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A B S T R A C T   

Functional near-infrared spectroscopy (fNIRS) is a non-invasive optical imaging technique that employs near- 
infrared light to measure cortical brain oxygenation. The use of fNIRS has increased exponentially in recent 
years. Spatial memory is defined as the ability to learn and use spatial information. This neuropsychological 
process is constantly used in our daily lives and can be measured by fNIRS but no research has reviewed whether 
this technique can be useful in the neuropsychological assessment of spatial memory. This study aimed to review 
empirical work on the use of fNIRS in the neuropsychological assessment of human spatial memory. We used four 
databases: PubMed, PsycINFO, Scopus and Web of Science, and a total of 18 articles were found to be eligible. 
Most of the articles assessed spatial or visuospatial working memory with a predominance in computer-based 
tasks, used fNIRS equipment of 16 channels and mainly measured the prefrontal cortex (PFC). The studies 
analysed found linear or quadratic relationships between working memory load and PFC activity, greater acti
vation of PFC activity and worse behavioural results in healthy older people in comparison with healthy adults, 
and hyperactivation of PFC as a form of compensation in clinical samples. We conclude that fNIRS is compatible 
with the standard neuropsychological assessment of spatial memory, making it possible to complement behav
ioural results with data of cortical functional activity.   

1. Introduction 

When a specific brain region is activated, the oxygen demand, which 
is transported by hemoglobin, increases in this region. Thus, brain blood 
flow increases in a brain region tightly linked to changes in the activity 
of neurons, and a change in the local oxy-hemoglobin (O2Hb) and deoxy- 
hemoglobin (HHb) occurs. Functional Near-infrared Spectroscopy 
(fNIRS) is a non-invasive optical imaging technique that employs Near- 
infrared (NIR) light to measure cortical haemodynamics. Particularly, 
this technique is based on the assumption that brain activity leads to an 
increase in oxygen consumption of the neurons, accompanied by a 
spatially and temporally coordinated increase in cerebral blood flow due 
to neurovascular coupling (Girouard & Iadecola, 2006). The structural 
and functional characteristics of the cerebral blood vessels are unique, 
being in close interaction with neurons and glia. Their intimate 

structural and functional relationships explain their coordinated pattern 
of reaction (Girouard & Iadecola, 2006). Neuroimaging techniques can 
use the cerebrovascular changes induced by activation of neurons to 
map regional changes in function in the human brain (Devor & Boas, 
2012). fNIRS monitors changes in the concentration of O2Hb and HHb in 
the cortical layer of the brain, based on NIR light absorption changes in 
the tissue. The changes in light absorption due to neurovascular 
coupling are the target of fNIRS, and other physiological signals of other 
causes should be avoided or removed from the analysis (Tachtsidis & 
Scholkmann, 2016). 

The origin of fNIRS dates back to 1977, when Jöbsis published an 
article in which he stated the “optical window” (the NIR wavelength 
range between 650 nm and 900 nm) at which the absorption spectrum of 
hemoglobin allows the oxygenation of hemoglobin to be detected in real 
time and non-invasively using transillumination spectroscopy (Jöbsis, 
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1977; Quaresima & Ferrari, 2019). After the discovery of NIR, several 
instruments were designed and built to investigate the activity of the 
brain using this approach. 

The main component of an fNIRS device includes a channel, that is a 
path between a light-emitting diode called source, and a detector that, 
positioned over the scalp surface, can detect changes in the reflectance 
that emerges from the cortical grey matter by capturing photons 
(Quaresima & Ferrari, 2019). Then, it is possible to convert, through 
different algorithms such as the Modified Beer-Lambert Law and multi- 
distance approaches, raw light intensity data into O2Hb, HHb and total 
hemoglobin concentration or variation, as continuous wave systems can 
only quantify changes and not absolute values, in contrast to time- 
resolved technique (Scholkmann et al., 2014). fNIRS devices can vary 
in the number of channels. The maximum number of channels in large 
systems is usually in the range of 50–200 channels resulting from 16 
emitters and 32 receptors (Scholkmann et al., 2014). The number of 
emitting and receiving diodes in an fNIRS device depends on the cortical 
area to be monitored. However, few of the studies carried out with this 
technique include full coverage of the scalp. Devices with a large 
number of channels are very expensive and include mechanical diffi
culties associated with the use of many lumps and the detection of light 
over cortical areas covered by hair (Zhao & Cooper, 2017). More 
frequently, devices are restricted to covering the frontal region, assess
ing metabolic demands while performing typically prefrontal cognitive 
tasks, such as tasks involving working memory (WM) (Bonetti et al., 
2019). 

The use of this technique has increased exponentially in recent years 
as in contrast to other neuroimaging techniques, such as functional 
magnetic resonance imaging (fMRI) and Positron Emission Tomography 
(PET), fNIRS is silent, non-invasive, inexpensive, portable, and allows 
for long-time continuous measurements, and is not easily limited by 
movements (Martinelli & Shergill, 2015; Pandarinathan et al., 2018; 
Scarapicchia et al., 2017). Some of these advantages make fNIRS espe
cially useful for the assessment of brain activity in natural environments 
(Zhao & Cooper, 2017). Therefore, it offers the possibility of assessing 
functional brain activity in an open environment without causing 
excessive discomfort to the patient or participant and does not interfere 
with diagnostic, therapeutic or pharmacological procedures (Bonilauri 
et al., 2020). However, compared to other neuroimaging modalities, 
such as fMRI, fNIRS does not provide anatomical information, it shows 
lower spatial resolution and its measurements are restricted to the cortex 
(Pinti et al., 2020). Another disadvantage of fNIRS is the lack of stan
dardization in data analysis (Pinti et al., 2020) but, nowadays, this is 
being improved with the development of guides designed to help 
describe the methods, enhancing the reliability, repeatability and 
traceability of fNIRS studies (Yücel et al., 2021). 

Balancing the advantages and disadvantages of the technique, the 
fNIRS device has useful applications both in basic and applied science 
(Bonilauri et al., 2020; Quaresima & Ferrari, 2019). In neurology, fNIRS 
is used primarily in research with clinical populations (Bonilauri et al., 
2020). For example, this technique was used to observe changes in brain 
activity related to Parkinson's Disease and Multiple Sclerosis (Bonilauri 
et al., 2020), cerebrovascular disease, epilepsy and headache (Obrig, 
2014), as well as to study the cerebral hemodynamics of patients with 
mild cognitive impairment and dementia in response both to the per
formance of tasks and the rest state (Yeung & Chan, 2020). Besides, it 
was also applied in non-clinical populations. In this regard, this tech
nique was used to determine changes in the brain activity of healthy 
older adults (Yeung & Chan, 2021), obtaining similar results as those 
found in other studies in which other neuroimaging techniques were 
used, such as PET (Yeung & Chan, 2021) and fMRI (Cui et al., 2011; 
Steinbrink et al., 2006). 

