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Abstract 38 

Transcranial photobiomodulation (tPBM) is a novel and noninvasive intervention, which has shown 39 

promise for improving cognitive performances. Whether tPBM can modulate brain activity and thereby enhance 40 

working memory (WM) capacity in humans remains unclear. In this study, we delivered double-blind and 41 

sham-control tPBM with different wavelengths to the prefrontal cortex (PFC) in 90 healthy participants and 42 

conducted four electroencephalography (EEG) experiments to investigate whether individual visual working 43 

memory capacity and related neural response could be modulated. We found that 1064 nm tPBM applied to the 44 

right PFC has both a substantial impact on visual working memory capacity and occipitoparietal contralateral 45 

delay activity (CDA), no matter orientation or color feature of the memorized objects. Importantly, the CDA 46 

set-size effect during the retention mediated the effect between 1064 nm tPBM and subsequent WM 47 

performance. However, these behavioral benefits and the corresponding changes of CDA set-size effect were 48 

absent with tPBM at 852 nm wavelength or with the stimulation on the left PFC. Our findings provide 49 

converging evidence that 1064 nm tPBM applied on the right PFC can improve visual working memory 50 

capacity, as well as explain the individual’s electrophysiological changes about behavioral benefits.  51 

Key words: transcranial photobiomodulation, EEG, event-related potentials, CDA, visual working memory 52 
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Introduction 54 

Working memory (WM)—the ability to actively store useful information ‘in mind’ in a matter of 55 

seconds—plays a vital role in many cognitive functions. Individual differences in WM capacity predict fluid 56 

intelligence and broad cognitive function1, which has made increasing WM capacity become an attractive aim 57 

for interventions and enhancement. In the past decades, non-invasive brain stimulation (NIBS) technology 58 

involving the transcranial application of electrical (direct or alternating) or magnetic fields to the specific scalp 59 

or multiple brain circuits, has been proven to be useful for improvement in WM performance. The NIBS 60 

research has found that behavior enhancement was associated with linked neurophysiological changes, such as 61 

increased functional connectivity between brain regions2 and oscillatory neuronal activity3, as well as 62 

event-related potentials4. 63 

Recently, photobiomodulation (PBM) has been applied to modulate the metabolic processes in the brain, 64 

and it has emerged as a promising intervention to improve cognitive functions. It has been suggested that PBM 65 

up-regulates the complex IV of the mitochondrial respiratory chain to modulate cytochrome c oxidase (CCO). 66 

This leads to increased adenosine triphosphate (ATP) formation and initiates secondary cell-signaling 67 

pathways5-7. The resulting metabolic effects following PBM increases cerebral metabolic energy production, 68 

oxygen consumption, and blood flow in animals and humans8-10. In addition, some studies suggest that PBM 69 

can enhance neuroprotection by modulating the neurotrophic factors and inflammatory signaling molecules as 70 

well as anti-apoptotic mediators11. 71 

Transcranial photobiomodulation (tPBM) has been a noninvasive method of targeting the brain via 72 

wavelength between 620 and 1100 nm. Rojas12 demonstrated that 660 nm tPBM could improve prefrontal 73 

cortex (PFC) oxygen consumption and metabolic energy, thereby increasing PFC-based memory functions in 74 

rats. Other studies have shown 1072 nm tPBM can reverse middle-aged mice’s deficits in working memory13. 75 

These animal findings suggest that the oxygen metabolism of cortical tissue exposed to PBM is enhanced and 76 

that this can result in the enhancement of memory. Two human behavioral studies have shown that 1064 nm 77 

tPBM over the right PFC can improve accuracy and speed up reaction time in WM tasks14, 15. Meanwhile, other 78 
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behavioral studies suggested that some high-order cognitive functions could also be improved after tPBM 79 

therapy, such as sustained attention and emotion14, as well as executive functions16.  80 

However, the performance of even the simplest WM task involves multiple cognitive processes, such as 81 

perceptual encoding, selective attention, and motor execution, which might confound the associations between 82 

tPBM effect and WM enhancement. Taking this into account, we chose the K-value estimates to assess the 83 

accurate number of items maintained in the visual WM for the given load array17. Given that right PFC was 84 

associated with information maintenance in WM18, we hypothesized that 1064 nm tPBM over the right PFC 85 

(Fig. 1A) leads to behavioral enhancements in visual WM capacity. However, we still lack WM-related 86 

neurological evidence to directly bridge the gap between tPBM effects and WM behavioral benefits. Previous 87 

studies have extensively demonstrated that contralateral delay activity (CDA) tracks the number of objects 88 

stored in visual WM. Furthermore, the set-size effects of the CDA (defined as the increase in amplitudes from 89 

set-size two to set-size four) predicted the individual differences in WM capacity 19. Thus, we linked behavioral 90 

benefits (K value) in WM capacity from tPBM with measurable and identified ERP biomarkers (CDA) of WM 91 

capacity. 92 

We conducted four double-blind, sham-controlled tPBM experiments (Fig.1A), in which participants 93 

completed two different sessions of tPBM that were separated by a week between sessions, with sham or active 94 

tPBM on the PFC, respectively (Fig.1B). After stimulation, participants performed a classical change detection 95 

task in which WM load was manipulated (high versus low load, Fig.1C) while recording the 96 

electroencephalography (EEG). The classical change detection task requires participants to maintain the 97 

features of items (orientation for Experiment 1; color for Experiment 2) at the cued side in WM for subsequent 98 

recognition, which reliably induces sustained CDA components. Then, we report the results from a series of 99 

follow-up experiments, which explore the specificity of tPBM in terms of wavelengths (Experiment 3) and 100 

stimulation sites (Experiment 4) for the enhancement of WM capacity and extend the principal behavioral and 101 

