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Abstract: The Prefrontal cortex (PFC) has been highly related to executive functions such as
working memory (WM). This study assesses the activity of the PFC in performing the Sternberg
WM task (ST) with three levels of difficulty (easy, medium and hard) using the near-infrared
spectroscopy (fNIRS) technique. Participants were 43 young and healthy right-handed women.
Nine WM task blocks were pseudo randomly presented, three for each difficulty task. The results
showed that the participant's performance was better in the easy trials than in the medium and
hard trials. Performance in the medium trials was also better than in the hard ones. Bonferroni-
corrected paired post-hoc t-tests indicated higher oxygenation in medium and hard tasks than in
the easy ones for times between 13 and 42 seconds in the left lateral PFC and in both, medial and
lateral, right PFC. Significant differences in Oxygenated hemoglobin (HbO), Total hemoglobin
(HbT) and oxygenation (Oxy) changes depending on the Sternberg WM task were found. Unlike
previous studies with fNIRS and WM, the current study uses a highly controlled WM task that
differentiates between encoding, retention and retrieval phases, comparing different levels of

task load.

Key words: prefrontal cortex, working memory, Sternberg task, functional near-infrared

spectroscopy.



1. INTRODUCTION

The prefrontal cortex (PFC) is a key structure of the brain, involved in numerous
cognitive functions [1]. One concept that encompasses several of these functions is Working
Memory (WM). It has been defined as the ability to maintain and manipulate a limited amount of
task-relevant information [2, 3, 4], and differs from short-term memory, which refers only to the
storage of information [5, 6]. WM is essential for decision making and is one of the most
important executive functions [7, 8]. Several brain regions are implicated in WM processes, such
as the fronto-parietal network, the cingulate cortex, or the dorsolateral and ventrolateral PFC.
Additionally, recent studies have implicated the roles of subcortical regions, such as the midbrain
and other structures like the cerebellum [9].

Just like other executive functions, WM has limited storage, and its capacity is related to
cognitive abilities. In neurological and psychopathological disorders, these abilities decrease
[10]. WM performance has been related to higher PFC activity [11]. Engle [12] claimed that
WM load is associated with executive attention and distraction avoidance. Excitatory PFC
activity could improve mnemonic load by neutralizing inhibition in posterior areas [13]. In fact,
PFC activity correlated with WM load in several studies [14, 7]. Many studies have described
WM impairments in psychopathological disorders [15] and neurodegeneration [1, 16]. Age
interactions with emotion, caffeine and hormones also appear to affect working memory
performance at the neurobiological level [17]. Other variables, as sleep deprivation, could also
affect WM and frontal activation [18, 19].

Functional magnetic resonance imaging (fMRI) has been frequently used to measure
WM-related brain activations. However, fMRI devices are very expensive and researchers
require alternative imaging techniques [20]. Functional near-infrared spectroscopy (fNIRS) is an
optical method that allows noninvasive measurement of the variations of oxygenated and

deoxygenated hemoglobin in cortical zones [21]. The fNIRS has been correlated with fMRI [22].



Furthermore, fNIRS has several unique advantages over functional neuroimaging methodologies,
such as fMRI, including fewer limitations for the subject, low susceptibility to movement
artifacts and a good temporal sampling rate [20].

Previous studies assessed WM using the fNIRS technique. For example, Molteni et al. [23]
applied the fNIRS technique to measure PFC brain activity during an N-back task with different
levels of difficulty. The authors observed increases in blood oxygenation associated with task load.
Higher levels of difficulty showed increased activation in the PFC compared to the easy ones. The
lateral prefrontal cortex plays a major role in WM processes. Moreover, Tanida et al. [24] observed
how task performance correlated with lateral PFC activation in a WM paradigm. In another study,
Li et al. [25] also compared gender-specific activity during an N-Back task. Besides, Keshmiri et
al. [26] also used different WM tests to compare between different analysis methods. Furthermore,
Basso et al. [27] showed the potential clinical applicability of this technique by using it during the
Logical Memory Test of the Wechsler Memory Scale. However, no previous study has used fNIRS
with a WM task that made it possible to differentiate between encoding, retention and retrieval,
comparing between different levels of activation.

