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Background: Memory efficiency is influenced by the modalities of acquisition and
retrieval. The recall accuracy of read or voiced material differs depending on whether
the recall is given verbally or in writing. The medial prefrontal cortex (MPFC) is
critical for both attentional allocation and short-term memory, suggesting that different
short-term memory recall modalities are associated with distinct mPFC processes and
activation patterns.

Methods: Near-infrared spectroscopy (NIRS) was used to monitor mPFC oxygenation
parameters of 30 healthy subjects during acquisition and recall tasks as a measure of
neural activity. Oxygenation parameters and recall accuracy were compared between
oral and written answers and the potential correlations were analyzed.

Results: Written responses were more accurate than verbal responses to the same
questions and evoked greater changes in mPFC oxyhemoglobin (oxyHb) and total
Hb (total-Hb). Furthermore, there were significant positive correlations between recall
accuracy and both AloxyHb] and Aftotal-Hb] in the mPFC.

Conclusion: Memory accuracy of written material is greater when responses are also
written rather than verbal. In both cases, recall accuracy was correlated with the degree
of mPFC activity. This NIRS-based learning and memory paradigm may be useful for
monitoring training efficacy, such as in patients with cognitive impairment.

Keywords: memory, short-term memory, near-infrared spectroscopy, NIRS, verbal, medial prefrontal cortex

INTRODUCTION

Learning and memory involve are multi-step neural which include the encoding and acquisition of
information (memorization), its storage and retention (consolidation), and finally its reproduction
or recognition (recall) (Amodio, 2019; Fukuda et al., 2020). Temporal patterns of presentation
(spaced or condensed) and the modality of information presentation and recall can affect overall
performance, which further adds to the complexity of these processes. However, few studies have
examined the effect of output modality on memory performance for the same input material and
the associated differences in underlying neural processing patterns. For instance, performance and
spatiotemporal neural activity during recall of written information (acquired by reading) may differ
depending on whether recall is rewritten or verbal.
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The prefrontal cortex (PFC) contributes to numerous
advanced brain functions (D’Esposito et al., 2000; Davidson et al.,
2006). Both the lateral and medial surfaces of the PFC receive
projections from medial temporal lobe (MTL) and thalamus,
which are part of the recognition memory network (Banks et al.,
2012; Pergola and Suchan, 2013; Preston and Eichenbaum, 2013;
Guo and Yang, 2019) which are critical for recall (Cohen et al.,
2018). Medial prefrontal cortex (mPFC) plays a critical role in
remote, recent and short-term memories over a broad range of
tasks (Euston et al., 2012). Different recall modalities may result
in different levels of mPFC activity.

These mPFC functions have been revealed by analyzing
associations between regional brain injury and functional deficits,
as well as by multiple neuroimaging modalities during tasks that
engage various cognitive functions. Such neuroimaging studies
have found that mPFC is active during the maintenance and
manipulation of information in working memory (Nee et al.,
2013), cognitive control, and attentional regulation (Rowe et al.,
2000; Miller and Cohen, 2001; Lissek and Gunturkun, 2004).
Near-infrared spectroscopy (NIRS) allows for acquisition and
analysis of such phenomena in real time. Increased regional
brain activity is associated with greater local metabolism and
blood flow, and NIRS provides a method for measuring neural
activity associated with local changes in hemoglobin (Hb)
concentration (Miller and Cohen, 2001). By exploiting the
different optical absorption curves of oxyhemoglobin (oxyHb)
and deoxyhemoglobin (deoxyHb), NIRS can monitor tissue
metabolism and brain activity (la Cour et al., 2018) with accuracy
comparable to functional magnetic resonance imaging (fMRI)
(Moriguchi et al., 2017). However, unlike fMRI, NIRS is portable,
non-invasive, places fewer behavioral constraints on subjects, and
is much less costly (Yeung et al., 2016a). Moreover, NIRS can be
used for some patients with contraindications to fMRI. These
advantages have served to greatly expand the use of NIRS for
studying human brain function (Weigl et al., 2016; Agbangla
etal, 2017; Annavarapu et al., 2019).