EEG of Experiment 1 and 2. 102 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2022. ; https://doi.org/10.1101/2022.02.24.481703doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.24.481703
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results. 103 

1064nm tPBM on the right PFC enhanced individual WM capacity. 104 

Two classic change detection tasks were implemented to assess WM performance, which requires participants 105 

to remember the orientations (Experiment 1) or color (Experiment 2) of a set of items in the cued hemifield (see 106 

Fig. 1C). Individual WM capacity was assessed by calculating the K value according to hit and false alarm rates 107 

(see Materials and Methods) under the high-load and low-load conditions. A two-way mixed-effect ANOVA 108 

with tPBM stimulation (sham, active; within-subjects) and tasks (orientation, color; between subjects) as factors 109 

was conducted on behavioral K values. The results revealed a significant main effect of tPBM stimulation (F1, 40 110 

= 13.436, p < 0.001, ηp
2 = 0.925) but no significant tPBM stimulation-by-task interaction (F1, 40 = 0.080, p = 111 

0.779, ηp
2 = 0.006). Specifically, compared with sham-tPBM, behavioral results showed that K values increased 112 

after active-tPBM with 1064 nm both in the orientation WM task (Experiment 1: t24 = 2.841, p = 0.009, Cohen’s 113 

d = 0.568, two-tailed) and in the color WM task (Experiment 2: t17 = 2.760, p = 0.013, Cohen’s d = 0.651, 114 

two-tailed). The mean tPBM effect (Active minus Sham) on K value for Experiment 1 was 0.186 ± 0.065 (BF10 115 

= 5.212), and the mean tPBM effect for Experiment 2 was 0.188 ± 0.051 (BF10 =20.336). This result supported 116 

the hypothesis that 1064 nm tPBM on the right PFC can enhance individual WM capacity. 117 

Several studies in neuro-enhancement, e.g., transcranial direct current stimulation (tDCS), showed a 118 

performance-dependent stimulation effect with generally stronger effects only for the individual with low WM 119 

capacity4, 20. To examine this effect with respect to tPBM, we divided participants into two sub-groups based on 120 

their averaged K values in the orientation WM task under sham-tPBM stimulation in Experiment 1 (n=13 and 121 

n=12 for low- and high-performance groups, respectively). A two-way mixed-effect ANOVA showed no 122 

significant interaction between tPBM stimulation and sub-group (F1,23 = 1.170, p = 0.291, ηp
2 = 0.110), 123 

suggesting a lack of performance-dependent effect. That is, both good and poor WM capacity could be 124 

improved after 1064 nm tPBM. A similar analysis involving the color WM task also showed no 125 

performance-dependent effects in Experiment 2 (F1,15 = 0.002, p = 0.963, ηp
2 < 0.001). 126 
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Our results in Experiments 1 and 2 demonstrate that participants could maintain more items in visual WM 127 

with external 1064 nm tPBM stimulation on the right PFC. These effects were independent of performance and 128 

task. Importantly, participants could not report or guess whether they were assigned to sham or active tPBM. 129 

Subjects guessed at chance level (see Fig.1B, hit rate = 48.1%), suggesting they had no awareness of the tPBM.  130 

 131 

 132 

 133 
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 134 

Figure 1. Protocol, task, and behavioral result in Experiment 1 and 2. (A) tPBM protocol. Active-tPBM was delivered by the laser 135 

with 1064 nm wave-length at the right PFC for a total of 12 -minute treatments. (B) Experimental protocol. Each participant 136 

received two tPBM sessions (active and sham, randomized, double-blind design), separated by one week. On the eighth day, 137 

participants were required to report or guess which session was active or sham tPBM. (C) WM tasks. In Experiment 1, the 138 

participants were required to perform an orientation WM task. In Experiment 2, the participant was required to perform a color 139 

WM task. Two tasks used the same relative timing and protocol, and the only difference between the two tasks is the memory 140 

dimension (orientation in Experiment 1; color in Experiment 2). Each participant only took part in one Experiment. (D) Left, 141 

performance in terms of K value for orientation WM task (up) and color WM task (down) under sham-tPBM (blue circles) and 142 

active-tPBM (red circles). Right, the tPBM effect on K value (active minus sham), The dots indicate individual performance. 143 

tPBM, transcranial photobiomodulation; PFC, prefrontal cortex; WM, working memory. * p < 0.05; ** p < 0.01. 144 
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 145 
CDA tracks the enhancement in individual WM capacity. 146 

The participants’ EEG signals were simultaneously recorded while they performed the WM tasks. Consistent 147 

with previous studies 19, the ERP results show a negative deflection at contralateral relative to ipsilateral scalp 148 

sites at PO7 and PO8 (see Supplementary). We defined the CDA amplitude set-size effect as the CDA 149 

amplitude of 2 objects (low-load) minus the amplitude of 4 objects (high-load). Note that we did not track the 150 

“raw” CDA amplitude, but rather the increase in CDA amplitude from low- to high-load as a dependent variable. 151 

To investigate the effect of tPBM on the CDA amplitude set-size effect, a two-way mixed ANOVA on the CDA 152 

amplitude set-size effect was conducted considering the WM task (orientation, color) and tPBM stimulation 153 

(sham, active) as factors. As expected, the results showed a significant main effect of tPBM stimulation (F1,41 = 154 

12.249, p = 0.001, ηp
2 = 0.227). The main effect of task (F1,41 = 0.660, p = 0.421, ηp

2 = 0.012) and the tPBM 155 

stimulation × task interaction (F1,41 = 0.474, p = 0.495, ηp
2 = 0.011) did not reach significance. Follow-up t-tests 156 

indicated that the CDA amplitude set-size effect during the delay period was significantly stronger in the 157 

active-tPBM session relative to the sham-tPBM session in both the orientation WM task (t24 = 2.313, p = 0.030, 158 