Of the different experimental paradigms are used to assess WM processes, Sternberg's task
(ST) is one of the most widely used. From the initial proposal in the early 1960s, different
adaptations have been developed [28]. In general, it consists of the presentation of letters or digits
on a screen that must be memorized (encoding), which after a short period of time (retention) are
presented individually for the participant to indicate whether or not it was present in the previous
presentation (retrieval). Unlike other WM paradigms, ST makes it possible to differentiate time
for encoding, retention and retrieval [29]. The original ST was designed to measure how quickly
people can search for and retrieve information from short-term memory.

The main objective of this experiment is to check for possible differences between PFC

activations depending on WM task load using the fNIRS technique. PFC activation should



correlate with task difficulty, as more resources are demanded with the increase in task load.
Taking into account previous research on working memory, the PFC structure that should show
the highest differences is the lateral PFC. We hypothesize that the activation in both lateral PFC

will be higher for the more difficult WM conditions.

METHOD
2.1. Participants

The participants were 43 healthy right-handed women (mean age = 19.6 + 1.5). All
participants reported no history of neurological or psychopathological disorders or substance
abuse. Menstrual cycle phase and hours slept (mean slept = 7.3 + 1.0) were controlled. None of
the participants were taking psychotropic medication. Another condition for participating in this
experiment was no consumption of stimulants or tobacco in the previous 12 hours. Detailed
information about the procedure was given to all participants, who signed an informed consent.

The study was approved by the University’s Ethics Committee.

2.2. Procedure

Participants performed a task based on the classic Sternberg WM paradigm, which
involves encoding, maintenance and retrieval phases. Trials consisted of a string of uppercase
consonants followed by a mask and then eight probe letters displayed one by one (Figure 1).
Subjects had to answer whether the probe letter had been in the previous string or not by pressing
the corresponding button. Fifty per cent of the probe letters appeared in the previous string.
Three different WM task difficulties were presented to each participant (Easy = 4 letters,
Medium = 8, Hard = 12). Nine trials were presented pseudo randomly, three for each difficulty.
Variable resting periods (25-35 sec) were performed between trials in order to return to baseline

levels of activation.



2.2.2. fNIRS recording

An fNIR 1100 apparatus and COBI software for data collection (Biopac System, Inc.)
were used. The system recorded PFC hemodynamic activity (Oxygenated hemoglobin: HbO;
Reduced hemoglobin: HbR). A time window was selected from 0 to 42 s after stimulus onset.
Hemoglobin changes were calculated according to a baseline level taken before stimulus onset
(signal change in relation to the baseline). Total hemoglobin (HbT) and oxygenation changes
(Oxy) were obtained from HbO> and HbR. The PFC parts that were registered included
Brodmann areas 9, 10, 45, 46 and 47 [30]. The fNIR apparatus, its functioning and data
processing are described in detail elsewhere [31, 32]. The recording sessions took place in an
acoustically and electromagnetically isolated room (Faraday cage) with a compartment for the

experimental subject and another for the researcher.

2.3. Statistical data analysis

(hits—errors)*100
24 )

The Sternberg WM execution score was calculated with the formula

Paired t-tests were performed to analyze differences in task execution and reaction time.
Hemodynamic measures recorded from the optodes were grouped into four separate quadrants:
lateral left (optodes 1, 2, 3 and 4), central left (optodes 5, 6, 7 and 8), central right (optodes 9, 10,
11 and 12) and lateral right (optodes 13, 14, 15 and 16). Each area was obtained from the mean
of the four corresponding channels. A one-way within subject analysis of variance (ANOVA)
was conducted to compare hemodynamic changes to task difficulties in the PFC regions. The
effects were evaluated with the Greenhouser-Geiser correction for sphericity violations. To
evaluate the magnitude of effects, we considered the n,? statistic, which represents the portion of
total variability attributable to a given factor while controlling the other ones. Values of n,?