This study used a two-channel NIRS system to monitor
changes in oxyHb and deoxyHb concentrations in bilateral
mPFC during the written or verbal recall of read material. The
primary objective of this study was to examine how output
modality affects memory performance and underlying mPFC
activity. Specifically, this study assessed (1) whether mPFC
Hb parameters differ during written and verbal responses, (2)
whether memory accuracy differs according to recall modality,
and (3) if there is a correlation between Hb changes in mPFC and
recall accuracy.

METHODS

Subjects

Thirty right-handed subjects aged 22-30 years (16 males, 14
females) with an average of 16.27 £ 0.59 years of formal
education were recruited. The sleep time before the experiment
was more than 7h in all cases (7.48 £ 0.85h) (Cespedes et al.,
2016). None of the participants reported alcohol intake or drug
use on the day of the experiment and no participant reported a
history of neurological or psychiatric disorders. All participants

O Measurement channel
o Light-emitting probe
e Light-receiving probe

FIGURE 1 | Two measurement channels centered at Fpz.

had normal or corrected-to-normal vision. Each participant
provided informed written consent, and the study protocol
was approved by the Ethics Committee of the Third Afhiliated
Hospital of Soochow University.

Equipment

We used a dual-channel NIRS system (EGOS-600A; Enginmed
Bio-Medical Electronics, Suzhou, China) to measure
hemodynamic responses from the foreheads of all 30 subjects.
According to the international 10-20 electrode system, two
pairs of light detectors were placed at positions Fpl-F7 and
Fp2-F8, and corresponding light sources were placed at Fp1 and
Fp2, 3 and 4 cm from the two detectors, respectively. Based on
previous studies (Okamoto et al., 2004; Koessler et al., 2009), it
was estimated that the channels were located around the mPFC.
In this configuration, tissue A[oxyHb] and A[deoxyHDb] can be
detected at a depth of 2-3 cm below the scalp surface (Figure 1).
The device uses three near-infrared wavelengths, 760, 810, and
840 nm, and calculates A[oxyHb] and A[deoxyHb] according to
the modified Beer-Lambert law. Total hemoglobin concentration
(A[total-Hb]) was then calculated as the sum of the two. Output
was sampled every 2s and both high-pass and low-pass filtered
to reduce noise interference. During the experiment, subjects
were asked to minimize head shaking to reduce error caused by
changes in hydrostatic pressure.

Experimental Protocol
The experiment was conducted in a 3 x 4m room, and the
air conditioner was adjusted to maintain the room temperature
at 20-24°C, which reduced changes in instrument sensitivity
due to forehead perspiration. The NIRS probes were fixed to
the subject after wiping the skin surface with an alcohol-soaked
cotton ball (to reduce effects of oil, cosmetics, etc.) and organizing
the subject’s hair. The exterior of the probe was fixed to the
forehead by a bandage to reduce natural light interference and
prevent the probe from falling off during the experiment.

After the probe was fixed, the subject rested while cerebral
oxygen parameter recording began. During the experiment, the
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subjects read two articles (Su, 2005; Zhang and Sun, 2018), each
about 3,000 words in length. The reading time was 10 min per
article. Subjects were then questioned verbally on the contents
of the article and responded either in writing or verbally. For
example, after reading an article on a societal issue, the subject
was asked about the potential solutions provided by the article’s
author. If incorrect answers were provided, the subjects were
allowed to correct themselves, whether in writing or verbally.
The experimenter scored the answers from 0 to 10 according to a
unified rubric, where points were earned for correctly identifying
or summarizing the content of the article in accordance with the
provided questions. There was a 10-min break between the two
reading and question sessions. To reduce priming, the subjects
were randomly assigned to two groups. Group A provided oral
responses to oral questions after reading the first article and
completed written answers to oral questions after reading the
second article, while Group B read articles in the same order
but provided written responses to questions on the first article
while providing oral responses to questions about the second.
In addition, the first 10 s of each recording period was removed
to reduce the residual effects of the previous task. Based on
previous studies on comparable subjects, we found that most
oral responses could be provided within 5min, while written
answers could be provided within 10 min. As such, to reduce
experimental error, we limited oral response times to 5min and
written response times to 10 min. After reading each article and
providing answers, subjects scored the difficulty of the reading
material and questions from 0 to 10. The responses of all subjects
were then scored by two researchers, and the average score
was recorded.