Cohen’s d = 0.463, two-tailed) and color WM task (t17 = 2.506, p = 0.023, Cohen’s d = 0.591, two-tailed). The 159 

sLORETA source estimates (see Materials and Methods) of the CDA set-size effect are shown in Fig. 2. These 160 

results suggested that the significantly increased CDA amplitude set-size effects (active minus sham) were 161 

localized in the superior IPS for two WM tasks with 1064 nm tPBM applied over the right PFC (ps < 0.05). 162 

To better understand the tPBM effect, we showed the K values and CDA set-size effects from different 163 

stimulation sessions across the orientation and color WM tasks (Fig. 2C). Although the K value and CDA 164 

set-size effect were evaluated as separate dimensions involving WM, as can be seen here, the changes in K 165 

values and CDA across the two tasks have similar trends induced by active-tPBM, relative to the sham-tPBM. 166 

This result is consistent with the hypothesis that significant behavior enhancements and CDA co-benefits are 167 

associated with the active-tPBM effect. Also as expected, the CDA set-size effect from the two experiments 168 

shows a task-independent tPBM effect.  169 
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 170 

Figure 2. Grand average of event-related potentials (ERPs) for the orientation WM task in Experiment 1 (A) and color WM task in 171 

Experiment 2 (B). Shading indicates the contralateral delayed activity (CDA) set-size effect. The enlarged black dots on EEG 172 

topographies show PO7/PO8 electrodes. Bar plots represent the average CDA set-size effect. Errors bars represent SEM. 173 

Significant set-size effects are located in the intraparietal sulcus (IPS). 3D brain map (t-map) back-view of significant tPBM effect 174 

on CDA. (C) tPBM-effect. K value and CDA set-size effect for the two tasks (orientation WM task, color WM task) and two 175 

sessions (active-tPBM, sham-tPBM). Solid lines indicate the value is compared with-subject. (D) Scatterplots of participants’ 176 

behavioral benefits (active minus sham) against the changes of CDA set-size effect (active minus sham) for the orientation WM 177 

task (gray) and the color WM task (black). tPBM, transcranial photobiomodulation; WM, working memory. * p < 0.05; ** p < 0.01. 178 
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 179 

Next, we were interested in testing whether the use of EEG recording could provide electrophysiology-linked 180 

evidence of the beneficial tPBM effect. We performed Pearson correlation analyses at the subject level to 181 

provide more detailed information on the relationships between CDA and behavior. As shown in Fig. 2D, 182 

participants with stronger CDA amplitude set-size effect showed higher tPBM effect on the behavioral K value 183 

(for orientation task: r = 0.446, p < 0.040; for color WM task: r = 0.563, p < 0.020). The results suggest, for 184 

both color and orientation WM task, that the CDA amplitude set-size effects might be able to predict the 185 

behavioral working-memory benefits from tPBM.  186 

CDA mediates the working memory improvements with tPBM (1064 nm) applied to right PFC  187 

Given the above significant relationship between the increase in CDA set-size effect and the increase in K value 188 

after 1064 nm tPBM, relative to sham sessions. We performed a mediation analysis (see Materials and Methods) 189 

to examine whether the effect of tPBM on WM capacity (reflected by K value) was mediated by the CDA 190 

set-size effect. Therefore, we considered the tPBM sessions (active vs. sham) as predictors, WM performance 191 

(K value) as the predicted variable, and CDA set-size effect as a mediator (see Fig. 3A). This mediation analysis 192 

revealed a significant indirect effect of CDA set-size effect (indirect effect: 0.300, 95% confidence interval: 193 

-0.107 to 0.706, p = 0.146; direct effect: 0.245, 95% confidence interval: 0.021 to 0.844, p = 0.040). Mediation 194 

analysis demonstrates the indirect effect of 1064 nm-tPBM on behavioral K value through an increase in the 195 

amount of information maintained in visual WM, as reflected by increases of CDA set-size effect. We further 196 

correlated CDA set-size effect with behavioral K value across all sessions in Experiment 1 and Experiment 2. 197 

Correlational analysis showed that the change of CDA set-size effect strongly correlated with the change of 198 

behavioral K value (r = 0.404, p < 0.001, confidence interval: 0.154 to 0.654; Fig. 3B), highlighting the robust, 199 

inherent relationship between CDA set-size effect and behavioral value. This result is consistent with previous 200 

research 21 that CDA is indicative of the number of maintained objects in visual working memory. 201 

 202 
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203 

Figure 3. CDA set-size effect mediated behavioral K values by 1064 nm-tPBM. (A) Mediation model demonstrating the 204 

1064 nm-tPBM on improved K values via increases in CDA set-size effect. a, b and c denote standardized beta coefficien205 

direct path strength. c’ denotes the beta coefficient of path strength after controlling for changes of CDA set-size ef206 

Scatterplots of behavioral K value (Z-score) and the CDA set-size effect (Z-sore) across all participants (active- and sham207 

in Experiment 1 and Experiment 2. tPBM, transcranial photobiomodulation; CDA, contralateral delayed activity, * p < 0208 

< 0.01. 209 

 210 

The wave-length specificity of tPBM on the enhancement of WM capacity. 211 

We next considered whether exogenous heat from active-tPBM might alter the neural activity or in212 

behavior relative to sham-tPBM sessions. In Experiment 3, we sought to disambiguate the eff213 

photobiomodulation and tissue heating and examine the optical specificity of tPBM by using laser l214 

different frequencies over the right PFC (852 nm, see Materials and Methods; Fig. 4A). We hypothesize215 

heating could enhance individual WM capacity, we should expect to find the same enhancement in K va216 

