced across the participants. All participants carried out four 
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blocks. Although half of the participants underwent the 0-3-0-3 sequence, others underwent 

the 3-0-3-0 sequence. Blocks of a given load were not presented consecutively to avoid 

habituation effects. Each task block lasted for 47 s, and each rest block lasted for 30 s. The 

entire task lasted for 338 s. 

Each task block started with an instruction cue presented for 5 s, followed by seven 

target and 21 nontarget trials (i.e., 28 trials per block). In each trial, a number chosen from 0 

to 9 was first presented at the center of a computer screen for 0.5 s and then replaced with a 

blank screen for 1 s. Participants were asked to press one of the two buttons on a computer 

mouse as accurately and quickly as possible upon seeing each number. During the 0-back 

task, participants pressed the left button if the number they saw was “0” but the right button 

for any other number. During the 3-back task, participants pressed the left button if the 

number they were seeing was the same as the number they saw three trials before but the 

right button for any other number. Participants had 1.5 s to respond during each trial. No 

feedback was given. All individuals practiced the 0- and 3-back tasks before the n-back 

paradigm actually began. The test stimuli were presented using E-Prime 1.2 software 

(Psychology Software Tools, Pittsburgh, PA). 

2.3. Functional Near-Infrared Spectroscopy Measurement 

A 16-channel continuous-wave fNIRS device was used to measure hemodynamic 

changes in the bilateral PFC (OEG-SpO2; Spectratech Inc., Tokyo, Japan). This machine 

emitted two wavelengths of near-infrared lights: 770 and 840 nm. The probe consisted of six 

light-emitting and six light-receiving optodes arranged in a 2 × 6 matrix. The emitter-detector 

spacing was 3 cm, hence allowing a measurement of hemodynamic changes that took place 

1.5–2 cm below the scalp (Cui et al., 2011; Schroeter et al., 2006). The probe was placed in 

the forehead region and was centered at Fpz in accordance with the international 10–20 
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system (Jasper, 1958). Accordingly, the optodes at the bottom left and right corners were 

placed around F7 and F8, respectively. 

Samples were collected at a rate of 12.21 Hz at 16 locations (i.e., measurement 

channels) midway between each pair of emitters and detectors. The arrangement of the 16 

measurement channels is shown in Figure 2. For the purpose of increasing the signal-to-noise 

ratio (Plichta et al., 2006), channels 13–16, 7–10, and 1–4 were grouped to represent the left, 

medial, and right prefrontal regions, respectively. The same number of channels was used for 

each region to ensure a comparable signal-to-noise ratio across regions, hence reducing 

biases. Based on the anatomical locations of the International 10–20 cortical projection points 

(Okamoto et al., 2004; Koessler et al., 2009), it was estimated that the outermost channels 

were located around the dorsolateral and the ventrolateral PFC, and the medial channels were 

located around the medial frontal pole. 

2.4. Pupillometry Recording 

Wearable eye-tracking glasses were used to measure changes in pupil diameter (Pupil 

Labs, Berlin, Germany). This eye tracker had two video cameras and two infrared cameras 

facing toward both eyes for binocular tracking (see Figure 2). The two eye cameras 

monitored the pupil center and provided the absolute pupil diameter as measurement data by 

using the dark pupil method in reference to a three-dimensional geometric model of the 

eyeball. The system also generated a confidence index ranging from 0–1, with 1 indicating 

the highest level of confidence in pupil detection during recording. The sampling rate was 60 

Hz. Moreover, the eye tracker had an integrated world camera capturing the participant’s 

field of view. The image recorded with this camera was used to synchronize external events 

(e.g., block onset) with the pupillometry data. 

Although both the fNIRS sensor and the eye tracker relied on (near-)infrared light, 

several features of the setup ensured no interference between these two modalities. First, the 
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fNIRS sensor was fixed by a light-insulating headband to ensure close contact between the 

sensor band and skin, as well as to minimize the effects of outside (near-)infrared sources. 

Second, a separation existed between the infrared cameras and the fNIRS sensor such that the 

infrared cameras were oriented toward the pupil center at an angle that was away from the 

forehead. More importantly, we checked using a visual inspection that turning the eye tracker 

on and off had no effect on fNIRS signals, and vice versa. 

2.5. Data Processing and Analysis 

Behavioral performance during the n-back task was first analyzed. Then, fNIRS and 

pupillometry data were analyzed before the relationship between the two modalities was 

investigated. Normality was checked for all primary fNIRS and pupillometric measures using 

Shapiro–Wilk tests. Only a few variables significantly deviated from normality (ps < 0.014). 