Statistical Analysis

Average AloxyHb] and A[deoxyHb] values were calculated
for each subject at pre-task baseline and during both reading
and answering sessions. Shapiro-Wilk W tests were used to
check normality for each continuous variable. Values were then
compared according to answer type for the same article (written
vs. oral). We also examined the correlations between NIRS
measurements and answer scores.

T-tests were used to compare measured differences in brain
oxygen parameters at different points in the experiment. Pearson
correlation analyses and descriptive statistical analysis methods
were then used. All analyses were performed using SPSS 26.0
software, where a statistical significance was set at p < 0.05.

RESULTS

Behavioral Data

All 30 subjects completed the experiment, but NIRS data
from four male subjects were removed due to changes in
probe sensitivity caused by forehead perspiration. The self-rated
difficulty scores were moderate for both articles (4.85 + 1.51
and 4.77 £ 1.37, respectively). Tables 1, 2 summarizes basic
demographic information of the participants and the subjects’
scores for oral and written answers. Scores for written answers
were higher than scores for oral answers for both articles.

TABLE 1 | Demographic characteristics of subjects.

Group Number Sex Age (years) Education (years) Sleep
(Male/ duration
Female) (hours)
A 14 77 25.14 (2.23) 16.29 (0.59) 7.49 (0.97)
B 12 5/7 25.17 (1.82) 16.25 (0.60) 7.47 (0.67)
Total 26 12/14 25.15 (2.05) 16.27 (0.59) 7.48(0.85)

Age, education, and sleep duration expressed as mean (standard deviation).

TABLE 2 | Demographic characteristics of participants and article test scores.

Group A Group B Total

Mean SD Mean SD Mean SD
Number 14 12 26
Sex (M/F) 77 5/7 12/14
Age (years) 2514 223 2517 1.82 25.15 2.05
Education 16.29 059 16.25 0.60 16.27 0.59
(years)
Sleep duration 7.49 0.97 7.47 0.67 7.48 0.85
(hours)

Oral answers  Written answers P Total

Mean SD Mean SD Mean SD
Article 1 (score)  5.857 0.819 6.792 0.582 0.003* 6.288 0.851
Article 2 (score) 5.917 0.634 7.036 0.664 <0.001* 6.519 0.854
P 0.840 0.333 - 0.334

P <0.01.

TABLE 3 | Cerebral oxygen parameters of 26 subjects during article reading.

A[deoxy-Hb] Aloxy-Hb] A[t-Hb]

Left forehead Article 1 0.020 (0.944) 1.970 (3.110) 1.990 (3.414)
Article 2 0.330 (0.934) 1.230 (3.487) 1.559 (3.686)
P 0.240 0.423 0.664

Right forehead Avrticle 1 0.001 (1.024) 2.123 (3.299) 2.124 (3.702)
Avrticle 2 0.281 (1.038) 2.145 (3.558) 2.424 (4.016)
P 0.331 0.982 0.781

Full forehead Article 1 0.011 (0.827) 2.047 (2.613) 2.057 (3.043)
Article 2 0.305 (0.888) 1.687 (3.328) 1.991 (3.705)
P 0.585 0.667 0.945

NIRS Results

Both [oxyHb] and [total-Hb] increased significantly while
subjects read and answered questions. There were no significant
differences in cerebral oxygen parameters between the two
reading sessions for subjects (Table 3), indicating a small or
absent priming effect, possibly due to the intervening 10-
min rest period. However, A[oxyHb] and Af[total-Hb] were
significantly higher for written answers than verbal answers to
the same question (always presented verbally) on the same article
(Table 4). Moreover, A[oxyHb] and Aftotal-Hb] were greater
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for written answers compared to verbal answers in response to
different questions (Table 3).