<0.05 are usually regarded as small, 0.05 < np? < 0.15 as medium, and ny?> 0.15 as large [33].



There are several statistical analysis approaches to extracting the signals related with the
neural activity from the data obtained through the fNIRs [34, 26]. Since the Sternberg test allows
us to differentiate between encoding, retention and retrieval, we have divided the total recording
time of each trial into consecutive, non-overlapping windows, each lasting 5 seconds, in addition
to a first segment of 12 seconds corresponding to the coding period. For each segment we
extracted the mean. In order to analyse oxygenation changes in response to the Sternberg WM
test over time, a repeated measures ANOVA that included two within-group factors (Task load x
time) was performed for each quadrant. Within-group factor task load had three levels: easy,
medium and hard. The within-group factor time was defined as the mean values of oxygenation
changes for forty-two seconds after the beginning of each trial, including seven levels (1-12, 13-

17, 18-22, 23-27, 28-32, 33-37 and 38-42).

3. RESULTS
3.1. Task performance

Figure 2 shows the differences in execution scores. As expected, subjects performed
better in the easy trials than in the medium (t@2)= 9.7; p < 0.001) and hard trials (ts2)= 16.4; p <
0.001). Performance in the medium trials was also better than in the hard ones (t42)=5.8; p <
0.001). Significant differences in reaction time were also observed. Easy trials (878.5 £ 179.1
ms) had a lower reaction time response than medium (1,169.4 + 247.8 ms) (tu2)= 13.6; p <
0.001) and hard ones (1,260.9 + 253.0 ms) (ta2)= 13.1; p < 0.001), and medium trials had a lower
reaction time than hard ones (t42)= 3.2; p = 0.002). The comparisons of task performance in
function of menstrual cycle did not show statistical differences either for execution (all p > 0.2)
or reaction time (all p > 0.08). No statistical differences were found at any level of difficulty in

task performance (all p > 0.1) comparing participants who had slept less than 7 hours (10



participants) with the ones who had slept more than 7 hours (33 participants). However, the latter

group had slightly better scores in the hard task (46.5 %) than the former (32.5%).

3.2. fNIRS measurements results

Separate analysis of hemodynamic variables presented differences for HbO2, HbT and
Oxy, but not for HbR, in all prefrontal quadrants. Table 1 displays a distinct analysis of
hemodynamic variables for each prefrontal quadrant. Analysis of Variance indicated significant
differences in HbO, HbT and Oxy changes as a function of Sternberg WM load for all the
prefrontal quadrants.

Figure 3 shows the temporal sequence of oxygenation changes for the three difficulties in
each channel analyzed. Repeated measures ANOVA shows interaction between task load and
time for all the prefrontal quadrants (all p < 0.001; ne?> > .15 for right medial and lateral PFC; np?
> .12 for left medial and lateral PFC). Paired post-hoc t-tests with a Bonferroni correction
indicate higher oxygenation in medium and hard tasks than in the easy ones for times between 13
and 42 seconds in the left lateral prefrontal cortex and in both, medial and lateral, right prefrontal
cortex. Significant differences between medium and hard tasks only appeared in the last time
lapse for the right medial ((t@42)= 2.8; p < 0.01) and lateral ((t42)= 4.0; p < 0.001) prefrontal
cortex. Figure 4 shows the oxygenation increase (yellow-red) or decrease (green-blue) of the
prefrontal cortex in function of working memory load. Each picture represents five-second
segments, except the first picture which corresponds to the first 12 seconds. The temporal
sequence shows the differences existing according to the load of the working memory, especially
in the segments corresponding to the retrieval. Figure 5 displays p values of post-hoc paired t-

test for Oxy changes between difficulties at each time period. Red line indicates a p value of 107,

4. DISCUSSION



This study was designed to explore the differences in PFC activation in response to
different WM loads. PFC activity was expected to be associated with the difficulty of the task
load; specifically, it was expected to increase with task difficulty. The activation in both lateral
PFC was higher for the more difficult WM conditions. These results confirm the association
between WM task load and bilateral PFC activation. Other imaging studies provide evidence that
the PFC is quantitatively more activated if the working memory load increases, suggesting that
executive functions are involved for highly demanding WM tasks [35, 23, 36].