For all variables, parametric (t-tests) and nonparametric tests (Wilcoxon signed-rank tests) 

yielded similar results, and the same conclusions could be reached (see Supplementary Table 

1). Therefore, parametric test results are reported throughout. Preprocessing was performed 

using customized scripts in Matlab® R2018a (MathWorks, Natick, NA). Statistical analysis 

was conducted using SPSS 22.0 software (IBM Corporation, Armonk, NY, USA). All t-tests 

and correlation tests were two-tailed. The alpha level was set at 0.05. When multiple 

comparisons were involved, the Bonferroni correction was applied. 

2.5.1. Behavioral Performance 

Task performance was examined by analyzing the sensitivity (A’) (Snodgrass & 

Corwin, 1988) and mean reaction time (RT) in the 0- and 3-back conditions. We analyzed A’ 

rather than accuracy because A’ considered both the hit and the false alarm rate, and it 

corrected for response bias. This index ranged from 0–1, with a higher value indicating better 

discriminability. In addition, the mean RT was calculated by averaging the RT across the 

correct trials, excluding trials with RTs < 150 ms or 2.5 SDs above the individual mean 
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because RTs < 150 ms would be too fast to reflect a real response to the stimulus (Stuss et al., 

2005). Paired t-tests comparing the 0- and 3-back conditions were conducted to examine the 

effect of the WM load on behavioral performance. 

2.5.2. Prefrontal Activation 

The preprocessing of fNIRS data took place as follows: First, raw time course data 

were converted into changes in optical density. Then, a 0.10-Hz lowpass filter at 60 

dB/octave was applied to remove cardiac and respiratory artifacts, as well as high-frequency 

noise. Then, the filtered optical density data were converted into changes in [oxy-Hb] and 

[deoxy-Hb] via the application of the modified Beer–Lambert law (Delpy et al., 1988). Next, 

correlation-based signal improvement (CBSI), which is based on the negative correlation 

between the dynamics of [oxy-Hb] and [deoxy-Hb], was applied to correct for motion 

artifacts (Cui et al., 2010). The time courses of [oxy-Hb] and [deoxy-Hb] became mirror 

images of each other after CBSI. Hence, only changes in the CBSI-corrected [oxy-Hb] were 

analyzed. Next, linear fitting based on the 10 s of rest before and after each task block was 

performed to correct for slow drifts. Then, raw changes in the CBSI-corrected [oxy-Hb] were 

divided by the SD of signals over the 10-s rest period before the corresponding task block to 

generate the normalized (i.e., Z; effect size) scores to account for individual differences in the 

differential pathlength factor (Schroeter, Zysset, Kruggel, & von Cramon, 2003). Finally, 

normalized changes in the CBSI-corrected [oxy-Hb] were averaged across the four channels 

within each prefrontal region. 

Prefrontal activation during the n-back task was examined by analyzing the mean 

changes in the CBSI-corrected [oxy-Hb], which were calculated by averaging all values 

across the 42-s task period (i.e., excluding the 5-s cue period) and the two blocks for each 

condition. One-sample t-tests were first performed to examine whether the mean change in 

the CBSI-corrected [oxy-Hb] in each prefrontal region was above zero in the 0- and 3-back 
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conditions. Then, a repeated-measures analysis of variance (ANOVA) with Condition (0-

back, 3-back) and Region (left, medial, right) as factors was performed to assess the effects of 

the WM load and region on prefrontal hemodynamics. 

2.5.3. Pupil Dilation 

For each participant, only data from the eye with the highest cumulated confidence 

level was considered for further analysis (Schwab et al., 2019). Consequently, the analysis of 

pupil dilation was based on the left pupil in 18 participants and on the right pupil in 21 

participants. All participants achieved a cumulative confidence value of 0.68 (Mean = 0.92, 

SD = 0.06), which met the requirement of useful data (Pupil Labs, 2020). The preprocessing 

of pupillometry data took place as follows: First, all data points carrying confidence values < 

0.60 were set to 0 (Pupil Labs, 2020). Note that eye blink signals also carried a confidence 

value of 0. Then, a spline interpolation was implemented to correct for zero confidence points 

before a 0.10 Hz low-pass butterworth filter was applied to exclude high-frequency noise. 

Next, linear fitting, which was based on the 10 s of rest before and after each task block, was 

applied to the absolute pupil diameter to correct for possible slow signal drifts. Finally, 

individual differences in the fluctuation of pupil size were controlled for by dividing the raw 

pupil diameter signals by the SD of signals over the 10-s rest period before the corresponding 

task block to generate the normalized (i.e., Z) scores. 