Both Aftotal-Hb] and A[oxyHb] were significantly correlated
with scores for oral answers (r = 0.646 and r = 0.657,

TABLE 4 | Comparison of cerebral oxygen parameters between oral recall and

respectively; both P < 0.001) (Figures 2A,B), while there was no
significant correlation with A[deoxyHb]. Both A[total-Hb] and
AfoxyHb] were also significantly correlated with the scores for
written answers (r = 0.557, P = 0.003 and r = 0.576, P = 0.002,
respectively) (Figures 2A,B), and again there was no significant
correlation with A[deoxyHb].

write recall. DISCUSSION
A[deoxy-Hb] Aloxy-Hb] A[t-Hb] ) ) )
This study examined the hemodynamic responses of the mPFC
Mean  SD  Mean SD  Mean SD during a short-term memory task and compared activation
rn n recall modaliti ritten vs. oral). The prim
Left forehead  Oral —-0.327 0.838 -0.066 3.099 —-0.392 3.053 patterns jbetwee cca Odal ties (W ,tFe vs. oral) €p ary
. observations are that reading (acquisition) and recall (whether
Written  0.022  0.785 2680 2.635 2.603 3.075 . . .
written or oral) can activate the mPFC, that response amplitude
P 0.128 0.002** 0.001** . . . . .
, is greater during written recall, and that response magnitude is
Right forehead ~ Oral —-0.334 0.768 —-0.061 3.437 —-0.395 3.339 . i
Wit 0071 0798 2408 2448 2174 2600 correlated with recall accuracy for both modalities.
ritten . . . . . . . . . . . .
Brain activation as measured by NIRS is associated with
P 0.068 0.012* 0.003** . . . . .
a regional increase in total hemoglobin concentration, usually
Full forehead ~ Oral —-0.330 0.766 -0.063 3.114 -0.393 2.981 s e S 1. .
. consisting of a substantial increase in [oxyHb] and only a
Witten  0.047 0.r82 2341 2437 2388 2747 1, derate increase in [deoxyHb] (Kubota et al., 2006). Compared
P 0.078 0.008 <0.001 to verbal responses, written answers were associated with greater
*P < 0.05; *P < 0.01; *** P < 0.001. increases in both [oxyHb] and [total-Hb], suggesting a greater
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cognitive load and ensuing metabolic demand on the mPFC
during writing than verbalizing (Toichi et al., 2004; Petrides,
2005). In the Chinese education model, students are more likely
to complete learning tasks through writing rather than talking,
and these learning habits may have improved the subjects
capacity for solving problems in writing, thereby inducing more
intense neural activity and brain metabolism (Asano et al,
2014). The change in [deoxyHb] is considered a sign of mPFC
activation, and an increase in [deoxyHb] indicates an increase in
mPFC oxygen consumption, which is associated with subjective
effort in tasks requiring attention (Hoshi et al., 2003; Matsui et al.,
2007; Ehlis et al., 2008). In this study, [deoxyHb] was moderately
higher for subjects providing written responses, but the difference
compared to oral responses did not reach a level of statistical
significance. Nonetheless, this result suggests that the subjects
were more subjectively focused while writing answers.

The accuracy of recall differs depending on presentation and
recall modality. There are at least two plausible reasons for the
greater mPFC activation while providing written responses. First,
writing may more effectively stimulate memory loops involving
the mPFC, MTL, and other cortical regions. Second, writing
down ideas may promote inductive reasoning (i.e., brainstorming
and sorting ideas) that may be more difficult to accomplish when
providing an answer orally. It was apparent that many subjects
had erased and/or changed their written answers.

Differences in body movement between the two recall
modalities may also influence our results. In order to investigate
whether the difference in mPFC activity is attributable to body
movement, we randomly selected five subjects and measured
their brain oxygen parameters when drawing circles and writing
down past memories. We found that these actions displayed
significantly different results (P < 0.05), indicating that mPFC
activation is moreso correlated with memory recall rather than
body movement.

During NIRS measurements, light is shone on the surface
of the skin and is transmitted through the underlying tissue to
a detector. Since human tissue is non-uniform, photons move
randomly between the light source and the detector. To account
for the additional pathlength traveled by near-infrared light, the
differential pathlength factor is used (DPF) (Delpy et al., 1988;
Scholkmann et al., 2018). DPF is related to the subject’s age, the
tissues in the photon’s path, and various optical parameters. Due
to equipment limitations, we did not account for the thickness
of the subjects’ forehead tissue and skull. In order to reduce the
effect of the DPF, we selected younger adults (22-30 years old),
all of whom are of Asian descent (similar skin tone) and from
southern China. The subjects did not report any symptoms of
anemia or hypertension, which would reduce the impact of bone
thickness and differences in soft tissue on NIRS measurements
(Yoshitani et al., 2007). Likewise, our experimental data is
normalized to account for differences in brain oxygen parameters
between participants.