In the context of neuropsychological research, fNIRS has been 
employed to assess the activity of brain networks supporting some 
cognitive tasks at different demands both in typical and clinical samples. 
Among these studies, some have investigated the relationship between 

the dorsolateral prefrontal cortex (DLPFC) and WM (Kronovsek et al., 
2021; Lucas et al., 2020), how the rostral prefrontal cortex (PFC) is 
related to prospective memory performance in a slide-based and 
immersive virtual reality environment (Dong et al., 2019), how the brain 
processes language (Peelle, 2017), the functioning of the prefrontal 
cortex network in children with autism spectrum disorder (Krishna
murthy et al., 2020), and brain activity in social interactions to study 
typical and atypical development in naturalistic social situations 
(McDonald & Perdue, 2018). These studies demonstrate that fNIRS is 
useful as a complement to neuropsychological assessment, making it 
possible to detect cortical haemodynamic changes during task perfor
mance in real-time. 

Given the high temporal resolution of fNIRS compared to other 
neuroimaging modalities such as fMRI or PET, the better spatial reso
lution than EEG and the possibility of its administration in natural 
contexts (Martinelli & Shergill, 2015; Pandarinathan et al., 2018; Pinti 
et al., 2018; Scarapicchia et al., 2017), it could be an optimal tool to 
assess the haemodynamic changes that underlie spatial memory. Spatial 
memory is defined as the acquisition, storage and retrieval of the loca
tion of objects, as well as the recognition of their changing positions in 
space (Bocchi et al., 2020). An active process of spatial memory, the 
spatial WM, is composed of a set of cognitive functions that are sepa
rated from the traces of past experience and accumulated knowledge in 
long-term memory, which can retrieve and manipulate the activated 
spatial contents of long-term memory, allowing those contents to be 
reinterpreted (Baddeley et al., 2002). Spatial WM can be defined as a 
system that is responsible for storing and keeping available spatial in
formation and it is specifically devoted to the recall of spatial location 
and sequences (Fanari et al., 2019). Spatial-related cognitive functions 
could be assessed employing the fNIRS technique. The interest in using 
fNIRS in the assessment of spatial memory not only derives from the 
possibility of evaluating the neuroanatomical areas involved in the 
execution of the task, but also its usefulness as a diagnostic tool for 
memory problems. 

To our knowledge, there are no systematic reviews assessing the use 
of fNIRS to study cortical function while evaluating spatial memory. It 
would be interesting to review how this neuroimaging technique is used 
to assess spatial memory, as it would help to clarify whether this tech
nique could provide complementary information to behavioural data. It 
might also help to synthesize the main methodological aspects described 
in the studies in order to reach some conclusions about procedural as
pects to consider when aiming to design new studies. Furthermore, as 
spatial memory is a process that involves interaction with the environ
ment, especially when it requires remembering visuospatial keys, fNIRS 
offers the possibility of studying haemodynamic changes in real envi
ronments, making it especially interesting in the evaluation of spatial 
memory. For these reasons, the present work aims to summarize current 
evidence on the use of fNIRS in the neuropsychological assessment of 
spatial memory. Specifically, this review addresses (1) whether fNIRS 
can show central nervous system changes that complement behavioural 
results observed in spatial memory tasks (2) the evidence in specific 
brain regions that, according to theoretical evidence, are activated in 
spatial cognition and (3) the methodology and equipment employed to 
assess the brain evidence of these neuropsychological assessments. 
Recommendations for future studies are also included. 

2. Method 

2.1. Search strategy and study selection 

A systematic review of the literature was conducted using the 
following databases: PubMed, PsycINFO, Scopus and Web of Science. 
The search terms included were “fNIRS”, “NIRS”, “functional near- 
infrared spectroscopy”, “spatial memory”, “spatial working memory”, 
“spatial short-term memory”, “spatial long-term memory”, “spatial re
covery”, “spatial recall”, “Corsi” and “Maze”. These two last keywords 
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were included, given their strong spatial component. No restrictions on 
the date of publication were applied. The final search was carried out on 
March 31st, 2021. 

This review was conducted following the Preferred Reporting Items 
for Systematic reviews and Meta-Analyses (PRISMA) guidelines (Moher 
et al., 2009). We met PRISMA criteria 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 13, 17, 
18, 24, 25, 26 and 27. All of them are relevant when conducting qual
itative synthesis. Criteria of quantitative synthesis or meta-analysis are 
not applicable to the procedure of this review. 

2.2. Procedure 

In the identification of studies, a total of 249 articles were found, of 
which, after removing duplicates, reviews, conference papers and aca
demic dissertations, 57 studies were reviewed. The inclusion criteria 
were the following: (1) the studies must focus on neuropsychological 
assessment of spatial memory, (2) the studies must use fNIRS to show 
evidence of activity changes in the central nervous system (CNS), and 

(3) the studies should be performed with human participants. Of those 
57 resulting articles, eligibility was tested, excluding those articles that 
were not performed with humans, did not apply fNIRS, did not assess 
spatial component, were not carried out in adult samples, and were 
intervention or methodological articles. After a detailed reading of the 
articles by two researchers, a total of 18 articles were selected for their 
inclusion in this review. Fig. 1 represents a flow chart of the process. 

We extracted the following information from the original articles: 
size and characteristics of the sample, experimental design, type of 
spatial memory process assessed, tasks used for the assessment, char
acteristics of the fNIRS equipment, brain regions measured and main 
outcomes obtained. 

3. Results 

A summary of the characteristics of the sample, experimental design, 
spatial memory assessment, fNIRS equipment employed, data process
ing, brain regions assessed and main outcomes for each article is shown 

Fig. 1. Flowchart of Literature Search and Study selection Process.  
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in Table 1 and Fig. 2. The studies were grouped according to the type of 
spatial memory process assessed. 

3.1. Characteristics of the sample 

There is a great variety in the assessed samples in the different ar
ticles, with samples composed of healthy people (adults and/or older 
people), people diagnosed with a psychological disorder and people 
suffering from neurodegenerative diseases. 

Specifically, ten of the articles studied healthy young adults exclu
sively (Aoki et al., 2013; Causse et al., 2020; Chen et al., 2018; Geissler 
et al., 2020; Herrmann et al., 2016; Lancia et al., 2018; McKendrick & 
Harwood, 2019; Miyata et al., 2011; Panico et al., 2021; Sato et al., 
2014). Two articles also assessed a group of healthy older adults (Causse 
et al., 2019; Kronovsek et al., 2021). In Vermeij et al. (2014), the authors 
evaluated only a group of healthy older adults. 

Studies also compared healthy individuals and individuals with 
psychopathology. Specifically, two of the studies assessed individuals 
with schizophrenia and healthy individuals (Lee et al., 2008; Quaresima 
et al., 2009), one study analysed ecstasy users and healthy controls 
(Montgomery et al., 2017), and another research compared recurrent 
depression patients, bipolar depression patients and healthy controls 
(Schecklmann et al., 2011). 