Pupil dilation during the n-back task was examined by analyzing the mean change in 

the pupil diameter, which was calculated by averaging all values across the 42-s task period 

and the two blocks for each condition. One-sample t-tests were first performed to examine 

whether the mean change in the pupil diameter was above zero in the 0- and 3-back 

conditions. A paired t-test comparing the 0- and 3-back conditions was then performed to 

assess the mean change in the pupil diameter specific to increasing WM load. 
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We focused on task-evoked pupillary responses that occurred at the block level. In the 

present study, the intertrial duration was 1500 ms, which was shorter than that in previous 

pupillometry studies using the n-back task (i.e., ≥ 2000 ms; Karatekin et al., 2007; Scharinger 

et al., 2015). This rapid task design was adopted to increase detection power. Because a 

prestimulus baseline that was not influenced by the previous trial could not be derived, and 

changes in luminance were too rapid, task-evoked changes in the pupil diameter were not 

examined at the trial level. 

2.5.4. Relationship Between Prefrontal Activation and Pupil Dilation 

Finally, the relationship between changes in PFC activity and the pupil size during the 

n-back task was examined. We calculated the Pearson’s correlation between the time courses 

of the hemodynamic response predicted by the pupillary response and of the observed 

hemodynamic response for each 42-s task period after the pupil diameter data were 

resampled at 12.21 Hz. The hemodynamic response predicted by the pupillary response was 

constructed by convolving the vector of the normalized pupil diameter data with the 

canonical hemodynamic response function implemented in SPM8 (Friston et al., 1998). 

Because the pupillary response was delayed by approximately 1 s after an event, the 

hemodynamic response function moved forward 1 s.  

After downsampling and convolution, there were 513 points for the [oxy-Hb] changes 

predicted by the pupillary response and for the observed [oxy-Hb] changes during each 42-s 

task period. Pearson’s correlation between the predicted and the observed [oxy-Hb] changes 

was then run on that number of points, yielding a correlation coefficient for each block and 

participant. Mean 0- and 3-back correlation coefficients were then generated by averaging the 

two correlation coefficients for each condition, and statistical analyses (one-sample t-tests) 

were conducted on the mean correlation coefficients. Notably, precision of the correlation 

coefficients was determined by the number of trials, whereas statistical power was dependent 
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on the number of participants. One-sample t-tests were conducted to determine whether the 

mean Pearson’s correlations for the 0- and 3-back conditions were above 0. 

3. Results 

3.1. Behavioral Performance 

First, performance in terms of A’ and the mean RT during the n-back task was 

examined. Table 1a presents the means and SDs of these two variables in the 0- and 3-back 

conditions. Paired t-tests comparing the two conditions showed that A’ was significantly 

lower in the 3-back condition than in the 0-back condition, t(38) = 8.56, p < 0.001, d = 1.37. 

Additionally, the mean RT was significantly slower in the 3-back condition than in the 0-

back condition, t(38) = 7.85, p < 0.001, d = 1.26. These results indicate decrements in task 

performance when the WM load increased. 

3.2. Prefrontal Activation 

Next, PFC activation during the n-back task was investigated. Table 1b presents the 

means and SDs of mean changes in the CBSI-corrected [oxy-Hb] during the n-back task. 

Figure 3 illustrates the change in the CBSI-corrected [oxy-Hb] in each condition. Notably, 

there was little change in [oxy-Hb] in the medial prefrontal region across conditions and in all 

regions during the 0-back block. In contrast, there were increases in [oxy-Hb] in the bilateral 

lateral prefrontal regions following block onset during the 3-back block. These increases 

reached their plateau approximately 20 s after block onset and did not drop until 5 s after the 

end of the block. 

First, one-sample t-tests (against zero) were performed to determine PFC activation in 

the 0- and 3-back conditions compared with the resting period. We found no significant mean 

changes in [oxy-Hb] in any prefrontal region in the 0-back condition, ts < 1.14, ps > 0.26, ds 

< 0.16. In contrast, we found significant mean changes in [oxy-Hb] in the left, t(38) = 3.88, p 

< 0.001, d = 0.62, and right, t(38) = 3.32, p = 0.002, d = 0.53, prefrontal regions in the 3-back 
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condition. Mean changes in [oxy-Hb] in the medial prefrontal region was not significant, 

t(38) = 1.07, p = 0.29, d = 0.17. 

To determine the effect of the WM load and the regional specificity of PFC 

activation, a repeated-measures ANOVA with Condition (0-back, 3-back) and Region (left, 

medial, right) as factors was conducted on mean changes in the CBSI-corrected [oxy-Hb]. 