CDA amplitudes set-size effect after 852-tPBM as 1064-tPBM. Therefore, we use the same pow217 

stimulation duration as 1064-tPBM for 852-tPBM to control they produced the same quantity of heat. F218 

found that 852-tPBM did not modify the participants’ behavioral K value for the orientation WM t219 

compared to sham-tPBM (t19 = 0. 381, p = 0.707, Cohen’s d = 0.085, two-tailed, Fig. 4B). The mean220 

effect (active minus sham) on K value for Experiment 3 was -0.029 ± 0.088 (BF10 = 0.244). We compa221 

data between 852 nm tPBM in Experiment 3 and 1064 nm tPBM in Experiment 1 (Fig. 4D). A tw222 
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mixed-effect ANOVA on K values further revealed a significant tPBM stimulation (sham, active) and 223 

wavelength (1064nm, 852nm) interaction (F1,41 = 4.474, p = 0.041, ηp
2 = 0.095), indicating that WM 224 

performance improved significantly only in active-tPBM sessions applied 1064 nm wavelength, but not 852 nm 225 

wavelength. Similarly, 852-tPBM did not modulate CDA amplitude set-size in comparison to sham-tPBM for 226 

orientation WM task (t19 = 0. 129, p = 0.899, Cohen’s d = 0.030, two-tailed, Fig. 4C). A two-way mixed-model 227 

ANOVA on CDA amplitudes further revealed marginally significant tPBM stimulation (sham, active) and 228 

wavelength (1064 nm, 852 nm) interaction (F1,41 = 3.623, p = 0.064, ηp
2 = 0.080). These results suggest that the 229 

tPBM effect on WM is specific to the 1064 nm wavelength and heating does not play a role in the behavioral 230 

and electrophysiological changes observed here. Subjects also guessed at chance level (hit rate = 47.8%), 231 

suggesting they had no awareness of the 852 nm tPBM over the right PFC. 232 

 233 

 234 

Figure 4. (A) Stimulation protocol. Active-tPBM was delivered by the laser light with 852 nm wave-length over right PFC in 235 

Experiment 3 (black sine wave) or 1064 nm wave-length in Experiment 1, 2 and 4 (gray sine wave). (B) In terms of K value for 236 

tPBM stimulation (sham, active) for orientation WM task in Experiment 3. The circles indicate individual performance. (C) Grand 237 
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average of event-related potentials for active 852 nm- and sham-tPBM session. Shading indicates the CDA set-size effect. Bar 238 

plots represent the average CDA set-size effect: blue, sham session, red, active session. Errors bars represent SEM. 3D brain map 239 

(t-map) back-view of significant tPBM effect on CDA. (D) K value and CDA set-size effect for the orientation WM task in 240 

Experiment 3 (852nm tPBM) and Experiment 1 (1064 nm tPBM). tPBM, transcranial photobiomodulation; PFC, prefrontal cortex; 241 

WM, working memory. 242 

 243 

1064nm tPBM on the left PFC could not enhance individual WM capacity. 244 

In Experiment 4, we use the same power, stimulation duration, but left PFC as a control stimulation location to 245 

examine whether the 1064 nm tPBM could enhance the WM capacity regardless of the location of stimulation 246 

(Fig. 5A). The task in Experiment 4 is the same orientation WM task as Experiment 1. Figure 4 showed that 247 

compared to sham-tPBM, 1064nm tPBM on left PFC did not enhance the individual behavioral K value (t19 = 0. 248 

381, p = 0.707, Cohen’s d = 0.085, two-tailed, Fig. 5B) and corresponding CDA set-size effect (t19 = 0. 129, p = 249 

0.899, Cohen’s d = 0.030, two-tailed, Fig. 5C). The mean tPBM effect (active minus sham) on Kmax value for 250 

Experiment 4 was -0.032 ± 0.058 (BF10 = 0.258). We compared the data between tPBM applied on the left PFC 251 

in Experiment 4 and tPBM applied on the right PFC in Experiment 1 (Fig. 5D). A two-way mixed-model 252 

ANOVA further revealed significant interactions between tPBM stimulation (sham, active) and location (left, 253 

right) on both K values (F1,42 = 4.474, p = 0.041, ηp
2 = 0.095) and on CDA set-size effect (F1,42 = 2.623, p = 254 

0.044, ηp
2 = 0.098), indicating that WM performance improved significantly only in 1064 nm tPBM sessions 255 

applied on right PFC, but not on left PFC. Subjects also guessed at chance level (hit rate = 46.9%), suggesting 256 

they had no awareness of the tPBM over left PFC. 257 

 258 
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 259 

Figure 5. (A) Stimulation Protocol of Experiment 4. Active-tPBM was delivered by the laser with 1064 nm wave-length at the left 260 

prefrontal cortex for a total of 12 -minute treatments. (B) In terms of K value for tPBM stimulation (active, sham) applied on left 261 

PFC in Experiment 4. Each circle indicates individual performance. (C) Grand average of event-related potentials for 1064 nm- 262 

and sham-tPBM session in Experiment 4. Shading indicates the CDA set-size effect. Bar plots represent the average CDA set-size 263 

effect: blue, Sham session, red, Active session. Errors bars represent SEM, 3D brain map (t-map) back-view of significant tPBM 264 

effect on CDA. (D) K value and CDA set-size effect for the orientation WM task in Experiment 4 (tPBM stimulation applied on 265 

the left PFC) and in Experiment 1 (tPBM stimulation applied on the right PFC). tPBM, transcranial photobiomodulation; PFC, 266 

prefrontal cortex; WM, working memory. 267 

 268 
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Time course of the enhancement in WM after tPBM.  269 

To investigate the emergence of the behavioral enhancement across blocks, we calculated the K values of 270 

high-load conditions across the four blocks in all four experiments (Fig. 6). Paired t-test showed, relative to 271 

sham session, significant behavioral enhancements were only found during the late period in Experiment 1 272 