Finally, Perpetuini et al. (2019) assessed Alzheimer's Disease (AD) 
patients and healthy older controls. 

3.2. Type of experimental design 

Ten articles used an observational within-subject study design (Aoki 
et al., 2013; Causse et al., 2020; Chen et al., 2018; Geissler et al., 2020; 
Herrmann et al., 2016; Lancia et al., 2018; McKendrick & Harwood, 
2019; Miyata et al., 2011; Sato et al., 2014; Vermeij et al., 2014), while 
the other eight used an observational between-subject study design 
(Causse et al., 2019; Kronovsek et al., 2021; Lee et al., 2008; Mont
gomery et al., 2017; Panico et al., 2021; Perpetuini et al., 2019; Quar
esima et al., 2009; Schecklmann et al., 2011). 

3.3. Type of spatial memory assessed and tasks employed 

Most of the studies (15 of 18) assessed the visuospatial component of 
WM using spatial positions distributed in 2D on a computer screen (Aoki 
et al., 2013; Causse et al., 2019, 2020; Chen et al., 2018; Geissler et al., 
2020; Herrmann et al., 2016; Kronovsek et al., 2021; Lancia et al., 2018; 
Lee et al., 2008; McKendrick & Harwood, 2019; Montgomery et al., 
2017; Quaresima et al., 2009; Sato et al., 2014; Schecklmann et al., 
2011; Vermeij et al., 2014). Other studies tested the visuospatial WM 
using real spatial positions that were distributed in a board (Panico 
et al., 2021; Perpetuini et al., 2019) or a 3D virtual-navigation task 
(Kronovsek et al., 2021). The study of Kronovsek et al. (2021) is the only 
study assessing and comparing spatial WM performance on computer 
tasks developed in reaching space and navigational space. Two studies 
used tasks for the assessment of spatial orientation, one of them was 
performed in 2D on a computer screen (Miyata et al., 2011), and the 
other was performed in 3D using a computerized virtual environment 
(Causse et al., 2020). 

There is great variability in the tests or tasks used in the studies. 
Regarding the studies that assessed WM, two of them used tests from the 
Cambridge Neuropsychological Test Automated Battery (CANTAB) 
(Causse et al., 2019, 2020), three used the N-back paradigm (Chen et al., 
2018; Geissler et al., 2020; Vermeij et al., 2014), four used a delayed- 
response paradigm (Aoki et al., 2013; Lee et al., 2008; Quaresima 
et al., 2009; Sato et al., 2014), and six of the studies used the Corsi Block 
Tapping test (CBT), either the standardized test, a computerized version 
or a modified version (Herrmann et al., 2016; Kronovsek et al., 2021; 
Lancia et al., 2018; Montgomery et al., 2017; Panico et al., 2021; Per
petuini et al., 2019). Images of faces were linked to specific locations in 

the 2D computer task of Schecklmann et al. (2011), who assessed the 
retention of image-location items. Miyata et al. (2011) assessed spatial 
planning and orientation through a computerized plus-shaped maze 
task. 

3.4. Study design 

Most of the studies used a typical block design in which conditions 
were repeated over time and spaced out by rest periods (Aoki et al., 
2013; Causse et al., 2019, 2020; Chen et al., 2018; Geissler et al., 2020; 
Herrmann et al., 2016; Lancia et al., 2018; McKendrick & Harwood, 
2019; Montgomery et al., 2017; Quaresima et al., 2009; Sato et al., 2014; 
Schecklmann et al., 2011; Vermeij et al., 2014). Other studies used 
event-related design (Kronovsek et al., 2021; Lee et al., 2008; Panico 
et al., 2021; Perpetuini et al., 2019). Duration of the rest periods and the 
number of blocks and trials were very variable between the studies 
(Table 1). The time of the rest phases ranged between 3 s (Causse et al., 
2019, 2020) to 180 s (Chen et al., 2018). Per task, a minimum of 2 trials 
(Kronovsek et al., 2021) and a maximum of 60 trials (Vermeij et al., 
2014) were performed. Most of the studies assessed baseline cortical 
activation while watching a fixation cross (Aoki et al., 2013; Lancia 
et al., 2018; Sato et al., 2014; Vermeij et al., 2014), while others 
included other activities during this period, such as watching a video 
with relaxing music (Montgomery et al., 2017), sitting and avoiding 
movements (Schecklmann et al., 2011) or simply relaxing (Causse et al., 
2019, 2020; Quaresima et al., 2009). The duration of baseline cortical 
activation used for analyses varied between 1 s and 180 s. Most studies 
used 10 s to quantify baseline cortical activity (Causse et al., 2019, 2020; 
Schecklmann et al., 2011) (Fig. 2 and Table 1). 

3.5. fNIRS equipment, signal processing, data processing, and brain 
regions assessed 

We found a certain variety in the fNIRS equipment used. Regarding 
the number of channels included in the systems, most of the studies used 
16 channels (Causse et al., 2019, 2020; McKendrick & Harwood, 2019; 
Montgomery et al., 2017), some used 52 channels (Herrmann et al., 
2016; Sato et al., 2014; Schecklmann et al., 2011) although others used 
4-channel systems (Quaresima et al., 2009; Vermeij et al., 2014) (Fig. 2 
and Table 1). 

Most of the studies used an interoptode distance of 2.5 cm (Causse 
et al., 2019, 2020; Montgomery et al., 2017) or 3 cm (Aoki et al., 2013; 
Chen et al., 2018; Herrmann et al., 2016; Lee et al., 2008; Perpetuini 
et al., 2019; Sato et al., 2014; Schecklmann et al., 2011). The shortest 
distance between source and detectors was 1 cm (Lancia et al., 2018), 
whereas 5 cm was the longest (Quaresima et al., 2009; Vermeij et al., 
2014). Some studies used two different interoptode distances (Lancia 
et al., 2018; Perpetuini et al., 2019), and others did not describe this 
parameter (Geissler et al., 2020; Kronovsek et al., 2021; McKendrick & 
Harwood, 2019; Miyata et al., 2011) (Fig. 2 and Table 1). 

Almost all the studies used wavelengths between 685 and 859 nm. 
Only two studies used three wavelengths (Quaresima et al., 2009; Ver
meij et al., 2014), whereas the others used two (Fig. 2 and Table 1). 