The main effect of condition was significant, F(1, 76) = 10.43, p = 0.003, ηp
2 = 0.22, whereas 

the main effect of region was not, F(2, 76) = 1.61, p = 0.21, ηp
2 = 0.04. More importantly, a 

significant condition × region interaction, F(2, 76) = 6.07, p = 0.004, ηp
2 = 0.14, was found. 

Post-hoc t-tests showed significantly larger mean changes in [oxy-Hb] in both the left, t(38) = 

4.37, p < 0.001, d = 0.70, and right, t(38) = 3.20, p = 0.003, d = 0.51, prefrontal regions in the 

3-back than the 0-back condition. The effect sizes ranged from medium to large. 

Additionally, there was no significant mean change in [oxy-Hb] in the medial prefrontal 

region between the two conditions, t(38) = 0.88, p = 0.39, d = 0.14. 

3.3. Pupil Dilation 

Pupil dilation during the n-back task was then examined. Table 1c presents the means 

and SDs of mean changes in the pupil diameter during the n-back task. Figure 4 illustrates the 

time course of changes in the pupil diameter in the 0- and 3-back conditions. Notably, the 

pupil diameter increased immediately following block onset in both conditions. During the 0-

back block, the pupil diameter reached the peak 7 s after block onset, or 2 s after task onset. 

Then, it gradually decreased and returned to the baseline level midway through the block. 

During the 3-back block, the pupil diameter reached the peak 13 s after block onset, or 8 s 

after task onset, and then gradually decreased throughout the block. The pupil diameter in this 

condition did not completely return to the baseline level until 2 s after the end of the task. 

Because the pupil diameter decreased in amplitude immediately after reaching the peak 

value, restricted pupil variations were unlikely to have occurred during the 3-back task. If a 
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ceiling effect was present, then the pupillary response should have sustained in its amplitude 

after reaching the peak. 

One-sample t-tests (against zero) were first performed to determine pupil dilation in 

the 0- and 3-back conditions compared with the resting period. We found no significant mean 

change in the pupil diameter in the 0-back condition relative to the resting period, t(38) = 

1.14, p = 0.26, d = 0.18. In contrast, we found a significant mean change in the pupil diameter 

in the 3-back condition relative to the resting period, t(38) = 5.33, p < 0.001, d = 0.85. More 

importantly, paired t-tests comparing the 0- and 3-back conditions revealed a significantly 

larger mean change in the pupil diameter in the 3-back condition than in the 0-back condition, 

t(38) = 4.31, p < 0.001, d = 0.69. The effect size was medium to large. 

3.4. Relationship Between Prefrontal Activation and Pupil Dilation 

Next, the relationship between PFC activation and pupil dilation was examined. 

Because WM-induced activation was evident only in the left and right lateral prefrontal 

regions, all subsequent analyses focused on these two regions. Pearson’s correlations between 

the time courses of the hemodynamic response predicted by the pupillary response and the 

observed hemodynamic response were examined (Figure 5). None of the variables 

significantly deviated from normality as revealed by Shapiro–Wilk tests (ps > 0.45), and no 

outliers were identified according to Grubbs’ tests (Grubbs, 1969). Thus, one-sample t-tests 

were performed to determine whether the mean Pearson’s correlations differed from zero, 

indicating the existence of a relationship at the within-subject level. Overall, the correlation 

between the time courses of the predicted and observed hemodynamic responses in the 0-

back condition was significantly above zero in both the left lateral PFC (M = 0.11, SD = 

0.27), t(38) = 2.57, p = 0.014, d = 0.41, and the right lateral PFC (M = 0.10, SD = 0.29), t(38) 

= 2.23, p = 0.032, d = 0.36. The effect sizes that represent the amplitudes of the difference 

from zero were medium. The mean correlation between the time courses of the predicted and 
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observed hemodynamic responses in the 3-back condition, however, was not significant in 

either the left lateral (M = -0.023, SD = 0.35), t(38) = -0.41, p = 0.68, d = -0.07, or the right 

lateral PFC (M = 0.009, SD = 0.37), t(38) = 0.02, p = 0.99, d = 0.00. The effect sizes that 

represent the amplitudes of the difference from zero were very small, if not negligible. 

Next, a repeated-measures ANOVA with Condition (0-back, 3-back) and Region (left, 

right) as factors was conducted to test whether the mean Pearson’s correlations between the 

predicted and the observed hemodynamic response differed between the two conditions. The 

main effect of condition approached significance, F(1, 38) = 3.38, p = 0.07, ηp
2 = 0.08, 

indicating a tendency for a stronger relationship between the moment-to-moment changes in 

lateral PFC activity and pupil size during the 0-back than the 3-back task. The effect size was 

medium-to-large. Neither the main effect of region nor the interaction between region and 

condition was significant, ps > 0.56. 