(block 3: t24 =3.840, p < 0.001, Cohen’s d =0.768, two-tailed; block 4: t24 = 2.155, p = 0.041, Cohen’s d = 0.504, 273 

two-tailed) and Experiment 2 (block 3: t17 = 2.137, p = 0.047, Cohen’s d = 0.431, two-tailed) with 1064 nm 274 

tPBM on right PFC, but not found in other blocks or experiments (ps > 0.050). We further compared the K 275 

value in block 3 across Experiment 1 and Experiment 3 when applying tPBM over the right PFC, 1064 nm 276 

stimulation relative to 852 nm enhanced the K values of working-memory behavior (t42 =2.795, p = 0.008, 277 

Cohen’s d =0.838, two-tailed). When applying tPBM with the same 1064 nm wavelength, stimulation over the 278 

right PFC relative to the left PFC enhanced the K values of working-memory behavior (t43 =1.959, p = 0.056, 279 

Cohen’s d =0.580, two-tailed). No significant differences were found in other blocks (ps > 0.050). 280 

 281 
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 282 

Figure 6. (A) K values across the four blocks in the orientation WM task in Experiments 1, 3 and 4. Blue line represents the sham 283 

session in Experiment 1. (B) K values across the four blocks in the color WM task in Experiment 2. Blue line represents the sham 284 

session in Experiment 2. WM, working memory. * p < 0.05; ** p < 0.01. 285 

 286 
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No evidence for the contralateral enhancement or ipsilateral inhibition after tPBM.  287 

Our results showed that the increase in CDA set-size effects track WM capacity benefits after 1064 nm tPBM 288 

applying on the right PFC. Previous studies proposed that CDA reflected the inhibition of ipsilateral 289 

task-irrelevant information 22. Considering CDA is a difference wave between contralateral and ipsilateral 290 

waves of memory objects, it is necessary to examine tPBM effect on both contralateral and ipsilateral ERPs 291 

(Supplementary Figures 1 – 4). However, we did not find a robust difference between active and sham tPBM 292 

for contralateral or ipsilateral ERPs, suggesting that the tPBM effect might not simply contribute to only the 293 

contralateral or ipsilateral hemifield of memory objects. Further work is needed to explore the tPBM effect on 294 

task-relevant contralateral enhancement and task-irrelevant ipsilateral inhibition during WM retention.  295 

Materials and Methods. 296 

Participants.  297 

Neurologically normal college students (n = 90) with normal or corrected-to-normal vision took part in four 298 

experiments. 27 of whom participated in experiment 1 (5 male, mean age = 22). No statistical methods were 299 

used to pre-determine the sample size, but the sample size was chosen to be adequate to receive significant 300 

results as determined by preliminary experiments. Because the identified tPBM effect on CDA amplitudes in 301 

experiment 1 was robust, we set the sample size to 21 in experiments 2–4 (experiment 2: 7 male, age range = 302 

22.753±3.750; experiment 3: 8 males, age range = 22.655±4.050; experiment 4: 7 male, age range = 22.808±303 

3.955). For the EEG analysis, data from 12 participants (four in experiment 1, three in experiment 2, three in 304 

experiment 3, two in experiment 4) were excluded due to incomplete data or low EEG quality. The Institutional 305 

Review Board approved the experimental procedures of Beijing Normal University, and informed consent was 306 

obtained from each participant. 307 

 308 

Experimental Protocol.  309 

Each participant only took part in one of four experiments. Each experiment consisted of one active tPBM 310 

session and one sham tPBM session completed on the first and seventh days. The order of two sessions was 311 
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counterbalanced across participants (see Fig. 1B). On the eighth day, participants were required to report (or 312 

guess) which session was the active tPBM session. Before EEG recordings, all subjects participated in a training 313 

block to ensure that they could perform the tasks above chance level and check for potential EEG artifacts.  314 

 315 

tPBM Protocol 316 

The measured uniform laser beam has an area of 13.57 cm2 (4 centimeters diameter) and a continuous power 317 

output of 2271 milliwatts (mW), resulting in an irradiance or power density of 167 milliwatts/cm2 (2271 318 

mW/13.57 cm2 = 167 mW/cm2). At this power level, the energy emitted by the laser is one-fifth of the skin's 319 

maximum permissible exposure (167 mW/cm2), exposure to it is not deemed harmful to tissue, and it causes no 320 

detectable physical damage and imperceptible heat. We performed a handheld stimulation on human tissue. The 321 

stimulation site in our experiment was centered on the FP2 electrodes (Experiments 1, 2 and 3) or the FP1 322 

electrode (Experiment 4) based on the 10–20 system used for EEG electrode placement (Fig.1A, upper panel). 323 

Each subject will be instructed to sit on a chair, adjusted to ensure comfort throughout the measurement. The 324 

room's ambient lighting will be shut down to ensure that it does not contaminate the laser light. Participants are 325 

instructed to wear protective eyewear and keep their eyes closed, as required by the laser manufacturer and the 326 

Beijing Normal University Laser Safety Program. In the active-tPBM session, the area stimulated (a 60 s/cycle, 327 

total laser energy per cycle = 2.271 W × 60 s = 136.26 J/cycle) alternated between sites medial and lateral to the 328 

right forehead (FP2) for 12 minutes before EEG recording. The sham-tPBM session received two brief 329 

0.5-minute treatments (the first one at the beginning of the stimulation and the second in the end) to the 330 

intended site on the forehead, separated by 11-minutes of no treatment (laser power will be tuned down to 0 W; 331 