The sampling frequency used also varies between studies, predom
inating 10 Hz (Aoki et al., 2013; Herrmann et al., 2016; Lancia et al., 
2018; Lee et al., 2008; Miyata et al., 2011; Panico et al., 2021; Perpetuini 
et al., 2019; Sato et al., 2014; Schecklmann et al., 2011) and 2 Hz 
(Causse et al., 2019, 2020; Montgomery et al., 2017). Two Hz was the 
lowest sampling frequency employed in the studies, and 60 Hz was the 
highest (McKendrick & Harwood, 2019). The number of optodes used in 
each study is highly variable, finding a slight tendency to use 15–16-17 
sources and 15 or 16 detectors, resulting in 40-, 47- and 52-channel 
systems (Aoki et al., 2013; Chen et al., 2018; Herrmann et al., 2016; 
Sato et al., 2014; Schecklmann et al., 2011). Another tendency observed 
was the use of 4 sources and 10 detectors, resulting in 16-channel sys
tems (Causse et al., 2019, 2020; Montgomery et al., 2017). Two studies 
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Table 1 
Summary of reviewed articles on the basis of the type of spatial memory process assessed.  

Study Sample and experimental 
design 

Tasks, Study design fNIRS equipment and processing Brain regions assessed Main outcomes 

Retention of spatial locations 
Aoki et al., 

2013 
Within-subject study with 40 
healthy adults (10 Fa, 30 Ma; 
25–52 age range) 

Computerized delayed 
(7 s)-response tasks: 
spatial task and verbal 
task. Two loads (2- and 
4-items) 
Block Design 
16 blocks (28.5 s each) 
Baseline duration: 8 s 
(fixation cross) 
Rest phase duration: 16 
to 24 s (between blocks/ 
random order) 

47-channel system (15 sources and 15 
detectors) 
Interoptode distance of 30 nm 
Two wavelengths of near-infrared light 
(695 and 830 nm) 
Sampling rate: 10 Hz 
DPFa: Not reported 
Filtering: O2Hb signal change >0.4 
mM⋅mm over two successive samples 
(200-ms duration) 
Time used for analysis: activation 
period of 5 s (5 s after first stimulus 
presentation) and response to probe 
presentation 3 s (after probe) 
Baseline correction; averaging 

Bilateral PFCa, 
Temporal and Parietal 
Cortices (Fp1, Fp2, 
Fpz, T3, T4, C3 and C4 
of the International 
10–20 system) 

Significant PFC activations 
during all task conditions. 
Greater PFC activity for 
several channels in higher 
load. 
No difference in PFC activity 
between verbal and spatial 
tasks. 
O2Hb signals increased at the 
presentation of the target 
stimulus and after the 
presentation of the probe 
stimulus (may be reflecting the 
processes of encoding and 
retrieval). 

Lee et al., 2008 Between-subject study with 
13 schizophrenic patients (9 
M, 4 F, 34.7 mean age; years 
of education: 12.8) vs. 
11 HCa (7 M, 4 F, 36.6 mean 
age; years of education: 
14.1) 

Computerized delayed 
(12 s)-matching to 
position task (3-items) A 
score of confidence for 
each response was 
calculated 
Event-Related Design 
7 runs of 14 trials (16 s 
each) 
Rest phase duration: 
8.25 s (between trials) 

24-channel system (8 sources and 7 
detectors) 
Two wavelengths (780 and 830 nm) 
Emitter-detector distance was 30 mm 
Sampling rate: 10 Hz 
DPF: Not reported 
Filtering: BPa Filter (0.01–0.5 Hz) 
Time used for analysis: 16 s 
(maintenance period since first 
stimulus presentation) 

Bilateral PFC The hemispheric 
specialization was greatly 
reduced in schizophrenic 
patients. 
Patients made more false 
positives, but with a higher 
degree of confidence, than HC. 
Patients showed an increased 
total-Hb in both frontal 
cortexes in the false memory 
trial. 
Patients showed 
hyperactivation compared 
with HC in bilateral frontal 
cortex, assessing O2Hb and 
total-Hb, with a greater 
activation of HHb in the left 
frontal cortex. 

McKendrick & 
Harwood, 
2019 

Within-subject studies Study 
1: 13 healthy participants 
(18–35 age range) 
Study 2: 17 healthy 
participants (18–45 age 
range) 

Computer task for 
retention reproduction 
(study 1) and retention 
(study 2) of spatial 
positions with different 
loads (1 to 10 items) 
Block Design 
10 blocks × 10 trials (14 
s each) 
Baseline duration: Not 
reported 
Rest phase duration: 60 s 
(between blocks) 

16-channel system (4 
sources and 
5 detectors) 
Two wavelengths (685 and 830 nm) 
Sampling rate: 60 Hz 
DPF: 1/0.015 
Filtering: LPa Filter (0.15 Hz), SMAR 
algorithm 
Time used for analysis: 4 s (6 s since 
first stimulus presentation) 
baseline correction; averaging 

Bilateral BAa 10 
(Anterior PFC), 46 
(DLPFCa), 45 (Pars 
triangularis) and 44 
(Pars opercularis) 

Study 1: 
Hemodynamic changes in both 
left DLPFC and right pars 
triangularis of the DLPFC 
occurred in response to WM 
load. The hemodynamic 
responses were cubic in the left 
DLPFC (i.e., increment at the 
beginning of the task, then 
asymptote, and then 
increment again). The 
hemodynamic responses 
decrease in the right pars 
triangularis of the DLPFC (i.e., 
decrease at the beginning of 
the task, then increase, then 
asymptote, and decrease at the 
end).  

Study 2 (same protocol of 
Study 1): 
No changes occurred in the 
right pars triangularis of the 
DLPFC. A cubic polynomial 
hemodynamic effect was 
found in the left DLPFC 
characterized by a pronounced 
increase at the end of the task. 
Underload, low load, high load 
and overload were calculated 
for each participant in the task. 
Individual transitions between 
these different WM loads led to 
changes in O2Hb in the left 
DLPFC, but not to changes in 
HHb function. 

Montgomery 
et al., 2017 

Between-subject study with 
20 ecstasy users (11 M, 9 F; 
21.76 mean age) vs. 

Computerized CBTa 

(participants' span, 
span+2, span+4, 

16-channel system (4 sources and 10 
detectors) with 2.5 cm source-detector 
separation 

Bilateral DLPFC 
and PFC 

Groups did not differ in their 
performance in both tasks. 
Ecstasy users displayed 

(continued on next page) 
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Table 1 (continued ) 

Study Sample and experimental 
design 

Tasks, Study design fNIRS equipment and processing Brain regions assessed Main outcomes 

20 controls (9 M, 11 F; 19.68 
mean age) 

span+6) and letter span 
task 
Block Design 
5 blocks × 6 trials 
(different loads) 
Baseline duration: Not 
reported (watching a 
video/music) 
Rest phase duration: Not 
Reported 

Two peak wavelengths (730 and 850 
nm) 
Recording data at 2 Hz 
DPF: Not reported 
Filtering: visual inspection, LP Filter 
(0.1 Hz), Linear phase Filter (order of 
20) 
Time used for analysis: Not reported 
Baseline correction; averaging 

differences in cortical blood 
oxygenation in all PFC areas 
compared to controls, but only 
in letter span, suggesting that 
their PFC worked harder to 
achieve the same level of 
performance. 
Higher oxygenation in the 
right PFC was related both to 
ecstasy and cannabis 
consumption. 