3.5. Time-Related Physiological Activity 

WM processing is expected to be constant (or increase) over time due to constant task 

demand and proactive interference from previous trials (Badre & Wagner, 2005; Gray et al., 

2003), whereas perceptual arousal should decrease over time as the same (or similar) non-

affective content is presented (Antikainen & Niemi, 1983; Stelmack & Siddle, 1982). Thus, 

additional analyses were performed to clarify the mechanisms underlying changes in lateral 

PFC activity and the pupil size over time (see Supplementary Table 2 for complete results). 

First, a repeated-measures ANOVA with Condition (0-back, 3-back), Time (0–21 s, 21–42 s), 

Block (first, second), Region (left, right) as factors was conducted on the mean CBSI-

corrected [oxy-Hb] changes. Only the main effect of condition and the condition × time and 

condition × time × block interactions were significant, ps < 0.05. Thus, two follow-up 

repeated-measures ANOVAs with Time, Block, and Region as factors were carried out for 

the 0- and 3-back conditions separately, with the alpha level adjusted to 0.025 (i.e., two 
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conditions; 0.05/2 = 0.025). For the 3-back condition, only the main effect of time was 

significant, p = 0.006, indicating a larger mean [oxy-Hb] increase during the second half than 

the first half of the 3-back blocks. None of the effects were significant for the 0-back 

condition, ps > 0.025. 

Next, a repeated-measures ANOVA with Condition, Time, and Block as factors was 

conducted on mean change in pupil size. Only the main effects of condition and time and the 

condition × time interaction were significant, ps < 0.05. Thus, two follow-up repeated-

measures ANOVAs with Time and Block as factors were conducted for the 0- and 3-back 

conditions separately, with the alpha level set at 0.025 (i.e., two conditions; 0.05/2 = 0.025). 

For both conditions, only the main effect of time was significant (0-back: p < 0.006; 3-back: 

p < 0.001). In contrast to [oxy-Hb] changes, mean change in the pupil diameter was smaller 

during the second half than the first half of the blocks. 

4. Discussion 

This study’s aim was to determine the relationship between changes in lateral PFC 

activity and the pupil size (a proxy for LC activity), as well as the effect of WM load on such 

relationship. It is the first to examine changes in PFC activity and the pupil size 

simultaneously measured during the n-back task. In keeping with the existing fMRI 

(Mencarelli et al., 2019; Owen et al., 2005) and fNIRS (Koike et al., 2013; Yeung et al., 

2016, 2019) literature, we found negligible PFC activation at a low WM load (i.e., 0-back) 

but significant moderate-to-strong activation in the bilateral lateral PFC at a high WM load 

(i.e., 3-back). A contrast between the two conditions revealed significant WM-related 

increases in the lateral PFC. This regional specificity is consistent with the crucial role of the 

dorsolateral PFC in WM (Barbey et al., 2013; Levy & Goldman-Rakic, 2000), and more 

importantly, rules out the possibility that the observed [oxy-Hb] increases were merely driven 

by systemic influences. Also consistent with the existing pupillometry literature (Belayachi et 
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al., 2015; Karatekin et al., 2007; Niezgoda et al., 2015; Scharinger et al., 2015), we found 

negligible changes in the pupil size at a low WM load, but we witnessed strong pupil dilation 

at a high WM load, with a significant WM-related increase in the pupil size. More 

interestingly, significant positive correlations were found between the observed [oxy-Hb] 

changes and the [oxy-Hb] changes predicted from the pupil signal only at the low WM load. 

There was a statistical trend for these relationships to be stronger during the processing of 

low than high WM demand. Altogether, our findings suggest a load-dependent relationship 

between changes in lateral PFC activity and the pupil size in the context of WM. 

Our findings suggest that changes in lateral PFC activity and the pupil size have a 

shared physiological mechanism at a low WM load. It is generally agreed that the pupil 

diameter is a proxy measure for arousal and mental effort in the context of cognitive tasks 

(Bradley et al., 2008; Mathot, 2018). Thus, hemodynamic changes in the lateral PFC may 

represent changes in the levels of arousal and task engagement during the processing of low 

WM demand, perhaps mediated by at least two mechanisms— systemic changes, such as 

blood pressure and heart rate (Kahnerman, Tursky, Shapiro, & Crider, 1969; Wang et al., 

2018), and intrinsic interactions between the LC norepinephrine system and the PFC. For the 

latter, tracing studies on monkeys have shown that the LC receives projections from various 

parts of the frontal lobe, notably the dorsolateral and the dorsomedial PFC (Arnsten & 

Goldman-Rakic, 1984). Activity in the LC also positively correlates with activity in the 

anterior cingulate cortex in monkeys (Joshi et al., 2016) and humans (Murphy et al., 2014). 