Hemodynamic fluctuations on the surface of the scalp and
forehead may lead to inaccurate results or false positives (Kirilina
et al,, 2012). To maintain hemodynamic stability, experiments
were completed in relatively comfortable environments. The
subject’s blood oxygen level, blood pressure, heart rate, and
forehead temperature were taken at three time points: (1) prior to

the start of the experiment, (2) upon finishing the first article, and
(3) upon finishing the second article. During our experiments,
these measurements did not display significant changes. Thus,
we are confident that because each subjects’ hemodynamic
parameters were fairly stable, the measured changes in cerebral
oxygen parameters are correlated to brain activity.

Both [oxyHb] and [total-Hb] in mPFC were moderately
correlated with higher recall scores, suggesting that these mPFC
cerebral oxygen parameters might be predictive of subjective
effort. Such NIRS-based measures may be particularly valuable
for diagnosing and treating cognitive impairments (Yeung et al.,
2016b) by revealing various aspects of executive function in
real time.

LIMITATIONS

We utilized a relatively small sample size drawn from a highly
educated population. As such, the results presented may not be
generalizable to the entire population. Likewise, due to the impact
of acute sleep deprivation (<7h) on working memory (Yeung
et al,, 2018), we did not include people who had slept <7h.
As such, our findings only reflect performance with adequate
rest. We did not examine differences in acquisition modality or
whether matching acquisition affects recall, so results may be
related to the way information is obtained. In future studies,
performance should be compared among multiple presentation
modalities such as text, audio, and visual presentations. It is
also of interest to assess the difficulty or amount of information
provided and examine whether written answers are still more
accurate than oral answers.

CONCLUSION

Near-infrared spectroscopy can measure the degree of mPFC
activation by detecting changes in cerebral oxygen parameters.
The degree of mPFC activation differs according to recall
modality when the input modality is held constant. Increases
in [oxyHb] and [total-Hb] were greater during when providing
answers in writing, and this enhanced mPFC activation was
associated with greater response accuracy. mPFC oxygen
parameters likely reflect the degree of exertion. From this,
we observe that NIRS may be a valuable portable non-
invasive modality for cognitive assessment in both healthy and
patient populations.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Changzhou First People’s
Hospital. The patients/participants provided their written
informed consent to participate in this study.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 601698


https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Zhang et al.

Written or Verbal?

AUTHOR CONTRIBUTIONS

JZ helped with the conception and design, analysis, revising,
and final approval of the article. YuZ helped with the
interpretation of data, drafting, revising, and final approval
of the articlee. YW and BL managed the randomization
table and assigned the treatment groups and were in
charge of data acquisition and statistical analyses. YiZ was

REFERENCES

Agbangla, N. F.,, Audiffren, M., and Albinet, C. T. (2017). Use of near-infrared
spectroscopy in the investigation of brain activation during cognitive aging: a
systematic review of an emerging area of research. Ageing Res. Rev. 38, 52-66.
doi: 10.1016/j.arr.2017.07.003

Amodio, D. M. (2019). Social cognition 2.0: an interactive memory systems
account. Trends Cogn. Sci. 23, 21-33. doi: 10.1016/j.tics.2018.10.002

Annavarapu, R. N,, Kathi, S., and Vadla, V. K. (2019). Non-invasive imaging
modalities to study neurodegenerative diseases of aging brain. J. Chem.
Neuroanat. 95, 54-69. doi: 10.1016/j.jchemneu.2018.02.006

Asano, M., Taki, Y., Hashizume, H., Takeuchi, H., Thyreau, B., Sassa, Y.,
et al. (2014). Correlations between brain structures and study time at
home in healthy children: a longitudinal analysis. Brain Behav. 4, 801-811.
doi: 10.1002/brb3.278

Banks, P. J., Bashir, Z. I, and Brown, M. W. (2012). Recognition memory and
synaptic plasticity in the perirhinal and prefrontal cortices. Hippocampus 22,
2012-2031. doi: 10.1002/hipo.22067