Fig. 1A, lower panel). Thus, the sham-tPBM session received approximately 1/12th of the cumulative energy 332 

density as the active session. This 0.5-minute treatment was a necessary part of the active placebo session by 333 

providing a similar subjective experience to the active-tPBM session. Since slight and brief laser light does not 334 

produce physiological or cognitive effects 14, 23. For tPBM stimulation, 1064 nm was used for Experiment 1, 2 335 

and 4; 852 nm was used for Experiment 3. The two nanometers were controlled to release equal optical energy. 336 
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Each session will last 45-60 min (10-12 min tPBM stimulation, 8 min rest, and 25-30 min EEG recording). The 337 

active and sham sessions will be divided at least one week to avoid the tPBM overlapping effects. 338 

 339 

Working Memory Task.  340 

The stimuli were presented on a 21-inch liquid crystal display monitor (1200 × 768 pixels, 120 Hz refresh rate) 341 

with a homogeneous light gray background (12 cd/m2, RGB: 125, 125, 125) at a distance of 65 cm. At the 342 

beginning of each trial, a 200 ms central arrow cue instructed the participants to remember the left or the right 343 

hemifield objects. Next, the memory array was presented for 100 ms, followed by a 900 ms interval. Then, the 344 

probe array was presented for a maximum of 2000 ms or until response. Participants were instructed to respond 345 

as quickly and accurately as possible whether the orientation or color of objects in the cue-side has changed 346 

after a working memory delay. 347 

In the orientation WM task, all memory arrays were presented within two 4°×7.3° rectangular regions that 348 

were centered 3° to the left and right of a black central fixation cross (0.5 cd/m2, 0.4°×0.4°). Each memory array 349 

consisted of two or four red oriented bars (2° in length and 0.5° in width) in each hemifield selected randomly 350 

between 0° to 180°, with the constraint that the orientations among bars within a hemifield were at least 20° 351 

difference. Bars' positions were randomized on each trial, with the constraint that the distance between bars 352 

within a hemifield was at least 2° (center to center). The orientation of one bar in the probe array was different 353 

from the corresponding object in the memory array in 50% of trials in each hemifield; the two arrays' 354 

orientations were identical on the remaining trials. In the color WM task, each memory array consisted of two 355 

or four colored squares (1°×1°) in each hemifield. Each square was selected randomly from a set of nine colors 356 

(red, green, blue, yellow, violet, pink, orange, black, and white). In the low-load condition, one square was 357 

presented in each quadrant. In the high-load condition, two squares were presented in each quadrant. In the 358 

probe array, the color of one square was different from the corresponding object in the memory array in 50% of 359 

trials in each hemifield; the two arrays' colors were identical on the remaining trials. Each session involved 8 360 

blocks (4 low-load blocks and 4 high-load blocks, randomized across blocks). Each block contained 60 trials, and 361 

an ~1-minute break separated adjacent blocks. In total, we collected 960 trials within about 30 minutes in each 362 
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experiment per participant. Experiment 3 and 4 were identical to the same orientation WM task in Experiment 1, 363 

except that participants were assigned to active-tPBM with different wavelengths (852 nm) in Experiment 3 and 364 

on another site (left PFC) in Experiment 4.  365 

We computed visual memory capacity with a standard formula19 that essentially assumes that if an observer can 366 

hold in memory K items from an array of S items, then the item that changed should be one of the items being held 367 

in memory on K/S trials, leading to correct performance on K/S of the trials on which an item changed. The 368 

formula is K = S × (H – F), where K is the memory capacity, S is the load of the array, H is the observed hit rate, 369 

and F is the false alarm rate. We evaluated the WM capacity according to K value under the high-load condition. 370 

 371 

EEG recording and analysis.  372 

The participants’ EEG signals were simultaneously recorded while they performed the tasks. The EEG data 373 

were acquired using a SynAmps EEG amplifier and the Curry 8.0 package (NeuroScan, Inc.) from a Quick-cap 374 

with 64 silver chloride electrodes arranged according to the international 10–20 system. To detect eye 375 

movements and blinks, vertical eye movements were recorded from two vertical electrooculogram electrodes 376 

placed 1 cm above and below the left eye, while horizontal eye movements were recorded from two horizontal 377 

electrooculogram electrodes placed at the outer canthus of each eye. All electrodes, except those for monitoring 378 

eye movements, were referenced online to the left mastoid. Electrode impedance was kept below 5 kΩ. The 379 

EEG was amplified at 0.01–200 Hz and digitized online at a sampling rate of 500 Hz. 380 

The data were processed in MATLAB (The MathWorks Inc., Natick, MA) using the ERPLAB toolbox and 381 

custom codes. They were preprocessing involved applying a 0.01–40 Hz bandpass filter and re-referencing data 382 

offline to the average of all electrodes. The EEG data were then segmented relative to memory array onset 383 

(from –200 to 1000 ms). Independence component analysis (ICA) was performed to correct eye-blink artifacts 384 

by semiautomatic routines for the segmented data. Epochs were automatically excluded from averaging if the 385 

EEG exceeded ±100 μV at any electrode or if the horizontal EOG exceeded ± 30 μV from 0 to 500 ms around 386 

cue array onset. Then, epochs that continued to show artifacts after this process were subsequently detected and 387 
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removed by the eye. Data from nine participants (three in experiment 1, two in experiment 2, two in experiment 388 

3, two in experiment 4) were discarded because of the high ratio of excluded trials (>40% of trials). Among the 389 

participants' final set, artifacts led to the rejection of an average of 12.3% of trials per participant (range 390 

0.4–27.6%). 391 

For ERP processing, we focused on the ERP triggered by the memory array. The baseline correction was 392 

calculated for 200 ms before memory display onset in each trial. The trials were then averaged for each 393 

condition to create the ERP response. Contralateral waveforms were computed by averaging the right electrode 394 

sites for trials on which to-be-remembered objects occurred on the left side with the left electrode sites for trials 395 

on which to-be-remembered objects occurred on the right side. Ipsilateral waveforms were computed by 396 

averaging the right electrode sites for trials on which to-be-remembered objects occurred on the right side with 397 

the left electrode sites for trials on which to-be-remembered objects occurred on the left side. 398 