Thus, the structural and functional connections between the LC, which regulates the pupil 

size via interaction with the autonomic nervous system (Samuels & Szabadi, 2008), and PFC 

subregions may underlie the positive correlation between changes in lateral PFC activity and 

the pupil size during an easy task requiring little effort. 
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While the magnitude of the correlation between changes in lateral PFC activity and 

the pupil size may seem small (mean r ≈ 0.10), it falls in the range of values that are typically 

seen when the observed hemodynamic changes are predicted by certain events or factors 

based on the canonical hemodynamic response function. For example, one recent fMRI study 

found that the mean beta (or r) of BOLD changes (i.e., magnitude of the relationship between 

the observed BOLD changes and the BOLD changes predicted by an event) in the left lateral 

PFC was around 0.10 during the 3-back task (Lamichhane et al., 2020). Because this value 

was significantly different from zero, it was concluded that WM load was related to 

activation in the left lateral PFC. Similarly, we can conclude that lateral PFC activity and 

pupil dilation are associated during the 0-back condition because the correlation (r ≈ 0.10) 

was significantly different from zero. 

On the other hand, we found a considerable increase in the pupil size, indicating 

increased levels of arousal and mental effort at a high WM load. Although this increase was 

accompanied by an increase in bilateral lateral PFC activity, no significant relationship 

existed between the two. The dissociation between changes in lateral PFC activity and the 

pupil size during the 3-back task can also be observed by comparing the time courses of these 

changes. The increase in lateral PFC activity was sustained throughout the second half of the 

block, such that the mean lateral PFC activity was significantly larger during the second half 

than the first half of the block. This phenomenon may be related to (constant) WM demand 

and proactive interference throughout the 3-back task (Badre & Wagner, 2005; Gray et al., 

2003). In contrast, the increase in the pupil diameter gradually dropped throughout the last 

two-thirds of the block, such that the mean pupil diameter was significantly smaller during 

the second half than the first half of the block. This pattern, which was also observable at 0-

back, may imply a gradual decrease in perceptual arousal following repeated exposure to 
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same or similar non-affective stimuli (i.e., habituation; Antikainen & Niemi, 1983; Stelmack 

& Siddle, 1982). 

The pupil is known to dilate with cognitive load (van der Wel & van Steenbergen, 

2018) and proactive interference (Johansson et al., 2018; Johansson & Johansson, 2020), and 

our finding of an overall increase in pupil size from 0- to 3-back is consistent with this 

literature. In addition, our finding of a temporal reduction in pupil size at 3-back is 

compatible with the co-existence of (constant) proactive interference and perceptual 

habituation during the 3-back task. That is, (constant) WM processing and perceptual 

habituation would predict sustained and decreased pupil dilation over time, respectively. 

Thus, if both phenomena were present, the net effect would be a reduction in pupil dilation as 

time on task increased. In summary, lateral PFC activity appears to represent cognitive 

processing only, whereas pupil dilation may represent both cognitive processing and 

perceptual arousal. 

Therefore, based on the physiological basis of the pupillary response, lateral PFC 

activity when facing a high level of WM demand does not seem associated with LC activity. 

Performing the 3-back task requires a high level of executive control capacity and draws on 

different types of cognitive resources. These resources include the storage and manipulation 

of internal representations, the monitoring of incoming information, and the use of 

organizational strategies (Mencarelli et al., 2019; Owen et al., 2005). Thus, lateral PFC 

activation during the processing of high WM demand appears to be a manifestation of the 

active operation of various cognitive processes supporting the performance of this difficult 

task. As such, there may be a decrease in the functional relationship between the lateral PFC 

and the LC at high WM load due to the specialization of the lateral PFC in WM (Barbey et 

al., 2013; Levy & Goldman-Rakic, 2000; Tsuchida & Fellows, 2009). Alternatively, the 

relatively uncoupled lateral PFC and LC activity may be attributable to an increase in 
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clustered neuronal communications within the lateral PFC network as a result of increased 

LC activity or norepinephrine level during the 3-back task (Eldar et al., 2013).  

A functional segregation between the lateral PFC and LC systems in the presence of 

high WM demand may or may not be beneficial for WM task performance. It may be merely 

a side product of the modular organizational structure in the brain (Meunier et al., 2010). 