Cespedes, E. M., Hu, F. B., Redline, S., Rosner, B., Alcantara, C., Cai, J., et al. (2016).
Comparison of self-reported sleep duration with actigraphy: results from the
hispanic community health study/study of latinos sueno ancillary study. Am. J.
Epidemiol. 183, 561-573. doi: 10.1093/aje/kwv251

Cohen, J. E,, Ross, R. S., and Stern, C. E. (2018). Predictability matters: role
of the hippocampus and prefrontal cortex in disambiguation of overlapping
sequences. Learn. Mem. 25, 335-346. doi: 10.1101/lm.047175.117

Davidson, P. S., Troyer, A. K., and Moscovitch, M. (2006). Frontal lobe
contributions to recognition and recall: linking basic research with
clinical evaluation and remediation. J. Int. Neuropsychol. Soc. 12, 210-223.
doi: 10.1017/S1355617706060334

Delpy, D. T., Cope, M. van der Zee, P., Arridge, S, Wray, S, and
Wryatt, J. (1988). Estimation of optical pathlength through tissue from
direct time of flight measurement. Phys. Med. Biol. 33, 1433-1442.
doi: 10.1088/0031-9155/33/12/008

D’Esposito, M., Postle, B. R.,, and Rypma, B. (2000). Prefrontal cortical
contributions to working memory: evidence from event-related fMRI studies.
Exp. Brain Res. 133, 3-11. doi: 10.1007/s002210000395

Ehlis, A. C,, Bahne, C. G, Jacob, C. P., Herrmann, M. ], and Fallgatter, A. J.
(2008). Reduced lateral prefrontal activation in adult patients with attention-
deficit/hyperactivity disorder (ADHD) during a working memory task: a
functional near-infrared spectroscopy (fNIRS) study. J. Psychiatr. Res. 42,
1060-1067. doi: 10.1016/j.jpsychires.2007.11.011

Euston, D. R., Gruber, A. J., and McNaughton, B. L. (2012). The role of medial
prefrontal cortex in memory and decision making. Neuron 76, 1057-1070.
doi: 10.1016/j.neuron.2012.12.002

Fukuda, K., Pall, S., Chen, E, and Maxcey, A. M. (2020). Recognition
and rejection each induce forgetting. Psychon. Bull. Rev. 27, 520-528.
doi: 10.3758/513423-020-01714-x

Guo, D, and Yang, J. (2019). Interplay of the long axis of the hippocampus
and ventromedial prefrontal cortex in schema-related memory retrieval.
Hippocampus 30, 263-277. doi: 10.1002/hipo.23154

Hoshi, Y., Tsou, B. H., Billock, V. A., Tanosaki, M., Iguchi, Y., Shimada,
M., et al. (2003). Spatiotemporal characteristics of hemodynamic
changes in the human lateral prefrontal cortex during working
memory tasks. Neurolmage 20, 1493-1504. doi: 10.1016/S1053-8119(03)
00412-9

the outcome assessor. All authors read and approved the
final manuscript.

ACKNOWLEDGMENTS

The authors thank all the study participants from the Department
of Rehabilitation Medicine of the First Peoples Hospital of
Changzhou, for their participation in this study.

Kirilina, E., Jelzow, A., Heine, A. Niessing, M., Wabnitz, H. Bruhl,
R, et al. (2012). The physiological origin of task-evoked systemic
artefacts in functional near infrared spectroscopy. Neurolmage 61, 70-81.
doi: 10.1016/j.neuroimage.2012.02.074

Koessler, L., Maillard, L., Benhadid, A., Vignal, J. P., Felblinger, J., Vespignani,
H., et al. (2009). Automated cortical projection of EEG sensors: anatomical
correlation via the international 10-10 system. Neurolmage 46, 64-72.
doi: 10.1016/j.neuroimage.2009.02.006

Kubota, Y., Toichi, M., Shimizu, M., Mason, R. A, Findling, R. L,
Yamamoto, K., et al. (2006). Prefrontal hemodynamic activity predicts false
memory—a near-infrared spectroscopy study. Neurolmage 31, 1783-1789.
doi: 10.1016/j.neuroimage.2006.02.003

la Cour, A., Greisen, G., and Hyttel-Sorensen, S. (2018). In vivo validation
of cerebral near-infrared spectroscopy: a review. Neurophotonics 5:040901.
doi: 10.1117/1.NPh.5.4.040901