Results for task execution agree with previous results using similar paradigms. Increasing
load in the task impairs execution and increases reaction time. In the current study, the possible
interactions of WM with age, emotion, stimulants (caffeine and tobacco), hormones and sleep
were controlled to avoid interactions that could have affected our results [17, 37, 19].

PFC oxygenation is related to task load increases, as shown by the results of D’Esposito
et al. [35] and Tomasi et al. [36]. The oxygenation increase was evident when comparing the
easy condition with the other two conditions, whereas few differences appeared between medium
and hard conditions. This effect could be related to the amount of information that we can store.
Notice that in our study, 8 and 12 letters were used for medium and hard loads respectively. WM
capacity limits of adult humans is set between 5 and 9 elements [38]. Therefore, these conditions
would be nearly at the limit of its capacity, or exceed it.

Oxygenation of the PFC increased throughout the blocks, notably in the hard task load,
whereas in the easy blocks the increase appeared only at the beginning of each trial, mainly in
lateral areas. Sternberg’s paradigm made it possible to differentiate between encoding, retention
and retrieval. The initial increase observed in all difficulties could indicate that this increase
would be more related to encoding and retention than to retrieval. It is important to highlight
that, like every hemodynamic variable, the responses recorded with fNIRS have a temporal delay

with regard to cortical activation itself [39]. Moreover, we can observe a second oxygenation



10

increase, mainly at the end of the hard blocks, which affected all PFC areas, as we can observe in
Figures 3 and 4. This increase would correspond almost completely to the retrieval phase.
Statistically significant differences for this phase appeared when comparing easy with both
medium and hard loads in bilateral and right medial PFC. In this ST, it could represent an effort
to keep the information active in load conditions that would be at the limit of the participants’
WM capacity.

Two aspects of the PFC oxygenation increase should be highlighted: both the lateral PFC
oxygenation increase and the right medial PFC oxygenation increase. On the one hand, several
studies indicate that dorsolateral PFC could be involved in WM, associated with information
encoding and response processes [40, 41]. The dorsolateral PFC plays a relevant role in
sustaining attention and has been widely related to WM. On the other, ventrolateral PFC (VIPFC)
activation has been linked with maintenance periods [42]. It could be related to a greater effort to
keep information in a task that would be at the limit of the capacity of working memory. Hard
task difficulty would also require recruiting the medial areas of the PFC, mainly the right side,
which initially did not require such activation. Results suggest that the observed differences
could be due to the use of a different cognitive strategy such as chunking.

The results observed highlight the importance of the PFC lateral structures in the
encoding and retrieval phases, in agreement with the results presented by Basso et al. [27]. All
three task loads showed activation in these areas at the beginning of the task. However, the easy
task showed a drop in this activity in the retrieval phase, which did not happen for the other two
difficulties. This could suggest that the activity of the retrieval phase would be highly related to
the task load in WM paradigms.