Alternatively, separate processing within the two systems while executing a demand WM 

task may allow WM processes to operate constantly in face of momentary fluctuations in 

arousal level, and efficiently in times of under- or over-arousal. It should however be noted 

that the effect of WM demand on the relationship between lateral PFC activity and pupil size 

changes was found to be only marginally significant. More evidence is needed to confirm the 

moderating effect of WM load. 

Activity in the lateral PFC (Callicott et al., 1999) and LC (Aston-Jones & Cohen, 

2005) are known to increase with increasing WM load in an inverted U-shaped manner. This 

study included only two WM load levels, and therefore could not determine or compare the 

inverted U-shaped functions of lateral PFC and LC activity. In any case, a difference in the 

inverted U-shaped relationship could not explain the absence of relationships during the 3-

back task, because the Pearson’s correlations between the time courses of two signals were 

not affected by differences in the mean levels of signals at a given load level. 

Like most previous studies, reliability was not estimated for the fNIRS and 

pupillometric measures, and our study was not designed to evaluate that. However, it seems 

that these measures have been observed reliably. The n-back task has been extensively used 

in fNIRS and pupillometry studies, and robust lateral PFC activation and pupillary responses 

have been separately observed during n-back task performance (e.g., van der Wel & 

Steenbergen, 2018; Yeung et al., 2016). Also, the trial number in the present study was 

comparable to that in previous fNIRS studies. More importantly, significant positive 
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correlations were found between the [oxy-Hb] changes predicted by the pupillary response 

and the observed [oxy-Hb] changes for the 0-back task. These findings would not have been 

possible if any of the signals was unreliable. 

Similarly to the present study, one study combined neuroimaging (i.e., fMRI) and 

pupillometry to concurrently measure changes in brain activity and the pupil size during the 

n-back task. Belayachi et al. (2015) identified WM-related (i.e., 3-back > 0-back) activation 

in the dorsolateral and the dorsomedial PFC, the insula, and the intraparietal sulcus. They 

also identified a WM-related increase in the pupil diameter during task performance. 

However, the relationship between brain activation and pupil dilation was not examined. Our 

data thus extend the literature by clarifying the functional role of the lateral PFC during the 

executive control of the WM. This brain region represents information in a context-dependent 

fashion—activity in this region represents the arousal level under little WM or cognitive 

demand, whereas it primarily reflects the operation of cognitive processes when the WM or 

cognitive demand is high. 

Our findings have important implications for neuropsychiatric research. Over the past 

two decades, numerous studies have identified reduced WM-induced PFC activation during 

the n-back task in a wide variety of neuropsychiatric conditions, such as attention-

deficit/hyperactivity disorder (Ehlis et al., 2008), schizophrenia (Koike et al., 2013), 

depression (Matsuo et al., 2007), mild cognitive impairment (Yeung et al., 2016), and 

Alzheimer’s disease (Lim et al., 2008). The present study found a very weak, if not 

negligible, association between prefrontal hemodynamics and pupil size changes during the 

processing of high WM demand. Thus, simultaneous fNIRS and pupillometric assessments 

may provide unique and complementary information that informs the psychological and 

physiological mechanisms underlying WM processing, which could be useful for improving  

intervention strategies. For example, patients who show PFC hypoactivation in the presence 
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of pupil dilation may have WM or PFC dysfunction while being engaged and motivated to 

perform the task. Intervention for these patients may focus on improving their WM or PFC 

functions. Patients who exhibit a lack of pupil dilation despite intact PFC activation may have 

blunted autonomic arousal that does not necessarily affect their frontal executive functions 

(Critchley et al., 2003). Intervention for these patients may target at normalizing their 

autonomic nervous system functions. In addition, patients who demonstrate PFC 

hypoactivation and reduced pupil dilation may experience task engagement difficulties (e.g., 

fail to understand the task) or have motivation problems, requiring motivational enhancement 

therapies. 

Interest has been growing in combining neuroimaging and pupillometry to elucidate 

the physiological mechanisms of cognitive functions. Murphy et al. (2014) combined fMRI 

and pupillometry and found that the pupil diameter was associated with blood-oxygen-level-

dependent (BOLD) signals in the dorsal pontine and in the visual primary cortex during 

change detection. Schneider et al. (2018) combined fMRI and pupillometry, and they 

identified a positive correlation between pupil dilation and activity in the dorsal anterior 

cingulate cortex and in the bilateral insula during reward anticipation. Hosseini et al. (2017) 

combined fNIRS and pupillometry, and they found that pupil dilation was associated with 

right superior parietal activation during specific aspects of visuomotor behavior. The present 

study extends the existing literature by demonstrating a positive association between changes 

in lateral PFC activity and the pupil size in the context of WM. Like Hosseini et al. (2017), 

the present study demonstrates the promising combined application of a portable fNIRS 

device and eye-tracking glasses to elucidate the physiological processes underlying cognitive 

tasks in a naturalistic environment. 