Lissek, S., and Gunturkun, O. (2004). Maintenance in working memory or
response selection? functions of NMDA receptors in the pigeon “prefrontal
cortex.” Behav. Brain Res. 153, 497-506. doi: 10.1016/S0166-4328(04)00010-5

Matsui, M., Tanaka, K., Yonezawa, M., and Kurachi, M. (2007). Activation of the
prefrontal cortex during memory learning: near-infrared spectroscopy study.
Psychiatry Clin. Neurosci. 61, 31-38. doi: 10.1111/§.1440-1819.2007.01607.x

Miller, E. K., and Cohen, J. D. (2001). An integrative theory of
prefrontal cortex function. Amnu. Rev. Neurosci. 24, 167-202.
doi: 10.1146/annurev.neuro.24.1.167

Moriguchi, Y., Noda, T., Nakayashiki, K., Takata, Y., Setoyama, S., Kawasaki, S.,
et al. (2017). Validation of brain-derived signals in near-infrared spectroscopy
through multivoxel analysis of concurrent functional magnetic resonance
imaging. Hum. Brain Mapp. 38, 5274-5291. doi: 10.1002/hbm.23734

Nee, D. E., Brown, J. W., Askren, M. K., Berman, M. G., Demiralp, E., Krawitz,
A, etal. (2013). A meta-analysis of executive components of working memory.
Cereb. Cortex 23, 264-282. doi: 10.1093/cercor/bhs007

Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al.
(2004). Three-dimensional probabilistic anatomical cranio-cerebral correlation
via the international 10-20 system oriented for transcranial functional brain
mapping. Neurolmage 21, 99-111. doi: 10.1016/j.neuroimage.2003.08.026

Pergola, G., and Suchan, B. (2013). Associative learning beyond the medial
temporal lobe: many actors on the memory stage. Front. Behav. Neurosci. 7:162.
doi: 10.3389/fnbeh.2013.00162

Petrides, M. (2005). Lateral prefrontal cortex: architectonic and functional
organization. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 360, 781-795.
doi: 10.1098/rstb.2005.1631

Preston, A. R, and Eichenbaum, H.
and prefrontal cortex in memory. Curr. Biol. 23,
doi: 10.1016/j.cub.2013.05.041

Rowe, J. B., Toni, L, Josephs, O., Frackowiak, R. S., and Passingham, R. E. (2000).
The prefrontal cortex: response selection or maintenance within working
memory? Science 288, 1656-1660. doi: 10.1126/science.288.5471.1656

Scholkmann, F., Zohdi, H., Nasseri, N., and Wolf, U. (2018). Absolute values
of optical properties (mua, mus, mueff, and DPF) of human head tissue:
dependence on head region and individual. Adv. Exp. Med. Biol. 1072, 325-330.
doi: 10.1007/978-3-319-91287-5_52

Su, J. (2005). An analysis of teachers' mentality in basic education
curriculum reform—an analysis of a questionnaire survey of elementary
school teachers’ well-being and social support. Educ. Explor. 79-81.
doi: 10.3969/j.issn.1002-0845.2005.11.039

(2013). Interplay of hippocampus
R764-R773.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 601698