This study has both strengths and limitations. Age interactions with emotion, caffeine and
hormones appear to affect WM routines at the neurobiological level [17]. To avoid age effect as

much as possible, this study was conducted with young women of a similar age. In addition, to
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avoid the effect on WM tasks of caffeine or tobacco, participants did not take these substances in
a 12-hour period prior to the study. It is well known that women are emotionally more reactive
than men [43], and there are some sex differences in working memory performance [44] and
prefrontal activity related to WM [25]. Females have been found to consistently activate more
limbic and prefrontal structures, while males activate a distributed network inclusive of more
parietal regions [45]. This study also controlled the possible phase effect of the menstrual cycle
and hours of sleep. Some studies have found restricted working memory in anxiety, while others
have not [46]. However, anxiety traits could play a role in WM performance and thus affect the
results on higher loads [47], for this reason it is recommended to control anxiety in future
studies. Future studies should be designed to control the menstrual cycle and hours of sleep, and
also analyze the differences in a sample of men.

In conclusion, this study contributes to a better knowledge of executive functions, such as
WM. Activation patterns of the PFC of the brain are in line with previous findings. Unlike
previous studies with fNIRS and WM, as far as we know our work was the first to use a highly
controlled WM task that differentiates between encoding, retention and retrieval phases,
comparing different levels of task load. According to this evidence, fNIRS is a useful tool to
measure PFC activation during WM paradigms. The increase of PFC activation was observed
controlling possible effects of age, hormones and sleep in females. Cortical activity would be
affected by task load, showing higher activations for the most demanding tasks. Both
ventrolateral and dorsolateral PFC seem to play a central role in WM processes, highlighting the
importance of the lateral areas of the PFC in this type of executive function. Medial PFC also

seems to be involved in some kind of cognitive strategy useful for highly demanding WM tasks.
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Figure 1. Experimental paradigm for the Sternberg working memory task.
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Figure 2. Working Memory task execution score for each load (error bars indicate Standard Error of the Mean).
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Table 1.
Hemodynamic means and F values for each prefrontal quadrant.

HbO, HbR HbT Oxy

Easy Medium Hard F np? Easy Medium  Hard F no> Easy Medium Hard F np? Easy Medium  Hard F np?

Q1 -0.05 0.14 0.14 12.94™ 24 -0.07 -0.05 -0.08 0.65 .02 -0.11 0.09 0.06 10.30™ .20 0.01 0.20 021 11.76™ .22
Q2 -011 0.08 0.07 875" .17 -0.03 -0.01 -0.03 031 .01 -0.14 0.07 0.04 748" 15 -0.07 0.10 0.10 6.42" .13
Q3 -017 0.07 0.10 1550™ .27 -0.04 -0.03 -0.02 047 .01 -0.21 0.04 0.08 12.96™ 24 -0.12 0.10 0.13 12.86™ .23
Q4 -0.04 0.15 0.15 15.23"™ 27 -0.05 -0.04 -0.06 097 .02 -0.10 0.11 0.08 1349™ 24 0.01 0.19 021 1243 .23

Note: Q1: Lateral-Left; Q2: Central-Left; Q3: Central-Right; Q4: Lateral-Right; HbO,: Oxygenated hemoglobin; HbR: Reduced hemoglobin; HbT: Total hemoglobin; Oxy: Oxygenation changes.
*p <0.01, ** p <0.005, *** p < 0.001. (All significant differences indicate medium & hard > easy).
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Figure 3. Oxygenation changes in each optode for the three working memory loads. (The 42-s oxy-Hb time-series across all 16 channels for easy, medium and hard conditions with 95 %
confidence intervals (CI) shown as shaded areas around the grand mean.
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Figure 4. Topographic representation over the Brain Surface Image from Digital Anatomic Project (University of Washington) showing oxygenation levels during easy, medium and hard
memory tasks for the first 12 seconds and 5-second intervals for the rest of the block. The color red denotes higher Oxygenation (Color online only).
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Figure 5. Post-hoc paired t-test comparisons (Logarithmic transformation of p) of Oxy changes between task
loads at each time period. Q1: Lateral-Left; Q2: Central-Left; Q3: Central-Right; Q4: Lateral-Right. Each bar
represents different time-periods. From left to right: 1-12; 13-17; 18-22; 23-27; 28-32; 33-37; 38-42 seconds.
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