To conclude, the lateral PFC and the LC are functionally related during the processing 

of low WM demand, which may be due to common systemic influences or intrinsic 
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interactions between the two systems. In contrast, activity in these two regions are relatively 

uncoupled during the processing of high WM demand, which may be due to the specialized 

role of the lateral PFC in WM and to the tightly clustered pattern of neural interactions within 

the lateral PFC network when LC activity is high. However, more evidence is needed to 

confirm the load-dependent relationship between the lateral PFC and the LC. Based on these 

findings, we propose that the simultaneous application of fNIRS (i.e., functional 

neuroimaging) and pupillometry as probes for the central and autonomic nervous systems 

would allow a fuller understanding of the physiological mechanisms underlying WM 

processing in both healthy and clinical populations. 
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Table 1. 

Descriptive and inferential statistics of (a) task performance, (b) prefrontal activation, and 

(c) pupil dilation during the n-back task (n = 39). 

 Mean SD t-value p-value Cohen’s d 

(a) Task performance 

Sensitivity A’ (unit)      

   0-back 0.985 0.018 - - - 

   3-back 0.859 0.093 - - - 

   3-back > 0-back -0.126 0.092 -8.56 < 0.001*** 1.37 

      

Mean RT (ms)      

   0-back 342.5 38.4 - - - 

   3-back 478.6 127.5 - - - 

   3-back > 0-back 136.1 108.3 7.85 < 0.001*** 1.26 

      

(b) Mean change in the CBSI-corrected [oxy-Hb] (Z) 

Left      

   0-back > Rest -0.46 3.61 -0.80 0.43 -0.13 

   3-back > Rest 3.72 6.00 3.88 < 0.001*** 0.62 

   3-back > 0-back 4.19 5.99 4.37 < 0.001*** 0.70 

      

Medial      

   0-back > Rest 0.12 4.15 0.18 0.86 0.03 

   3-back > Rest 1.10 6.38 1.07 0.29 0.17 

   3-back > 0-back 0.98 6.96 0.88 0.39 0.14 

      

Right      

   0-back > Rest -0.87 4.79 -1.14 0.26 -0.18 

   3-back > Rest 2.80 5.27 3.32 0.002** 0.53 

   3-back > 0-back 3.67 7.16 3.20 0.003** 0.51 

      

(c) Mean change in pupil diameter (Z) 

   0-back > Rest 0.49 2.66 1.14 0.26 0.18 

   3-back > Rest 2.89 3.39 5.33 < 0.001*** 0.85 

   3-back > 0-back 2.41 3.49 4.31 < 0.001*** 0.69 

Note. CBSI = correlation-based signal improvement. Asterisks indicate the significance 

level of one-sample or paired t-tests (two-tailed). **p < 0.01, ***p < 0.001 
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Figure Captions 

Figure 1. Flow of the n-back paradigm. 

Figure 2. Setup of the functional near-infrared spectroscopy and pupillometry systems. 

Figure 3. Mean changes in the correlation-based signal improvement (CBSI)-corrected [oxy-

Hb] during the n-back task. Dotted lines indicate the end of the 5-s instruction cue. A mean 

change in [oxy-Hb] refers to the average of all values across the 42-s task period (i.e., 

excluding the 5-s cue period). Asterisks indicate the significance level of one-sample or 

paired t-tests (two-tailed). **p < 0.01, *** p < 0.001 

Figure 4. Mean changes in the pupil diameter during the n-back task. Dotted lines indicate 

the end of the 5-s instruction cue. A mean change in the pupil diameter refers to the average 

of all values across the 42-s task period (i.e., excluding the 5-s cue period). Asterisks indicate 

the significance level of one-sample or paired t-tests (two-tailed). *** p < 0.001 

Figure 5. Pearson’s correlations between the time courses of the hemodynamic response 

predicted by the pupillary response and the time course of the observed hemodynamic 

response throughout the task period (i.e., excluding the 5-s cue period) during the n-back 

task. Asterisks indicate the significance level of one-sample t-test (two-tailed). *p < 0.05 
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Figure 1. 
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Figure 2. 
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Figure 3. 

(a) 

 

(b) 

 

(c) 
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Figure 4. 
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Figure 5. 

 

 