Panico et al., 
2021 

Between-subject study with 
60 university students (31 F, 
29 M) 
Examiners (17 F, 13 M; 22.8 
mean age) 
vs. Examinees (14 F, 16 M; 
22.17 mean age) 

CBT (standardized 
version) (span: 2–10) 
Event-Related Design 
(participants' span, span- 
2, span-1, span+1, 
span+2) 
Rest phase duration: Not 
Reported 

8-channel system (8 sources and 2 
detectors) with 35 mm source-detector 
distance. 
Two wavelengths (758 and 840 nm) 
Data acquired at 10 Hz 
DPF: Age-dependent value 4.99 +
0.067 x age 
Filtering: BP Filter (0.01–0.1 Hz) 
Time used for analysis: events 
manually inserted according to the 
start and end of motor responses (only 
trials with span between 4 and 8 
items). 

Bilateral PFC (Fp1 and 
Fp2) 

Examinees' and Examiners' 
PFC activity increased as the 
spatial span increased, and 
dropped when the workload 
exceeded their spatial span. 
Examiners showed higher left- 
hemisphere activity as 
compared to the Examinees, 
particularly during the 
response (i.e., reproduction of 
sequences). 
Examinees' and Examiners' 
brain activity increased during 
correct performance. 
Examinees' and Examiners' 
brain activity decreased when 
Examinees failed. 
Higher brain activity in both 
hemispheres was detected in 
the Examiners as compared to 
the Examinees during the 
performance of the CBT. 
Examinees' activation was 
higher during the performance 
compared to the observation. 

Perpetuini 
et al., 2019 

Between-subject study with 
11 early ADa patients (7 M, 4 
F; 72.2 mean age) vs. 11 HC 
(8 M, 3 F; 67.5 mean age) 

CBT 
DSTa 

CDTa 

Event-Related Design 
Rest phase duration: 60 s 
(between tasks) 

21-channel system (32 sources and 
4 detectors) 
with a source-detector distance of 
either 3 cm or 4 cm 
Two wavelengths (690 and 830 nm) 
Sampling rate: 10 Hz 
DPF: Not reported 
Filtering: wavelet-based algorithm, BP 
Filter (0.01–0.4 Hz) 
Time used for analysis: Not reported 

Bilateral DLPFC (BAs 
investigated: 8, 9 and 
46) 

CDT scores differed between 
AD and HC. 
Changes in O2Hb occurred 
during all the tests. 
AD patients showed higher 
activity than HC in 10 and 46 
BAs, as well as less activation 
than HC in BA 9. 
AD patients showed higher 
activity in 10 and 46 BAs 
compared to controls in CBT. 
Although only behavioural 
CDT scores achieved 
classifying the cognitive status 
of the participants in ROCa 

analysis, all the tests provided 
an above chance classification 
in ROC curves when 
complexity-based fNIRS was 
considered. 

Sato et al., 
2014 

Within-subject study with 26 
healthy adults (13 F, 13 M; 
20–42 age range; 25.9 mean 
age) 

Computerized delayed 
matching to position 
spatial and verbal tasks 
Block Design 
2 blocks (control and 
WM) x 8 trials (25.5 s 
each) 
Baseline duration: 1 s 
(pre-trial) x 16 
(averaged) (fixation 
cross) 
Rest phase duration: 15 
to 18 s (between trials/ 
random order) 

52-channel system (17 sources and 16 
detectors) with 3 cm source-detector 
distance 
Two wavelengths (695 and 830 nm) 
Sampling rate: 10 Hz 
DPF: Not reported 
Filtering: BP Filter (0.013–0.8 Hz) 
Time used for analysis: 6 s (5 s since 
first stimulus presentation) 
Baseline correction; averaging 

Bilateral PFC and 
Temporal Lobe 

Both tasks required longer 
reaction times than control 
task, with longer RTa for the 
verbal task. 
No changes in the O2Hb signal 
occurred for the spatial task. 
Increase in O2Hb signal 
occurred in the verbal tasks in 
the PFC and in the left 
temporal pole. 

Schecklmann 
et al., 2011 

Between-subject study with 
16 patients with recurrent 
depression (7 F, 9 M; 43.4 
mean age) vs. 14 patients 

Computerized tasks: 
OWMa task of face 
recognition, SWMa task 
of retention of face to 

52-channel system (17 sources and 16 
detectors) with 3 cm source-detector 
distance 
Two wavelengths (695 and 830 nm) 

Bilateral PFC and 
Temporal Cortices 
(Fpz, T3 and T4 of the 

For all groups, the most 
difficult task to solve was the 
OWM, followed by the SWM 
and the C. Bipolar patients, 

(continued on next page) 
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Table 1 (continued ) 

Study Sample and experimental 
design 

Tasks, Study design fNIRS equipment and processing Brain regions assessed Main outcomes 

with bipolar affective 
disorder during a depressive 
episode (11 F, 3 M; 40.8 
mean age) vs. 
15 HC (8 F, 7 M; 40.9 mean 
age) 

location information 
- Control task (C) 
Block Design 
3 blocks (control and 
WM) x 30 trials (8 s 
each) 
Baseline duration: 10 s 
(sitting, avoiding 
movements) 
Rest phase duration: 2 to 
6 s (between trials/ 
random order) 

Sampling rate: 10 Hz 
DPF: Not reported 
Filtering: 5 s moving average, HPa 

Filter (discrete cosine transform) 
Time used for analysis: 6 s 
Baseline correction; averaging 

international 10–20 
system) 

compared to HC, showed 
slower RT in the SWM and the 
C. 
The HC group showed task- 
related increases of O2Hb in 
the VLPFCa during the OWM 
and the SWM compared to the 
C, and in the DLPFC during the 
OWM compared to the C. 
Neither O2Hb nor HHb 
differences were found in any 
group of patients in the 
different tasks and the 
different prefrontal areas. 
HC showed higher O2Hb 
increases in the VLPFC 
compared to bipolar patients 
in all tasks, and in the DLPFC 
compared to depressed and 
bipolar patients in both WM 
tasks.  