https://doi.org/10.1016/j.arr.2017.07.003
https://doi.org/10.1016/j.tics.2018.10.002
https://doi.org/10.1016/j.jchemneu.2018.02.006
https://doi.org/10.1002/brb3.278
https://doi.org/10.1002/hipo.22067
https://doi.org/10.1093/aje/kwv251
https://doi.org/10.1101/lm.047175.117
https://doi.org/10.1017/S1355617706060334
https://doi.org/10.1088/0031-9155/33/12/008
https://doi.org/10.1007/s002210000395
https://doi.org/10.1016/j.jpsychires.2007.11.011
https://doi.org/10.1016/j.neuron.2012.12.002
https://doi.org/10.3758/s13423-020-01714-x
https://doi.org/10.1002/hipo.23154
https://doi.org/10.1016/S1053-8119(03)00412-9
https://doi.org/10.1016/j.neuroimage.2012.02.074
https://doi.org/10.1016/j.neuroimage.2009.02.006
https://doi.org/10.1016/j.neuroimage.2006.02.003
https://doi.org/10.1117/1.NPh.5.4.040901
https://doi.org/10.1016/S0166-4328(04)00010-5
https://doi.org/10.1111/j.1440-1819.2007.01607.x
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1002/hbm.23734
https://doi.org/10.1093/cercor/bhs007
https://doi.org/10.1016/j.neuroimage.2003.08.026
https://doi.org/10.3389/fnbeh.2013.00162
https://doi.org/10.1098/rstb.2005.1631
https://doi.org/10.1016/j.cub.2013.05.041
https://doi.org/10.1126/science.288.5471.1656
https://doi.org/10.1007/978-3-319-91287-5_52
https://doi.org/10.3969/j.issn.1002-0845.2005.11.039
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

Zhang et al.

Written or Verbal?

Toichi, M., Findling, R. L., Kubota, Y., Calabrese, J. R., Wiznitzer, M., McNamara,
N. K, etal. (2004). Hemodynamic differences in the activation of the prefrontal
cortex: attention vs. higher cognitive processing. Neuropsychologia 42, 698-706.
doi: 10.1016/j.neuropsychologia.2003.08.012

Weigl, W., Milej, D., Janusek, D., Wojtkiewicz, S., Sawosz, P., Kacprzak, M., et al.
(2016). Application of optical methods in the monitoring of traumatic brain
injury: a review. J. Cereb. Blood Flow Metab. Off. ]. Int. Soc. Cereb. Blood Flow
Metab. 36, 1825-1843. doi: 10.1177/0271678X16667953

Yeung, M. K., Lee, T. L., Cheung, W. K., and Chan, A. S. (2018). Frontal
underactivation during working memory processing in adults with acute partial
sleep deprivation: a near-infrared spectroscopy study. Front. Psychol. 9:742.
doi: 10.3389/fpsyg.2018.00742

Yeung, M. K,, Sze, S. L., Woo, J., Kwok, T., Shum, D. H,, Yu, R,, et al. (2016a).
Altered frontal lateralization underlies the category fluency deficits in older
adults with mild cognitive impairment: a near-infrared spectroscopy study.
Front. Aging Neurosci. 8:59. doi: 10.3389/fnagi.2016.00059

Yeung, M. K,, Sze, S. L., Woo, J., Kwok, T., Shum, D. H,, Yu, R,, et al. (2016b).
Reduced frontal activations at high working memory load in mild cognitive
impairment: near-infrared spectroscopy. Dement. Geriatr. Cogn. Disord. 42,
278-296. doi: 10.1159/000450993

Yoshitani, K., Kawaguchi, M., Miura, N., Okuno, T., Kanoda, T., Ohnishi, Y.,
et al. (2007). Effects of hemoglobin concentration, skull thickness, and the area
of the cerebrospinal fluid layer on near-infrared spectroscopy measurements.
Anesthesiology 106, 458-462. doi: 10.1097/00000542-200703000-
00009

Zhang, J., and Sun, J. (2018). Research on the countermeasures of urban-rural
integration of pension insurance—taking Changzhou as an example. J. Nanjing
Inst. Ind. Technol. 18, 14-16. doi: 10.3969/j.issn.1671-4644.2018.01.006

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Zhang, Wang, Zhang, Li and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Behavioral Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 601698


https://doi.org/10.1016/j.neuropsychologia.2003.08.012
https://doi.org/10.1177/0271678X16667953
https://doi.org/10.3389/fpsyg.2018.00742
https://doi.org/10.3389/fnagi.2016.00059
https://doi.org/10.1159/000450993
https://doi.org/10.1097/00000542-200703000-00009
https://doi.org/10.3969/j.issn.1671-4644.2018.01.006
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles

	Enhanced Written vs. Verbal Recall Accuracy Associated With Greater Prefrontal Activation: A Near-Infrared Spectroscopy Study
	Introduction
	Methods
	Subjects
	Equipment
	Experimental Protocol
	Statistical Analysis

	Results
	Behavioral Data
	NIRS Results

	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