The CDA was measured at the posterior parietal (PO7/PO8) as the difference in mean amplitude between the 399 

ipsilateral and contralateral waveforms, with a measurement window of 500–1000 ms after the onset of the cue 400 

array. In this study, the memory display could induce an N2pc before the CDA component 24. To obtain a pure 401 

CDA measure without contamination of the N2pc component, we began the CDA measurement period at 500 402 

ms, by which time the N2pc had ordinarily terminated. Note that the target's contralateral waveform was the 403 

average of the left-hemisphere electrodes when the target was in the right visual field and the right-hemisphere 404 

electrodes when the target was in the left visual field. Similarly, the ipsilateral waveform for the target was the 405 

average of the left-hemisphere electrodes when the target was in the left visual field and the right-hemisphere 406 

electrodes when the target was in the right visual field. 407 

During ERPs analysis in the visual WM task, we detected the difference of CDA between groups in active 408 

and sham sessions with t-statistics analysis. For each comparison, a test was calculated for time-samples in ERP 409 

components with 5000 random permutations.  410 

Source locations 411 

The three-dimensional (3-D) distribution of the tPBM effect (Active minus Sham) in electrical activity was 412 

analyzed for each subject using the LORETA software 25. Localization of the CDA set-size effect between the 413 
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active session and the sham session was assessed by voxel-by-voxel paired t-tests of the LORETA images. To 414 

correct for multiple comparisons, a nonparametric permutation test was applied (p < 0.050, determined by 5000 415 

randomizations). Finally, the result values were shown with a 3-D brain model and evaluated for the level of 416 

significance. 417 

Statistical analysis 418 

Mediation analysis for multilevel data was performed in the SPSS statistics package (version 20.0). three 419 

models were built in the analysis: (1) a linear model to test the relationship between the tPBM session and the 420 

behavioral K value; (2) a generalized linear model was established with “Active vs. Sham” as the predictors, 421 

“CDA set-size effect” as the mediator, and “behavioral K value” as the predicted variable. The direct and 422 

indirect effects were then obtained by contrasting these two models. The null hypothesis was tested by 423 

examining whether zero was within the 95% bootstrap confidence intervals (CIs). 424 

We conducted a Bayesian analysis (conducted with JASP software v. 0.13.1.0) to test for evidence for the 425 

null. Bayes factor analyses with default priors (r = 0.707) was performed on the EEG data (BF10 = support for 426 

H1 over H0; BF10 < 0.333: substantial evidence for the null). 427 

 428 

 429 

Discussion 430 

Across four complementary EEG experiments, we provided the converging evidence that 1064 nm tPBM 431 

applied to the right PFC could improve visual WM capacity. In the first two experiments, behavioral K values 432 

can be enhanced for both orientation and color WM by 1064 nm tPBM applied on the right PFC. Crucially, we 433 

found such WM memory improvements were tracked by individual CDA set-size effects. A mediation analysis 434 

revealed that the CDA mediated the behavioral enhancements with tPBM. Further studies demonstrated that 435 

effects on capacity enhancement of visual WM were absent for tPBM applied at 852nm tPBM (Experiment 3) 436 

and to the left PFC (Experiment 4). 437 
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The reason why tPBM has not been widely adopted to improve WM in humans might be the absence of a 438 

neurophysiological account of tPBM-linked performance gains. In the current study, a well-established 439 

change-detection task allows us to directly estimate visual WM's capacity limits while recording the EEG22. 440 

This allowed us to uncover the link between the behavioral benefits of tPBM and the underlying neuronal 441 

mechanism. Another reason might be that tPBM more or less with thermal effect might lead to placebo or 442 

subject-expectancy effects towards the active-tPBM could thus be expected, which hard to provide convincing 443 

and exclusive evidence for tPBM effect. Thus, we reduced the chosen irradiance of 250 mW/cm2 previously 444 

used to 167 mW/cm2 in the present study, which just ensure that participants were unable to report which 445 

stimulation they had received at either of the two sessions. We also applied double-blind, randomized tPBM 446 

protocols to rule out the potential observer-expectancy effects associated with active tPBM.  447 

 Based on strictly designed experiments, we provided the first evidence that 1064 nm tPBM applied on the 448 

right PFC can benefit subsequent behavioral K value with increasing occipitoparietal CDA set-size effects 449 

during the retention. Because the CDA set-size effect reflects the number of objects online-held in visual WM 21, 450 

our results suggested that 1064 nm tPBM on right PFC could boost the visual WM capacity. It corroborates and 451 

extends existing findings that active maintenance of visual information in the occipitoparietal cortex could be 452 

boosted via enhancing the contribution of right PFC in WM maintenance visual WM 26. Importantly, we 453 

established neurophysiological links between the 1064 nm tPBM and subsequent WM performance, in which 454 

CDA during the retention served as a complete mediator. It suggests that increased performance on WM from 455 

1064 nm tPBM might stem from the right PFC stronger engaging parietal areas as reflected by increased CDA 456 

set-size effect. However, given that either hemodynamic activities22, 27 or EEG28 within the parietal cortex is 457 

correlated with WM capacity both between and within subjects, we could not pinpoint whether the CDA 458 

set-size effect plays a causal role in enhanced WM capacity or is a by-product of hemodynamic activities. Given 459 

that the frontoparietal network (FPN) including supplementary motor area (SMA), PFC and IPS is thought to be 460 

important for WM 29, we suggest that the 1064 nm tPBM might increase the metabolism (e.g. providing more 461 