Retention and manipulation of spatial locations 
Causse et al., 

2019 
61 pilots, between-subject 
study: 18 young (17 M, 1 F; 
19–25 age range) vs. 19 
middle-aged (17 M, 2 F; 
30–48 age range) vs. 24 
older (24 M; 51–74 age 
range) 

Computerized tasks from 
CANTABa: SWM test 
with 4 levels of difficulty 
(6, 8, 10 and 12 items); 
and OTSa test of 
planning 
Block Design 
8 trials (6, 8, 10, 10, 10, 
12, 12,12 items) 
Baseline duration: 10 s 
(relax) 
Rest phase duration: 3 s 
(between trials) 

16-channel system (4 sources and 10 
detectors) with 2.5 cm source-detector 
separation 
Differential path length factor set at 
5.76 
Two peak wavelengths (730 and 850 
nm), 
recording data at 2 Hz 
DPF: 5.76 
Filtering: BP FIR Filter order of 20 
(0.02–0.40 Hz), CBSIa method 
Time used for analysis: entire trial of 
each condition 
Baseline correction; averaging 

Bilateral and medial 
PFC 

Spatial performance was 
impaired at the two highest 
levels of difficulty as a 
function of age. 
The level of experience in 
piloting positively affected the 
spatial performance. 
Difficulty of the spatial task is 
positively related to an 
increase of O2Hb 
concentration in all age 
groups, more specifically in 
lateral regions. 
Patterns of load-modulated 
activity were different 
(plateau of PCF activation) in 
the older group in the two 
most difficult levels. 
The older participants showed 
lower left prefrontal activity 
than the younger ones at the 
most difficult levels. 

Causse et al., 
2020 

Within-subject study with 
novice pilots (18 M; Mean 
age: 20.6) 

Computerized SWM test 
from CANTAB with 4 
levels of difficulty. 
Navigation task in a 
virtual flight simulator 
Block Design 
8 trials (6, 8, 10, 10, 10, 
12, 12,12 items) 
Baseline duration: 10 s 
(relax) 
Rest phase duration: 3 s 
(between trials) 

16-channel system (4 sources and 10 
detectors) with 2.5 cm source-detector 
separation 
Two peak wavelengths (730 and 850 
nm) 
Recording data at 2 Hz 
DPF: Not reported 
Filtering: BP FIR Filter order of 20 
(0.02–0.40 Hz), CBSI method 
Time used for analysis: entire trial of 
each condition 
Baseline correction; averaging 

Bilateral and medial 
PFC 

Participants who could use a 
more efficient strategy in the 
SWM test were more likely to 
properly control the altitude of 
the aircraft. 
The most difficult levels of the 
SWM test increased O2Hb 
concentration in the PFC 
compared to the easier levels. 
A higher fNIRS activity during 
the highest level of difficulty 
was associated with a better 
control of the aircraft's 
heading in the flight simulator.  

Retention of spatial locations and inhibition of interference 
Chen et al., 

2018 
Within-subject study with 
healthy subjects (8 M, 9F) 
(19–26 age range) 

Computerized tasks: 3- 
back WM single-sitting 
cognitive tasks (SWM 
and NWMa); postural 
control task (tandem 
stance paradigm); and 
DTa (standing tasks: 
Tandem stance task +
WM tasks) 
Block Design 
10 Blocks (randomized 
conditions) x 27 trials (in 
WM conditions) 
WM Block duration: 65 s 
Baseline duration: 5 s 

40-channel system (16 sources and 15 
optical detectors) 
with 3 cm source-detector separation 
Dual-wavelength (780 and 830 nm) 
Sampling rate: 3.91 Hz 
DPF: Not reported 
Filtering: BP Filter (0.01–0.2 Hz) 
Time used for analysis: entire task 
Baseline correction; averaging 

Bilateral Frontal and 
parietal cortices 

Reaction sensitivity was lower 
in the standing-SWM task 
compared with the sitting- 
SWM task. 
Posture conditions for the 
NWM task did not differ. 
Lower O2Hb in fronto-parietal 
areas was found during the 
standing-SWM task compared 
to the sitting-SWM task 
(marginally significant effect). 
This activity did not differ 
between the standing and 
sitting conditions in the NWM 
task. 

(continued on next page) 
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Table 1 (continued ) 

Study Sample and experimental 
design 

Tasks, Study design fNIRS equipment and processing Brain regions assessed Main outcomes 

before and 15 s after the 
block 
Rest phase duration: 
180 s (between blocks) 

Herrmann 
et al., 2016 

Within-subject study with 36 
healthy students 
fNIRS data: 28 participants 
(19–39 age range) 

Computerized tasks: 
version of the CBT, 
recognition of EFEa; DT 
consisting in EFE + CBT 
Block Design 
3 Blocks (randomized 
conditions: EFE, CBT, DT 
each) x 10 min each 
WM Block duration: 65 s 
Baseline duration: not 
reported 
Rest phase duration: 
120 s (between blocks) 

52-channel system (17 emitters and 16 
detectors) 
Interoptode distance 
30 mm 
Two wavelengths (695 and 830) 
Sampling frequency: 10 Hz 
DPF: Not reported 
Filtering: BP Filter (0.02–0.7 Hz), 5 s 
moving average, Gaussian HRFa peak 
time 6.5 s 
Signal change with respect to trial 
onset 

Bilateral PFC and 
Temporal Cortices 
(Fpz, T3 and T4) 

Recognition of EFE is worse in 
the DT condition as compared 
to the single task condition. 
CBT performance was similar 
in single task and DT 
conditions. 
DT condition led to higher 
activation in bilateral DLPFC. 
EVPa (P100 in O1, Oz and O2) 
was reduced in DT compared 
to both single task conditions. 
P300 amplitude (in P3, Pz and 
P4) was significantly higher 
during DT and recognition of 
EFE single task compared to 
the single CBT task. 

Lancia et al., 
2018 

Within-subject study with 39 
university students (19 F and 
20 M) (22–27 age range; 
years of education: 14.8 ±
1.7) 

Computerized CBT with 
three versions: standard 
(CBTs), block- 
suppression (CBTb) and 
control (CBTc) 
Block Design 
3 Blocks (each 
containing 3 randomized 
conditions: CBTs (10 
min), CBTb (10 min), 
CBTc (5 min)) 
Baseline duration: 180 s 
(60 s before each block) 
(fixation cross) 
Rest phase duration: 
120 s (between blocks) 

20-channel continuous wave system (8 
sources and 10 detectors) 
Two wavelengths (764 and 856 nm) 
Detector–illuminator distance was 3.5 
cm in 16 measurement points, and 1 
cm in four measurement points 
Data acquired at 10 Hz 
DPF: Not reported 
Filtering: Low optical intensity 
discarded by Function 
enPruneChannels, some short 
separated channels (1 cm), heart rate 
monitoring, wavelet motion correction 
method (iqr 0.1), GLM 
(hmrDeconvHRF_DriftSS function), 
Gaussian HRF functions with 2-s 
temporal basis (intervals between: 2 
and 18 s before and after starting 3- 
item sequences, 2 and 22 s before and 
after starting 4-item sequences, 2 and 
26 s before and after starting 5-item 
sequences, 2 and 30 s before and after 
starting 6-item sequences) 
Time used for analysis: from beginning 
to end of each sequence (22 s, 26 s, 30 
s) 
Baseline correction; averaging 

Bilateral PFC (Fp1 and 
Fp2) 
DLPFC and VLPFC 

Hemodynamic changes were 
found in all sequences of the 
CBTs and CBTb, although no 
involvement of specific 
measurement points were 
found (contrary to the authors' 
hypothesis, VLPFC areas were 
not specifically activated 
during CBTs, and DLPFC areas 
were not specifically activated 
for CBTb). 

Quaresima 
et al., 2009 

Between-subject study with 
9 schizophrenic patients (5 
M, 4F; 32.1 mean age; 12.1 
years of education) vs. 9 HC 
(4 M, 5 F; 32.6 mean age; 
13.5 years of education) 

Computerized tasks: 
delayed matching to 
position with 
interference during the 
delay period and verbal 
fluency 
Block Design 
2 blocks × 12 trials each 
Baseline duration: 120 s 
(relax) 
Rest phase duration: not 
reported 

4-channel system (4 sources and 4 
detectors) with 5 cm source-detector 
distance) 
Three wavelengths: 735 nm, 810 nm 
and 850 nm 
Sampling frequency: 6 Hz 
DPF: Not reported 
Filtering: BP Filter (0.013–0.8 Hz) 
Time used for analysis: 4 s (2 s before 
and 2 s after maximal change) 
Baseline correction; averaging 

Bilateral PFC (Fp1 and 
Fp2 of the 
international 10–20 
system) 

Patients performed worse than 
HC on the two tasks. 
Oxygenation of patients' PFC 
did not change in response to 
the two tasks. 
Correlation was found 
between the HHb decrease in 
the left PFC of HC and their 
performance on the verbal 
task. 

Geissler et al., 
2020 

Within-subject study with 20 
healthy adults (11 F, 9 M, 
22.1 mean age, 19–27 age 
range) 

Spatial n-back task 
Block Design 
4 training trials (0-back, 
1-back, 2-back and 3- 
back conditions) 
4 test blocks x 24 trials 
each (12 (1-back); 12 (3- 
back)) 
Baseline: 75 s (15 s × 5) 
Rest phase duration: 15 s 

18-channel system (8 sources and 8 
detectors) 
Two wavelengths (760 and 850 nm) 
Recording data at 7.81 Hz 
DPF: Not reported 
Filtering: GLM HRF, AR-IRLS 
algorithm to correct artifacts 
Time used for analysis: Not reported 

Bilateral frontal cortex 
(PFC, DLPFC, VLPFC) 
and middle frontal 
gyrus of the 10–10 
system 

Higher average response 
accuracy was found in 1-back 
blocks than in 3-back blocks 
and there was not any effect of 
WM load on RT. 
The effects of WM load were 
presented in the right middle 
frontal gyrus, driven by right 
DLPFC activation. Most 
activation effects were elicited 
by the 3-back condition over 
rest and 1-back conditions. A 
rise in middle frontal gyrus 
activity with rising WM load 
was reflected by HHb 
decrease. 

(continued on next page) 
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Table 1 (continued ) 

Study Sample and experimental 
design 

Tasks, Study design fNIRS equipment and processing Brain regions assessed Main outcomes 

Vermeij et al., 
2014 

Within-subject study with 18 
healthy older people (11 F, 7 
M; 64–81 age range; 70.8 
mean age; 9–18 years of 
education; 13.1 mean years 
of education) 

Spatial n-back task in 
three conditions 
(control = 0-back, low 
WM load = 1-back and 
high WM load = 2-back) 
Block Design 
3 blocks × 60 trials each 
Baseline duration: 180 s 
(60 s before each block) 
(fixation cross) 
Rest phase duration: 
120 s (between blocks) 

4-channel continuous-wave system (4 
sources and 4 detectors) 
with source-detector distance of 5 cm 
Three wavelengths (765, 857 and 859 
nm) 
DPF: 6.61 
Filtering: 1-s movement average 
Time used for analysis: entire task, 180 
s from the start of the fourth trial of 
each condition 
averaging 

Bilateral PFC 
(Fp1 and Fp2 
according to the 
international 10–20 
system) 

Increasing WM load led to 
increased PFC activation and 
decreased behavioural 
performance. 
Stronger right PFC activation 
was found in high performers 
in comparison with low 
performers in high WM 
condition. 
A decline in task performance 
with increasing WM load 
correlated positively with a 
bilateral increase of prefrontal 
O2Hb in low performers.  

Retention, manipulation, inhibition and planning of spatial information 
Miyata et al., 

2011 
Within-subject study with 20 
healthy adults 
(13 F, 7 M, 20–33 age range) 

Computerized spatial 
orientation task in a 
plus-shaped maze 
30 trials (same-goal 
condition) and 6 trials 
(goal-change condition) 
Baseline duration: 5 s 
before each onset of 
maze solution 
Rest phase duration: 10 s 
(inter-trial) 

22-channel system (8 sources and 7 
detectors) 
Two wavelengths (780 and 830 nm) 
Sampling rate: 10 Hz 
DPF: Not reported 
Filtering: visual inspection, 5-s moving 
average 
Time used for analysis: 2–6 s and 
8.5–12.5 s after onset of maze solution 
(two windows) of each condition 
Baseline correction; averaging 

Bilateral PFC (central 
optode at Fpz) 

Shorter RT were found in 
change-error trials (i.e., 
incorrect movements toward 
the previous goal location 
when it had been changed) 
compared with change-correct 
trials (i.e., correct movement 
toward the goal position after 
the change of location). 
O2Hb increased bilaterally in 
the PFC (especially middle 
areas) just after the start of 
solution of same-correct trials 
(i.e., correct movement 
toward the goal location that 
was in the previous goal 
position). 
In change-error trials, O2Hb 
increased in the right and 
medial superior-middle 
cortices of the PFC and two- 
channels in the right 
hemisphere showed significant 
increases in O2Hb after the 
first peak, compared with the 
corresponding-channels in the 
left hemisphere.  