ATP) in right PFC with positive benefits for the WM-related FPN network. An alternative explanation is that 462 

the neurovascular coupling between hemodynamic activities and EEG plays a role in visual information 463 
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processing30, 31. Thus, further EEG-fNIRS/fMRI studies are necessary to gain a better understanding of the 464 

underlying mechanism of beneficial effects from tPBM. 465 

Wave-length is a major illumination parameter of tPBM within an “optical window” in the 466 

red-to-near-infrared optical region (620–1150 nm), as it greatly determines the photon absorption of molecular 467 

target CCO10. The ideal laser light of tPBM should have the theoretical advantage of traveling deeper into the 468 

tissues of the human body and the best absorption of light by CCO. In reality, there is a trade-off between 469 

absorption of light by CCO and depth of penetration. On the absorption spectra, the photon absorption peak of 470 

COO was closer to 852 nm. While light at this wavelength is more scattering, which prevents light from 471 

traveling too deeply through tissue. In comparison, the longer 1064 nm wavelength allows for deeper tissue 472 

penetration but less absorption of light by CCO. Here, we chose tPBM with 1064 nm (good penetration) and 473 

852 nm (good absorbers) as two different illumination parameters to find the optimal wave-length for tPBM. 474 

We found that tPBM with 1064 nm specifically boosted participants’ behavioral performance, as well as CDA 475 

set-size effect in the WM task. Interestingly, such behavioral and electrophysiological modulations were not 476 

observed for tPBM with 852 nm. These results support that 1064 nm is a better wave-length for tPBM with 477 

photon delivery into the PFC due to its reduced tissue scattering32. 478 

Note that tPBM with 852 nm contained the same laser energy over the same time as 1064 nm and thus 479 

resulted in comparative heating. It can be considered as an active-controlled group to eliminate the exogenous 480 

thermal effect that would bias or confound the observed changes. To our knowledge, these results provide the 481 

first evidence of wavelength-specific WM capacity improvement by tPBM. Meanwhile, uncertainty remains 482 

about the photobiomodulation mechanism at different illumination parameters in the human brain. Further 483 

research should determine how variation in illumination parameters, such as power density, treatment timing 484 

and pulse structure, would affect the memory-enhancing effects of tPBM.   485 

Our results showed that tPBM contribution to WM capacity is specific to the right PFC rather than the left 486 

PFC. It supports that the right PFC was more closely associated with information maintenance in visual-spatial 487 

WM18. Given previous work showing that WM capacity could be modulated by increasing the PFC 488 
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excitability33, we offered a new effective intervention that could enhance visual WM capacity and provided new 489 

evidence for a causal relation between right PFC and visual WM capacity34, 35. 490 

In the past decade, some NIBS technology such as tDCS has been shown to enhance WM performance by 491 

increasing the stimulated cortical excitability. The null effect of left PFC stimulation of tPBM in Experiment 4 492 

is consistent with the observation that applying anodal tDCS over the left PFC failed to improve visual WM 493 

capacity36. However, some other studies have shown that applying anodal tDCS over the left PFC could 494 

improve behavioral performance during verbal WM tasks37-39. Although both left and right PFC might have 495 

general beneficial effects from NIBS technology, as “central executive” is an important unit in the classic 496 

storage-and-processing mode of WM40, the recent review pointed out the distinct neural mechanisms between 497 

visual and verbal WM41. Anyhow, our observations expand the role of the right PFC in visual WM processing 498 

by providing a causal link between behavioral outcomes and tPBM. 499 

Furthermore, anodal tDCS over the right posterior parietal cortex (PPC) could immediately improve WM 500 

performance in individuals with low WM capacity4, 20. It suggested that the upper limit to WM in humans 501 

cannot be easily broken through tDCS, at least for high-performing individuals who are already above average 502 

to begin with. However, our results showed a performance-independent effect (both large and insufficient WM 503 

capacity could be improved) across different WM tasks after active 1064 nm tPBM. We suggested that tPBM is 504 

a useful tool for improving WM's upper limits by augmenting the neural metabolism of the relevant frontal 505 

regions. Alternatively, recent studies have attempted to improve WM performance and modulate brain activity 506 

through within-trial rhythmic entrainment from alternating stimulation2 and repetitive magnetic stimulation3. 507 

These studies suggest that this NIBS technology can bring the peak and online benefit of behavior and 508 

neurophysiological gains by modulating temporally neuronal oscillations when administered simultaneously to 509 

the WM task. However, participants subjected to 1064 nm-tPBM performed better after the first two blocks than 510 

those who received the sham-, 852 nm- or left-tPBM. It seems that tPBM can yield significant benefits of 511 

behavior after several minutes, but not immediately. These observations might stem from tPBM which required 512 

the involvement of multi-process of brain activity, unlike that tDCS induce the change of the underlying cortex 513 

by causing the neuron’s resting membrane potential to depolarize or hyperpolarize, which is consistent with 514 
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previous research that tPBM modulate CCO, yield optimal impact when administered after the target task over 515 

several minutes42-44.  516 

In conclusion, our study provides novel and compelling evidence that tPBM can effectively enhance visual 517 

working memory capacity in humans. Considering that several diseases, such as attention-deficit hyperactivity, 518 

Alzheimer showed a decline in WM capacity, our observations offer an effective, cost-effective, safe and 519 

non-invasive brain intervention for future clinical intervention. So far, there are no side effects or harm 520 

associated with tPBM reported in the literature, which gives security for issues of safety that will be required. 521 

Indeed, the effect of tPBM might depend on the ability of light to penetrate the intracranial depths, as well as 522 

the power density, wavelength, and dosage. Further work is needed from biophysical and neurobiological 523 

aspects to exploit the full potential of tPBM for healthy and clinical populations. 524 

  525 
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