Retention of spatial locations (reaching space and navigational space) 
Kronovsek 

et al., 2021 
Between-subject study with 
31 healthy young 
participants (18–35 age 
range) vs. 
24 healthy older participants 
(> 65 years) 

Computerized CBT 
performed in the 
reaching space; VWCTa 

performed in the 
navigational space. 
Each task x 2 trials each 
length (2–9 items) 
Baseline duration: 20 s 
Rest phase duration: Not 
reported 

6-channel (6 sources and 2 detector) 
Two wavelengths (760 and 
830 nm) Sampling rate: 50 Hz 
DPF: 4.99 + 0.067 x age0.814 (Young); 
5 (Old) 
Filtering: Matlab-based scripts for 
motion artifacts, LP Filter (0.1 Hz) 
Time used for analysis: Encoding 
sequences last 10 s of span+1 and span 
task 
Baseline correction; averaging 

Bilateral DLPFC (Fp2 
and Fp1) 

Young adults had a higher 
span score than old adults. The 
span score was higher when 
performing the reaching space 
regardless of age. 
Young adults show strong 
increase in O2Hb 
concentration in the DLPFC 
both during the CBT and the 
VWCT, as well as lower HHb 
concentration in the VWCT, 
compared to older adults. 
Older adults showed lower 
O2Hb concentration in DLPFC 
during performance on the 
VWCT compared with 
performance on the CBT. 
DLPFC O2Hb correlated with 
the encoding of a larger span  

a Acronyms used in order of appearance: F: Females; M: Males; DPF: Differential Path Length Factor; PFC: Prefrontal cortex; HC: Healthy controls; BP: Band-pass; LP: 
Low-pass; BA: Brodmann Area; DLPFC: Dorsolateral prefrontal cortex; CBT: Corsi-block tapping test; AD: Alzheimer's Disease; DST: Digit span test; CDT: Clock drawing 
test; ROC: receiver operating characteristic; RT: reaction time; HP: High Pass; OWM: Object working memory; SWM: Spatial working memory; VLPFC: Ventrolateral 
prefrontal cortex; CANTAB: Cambridge Neuropsychological Test Automated Battery; OTS: One touch Stockings; CBSI: Correlation-Based Signal Improvement; NWM: 
Nonspatial working memory; DT: Dual task; EFE: Emotional facial expressions; HRF: Haemodinamic Response Function; EVP: Early visual processing; VWCT: Virtual 
walking Corsi task. 
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used 8 sources and 7 detectors, resulting in 22- and 24-channel systems 
(Lee et al., 2008; Miyata et al., 2011), and another two studies used 4 
sources and 4 detectors consisting of two pairs of optodes that were 
bilaterally placed (Quaresima et al., 2009; Vermeij et al., 2014) (Fig. 2 
and Table 1). 

The differential path length factor (DPF), a scaling factor that 

specifies how many times the detected light has traveled farther than the 
source-detector separation, is a constant value in three studies (Causse 
et al., 2019; McKendrick & Harwood, 2019; Vermeij et al., 2014), 
whereas only one study (Kronovsek et al., 2021) used age-dependent 
DPF values. In most of the studies, the DPF is not described (Fig. 2 
and Table 1). 

Fig. 2. Overview on (A) spatial task, (B) sample, (C) design, (D) duration of baseline periods, (E) sampling frequencies, (F) filter cut-off frequencies, (G) number of 
channels, (H) source-detector separations, and (I) wavelengths. s: seconds; Hz: Hertz; cm: centimeters; nm: nanometers. 
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Regarding signal filtering and movement artifact removal, three 
studies applied a low-pass filter (LP) to their data (Kronovsek et al., 
2021; McKendrick & Harwood, 2019; Montgomery et al., 2017), only 
one study used a high-pass filter (HP) (Schecklmann et al., 2011), and 
most studies used a bandpass filter (BP) (Chen et al., 2018; Herrmann 
et al., 2016; Lee et al., 2008; Panico et al., 2021; Perpetuini et al., 2019; 
Quaresima et al., 2009 ; Sato et al., 2014). Two studies applied an LP 
filter with a cut-off sampling frequency around 0.1 Hz (Kronovsek et al., 
2021; Montgomery et al., 2017), whereas one study used an LP filter 
with a cut-off sampling frequency of 0.15 Hz (McKendrick & Harwood, 
2019). The described BP filters were 0.01–0.1 Hz (Panico et al., 2021), 
0.01–0.2 Hz (Chen et al., 2018), 0.01–0.4 Hz (Perpetuini et al., 2019), 
0.01–0.5 Hz (Lee et al., 2008), 0.013–0.8 Hz (Quaresima et al., 2009; 
Sato et al., 2014) and 0.02–0.7 Hz (Herrmann et al., 2016). Causse et al. 
(2019, 2020) used a BP FIR filter order of 20 (0.02–0.40 Hz) and a 
correlation-based signal improvement (CBSI) method. In order to 
smooth their data, few studies used the moving average method and 
applied haemodynamic response function (HRF) filter (Geissler et al., 
2020; Herrmann et al., 2016; Lancia et al., 2018). Heart rate monitoring 
and wavelet motion correction method were used in the study of Lancia 
et al. (2018). A visual inspection of the data was reported in two studies 
(Miyata et al., 2011; Montgomery et al., 2017) (Fig. 2 and Table 1). 

Baseline correction was applied in almost all studies (Aoki et al., 
2013; Causse et al., 2019, 2020; Chen et al., 2018; Kronovsek et al., 
2021; Lancia et al., 2018; Mckendrick & Harwood, 2019; Miyata et al., 
2011; Montgomery et al., 2017; Quaresima et al., 2009; Sato et al., 2014; 
Schecklmann et al., 2011), and all of them computed an average of all 
trials. Some studies did not report baseline correction, although baseline 
recording was included in their experimental protocol (Geissler et al., 
2020; Herrmann et al., 2016; Vermeij et al., 2014). 

To identify the studied regions, some studies used the International 
10–20 system (Aoki et al., 2013; Herrmann et al., 2016; Kronovsek et al., 
2021; Lancia et al., 2018; Miyata et al., 2011; Panico et al., 2021; 
Quaresima et al., 2009; Schecklmann et al., 2011; Vermeij et al., 2014), 
whereas others used the Brodmann Areas (BAs) (McKendrick & Har
wood, 2019; Perpetuini et al., 2019). Other studies just described in 
their methods the functional areas they assessed (Causse et al., 2019, 
2020; Chen et al., 2018; Lee et al., 2008; Montgomery et al., 2017; Sato 
et al., 2014). The studies are mainly focused on the PFC, adding other 
regions such as the parietal (Aoki et al., 2013; Chen et al., 2018) and 
temporal cortices (Aoki et al., 2013; Herrmann et al., 2016; Sato et al., 
2014; Schecklmann et al., 2011). Some studies describe which portions 
of the cortex were registered in their studies. These regions were the 
bilateral PFC (Aoki et al., 2013; Causse et al., 2019, 2020; Geissler et al., 
2020; Herrmann et al., 2016; Lancia et al., 2018; Lee et al., 2008; Miyata 
et al., 2011; Montgomery et al., 2017; Panico et al., 2021; Quaresima 
et al., 2009; Sato et al., 2014; Schecklmann et al., 2011; Vermeij et al., 
2014), DLPFC (Geissler et al., 2020; Herrmann et al., 2016; Kronovsek 
et al., 2021; Lancia et al., 2018; McKendrick & Harwood, 2019; Mont
gomery et al., 2017; Perpetuini et al., 2019; Schecklmann et al., 2011), 
the ventrolateral prefrontal cortex (VLPFC) (Geissler et al., 2020; Lancia 
et al., 2018; Schecklmann et al., 2011), the anterior PFC (McKendrick & 
Harwood, 2019), the pars triangularis and pars opercularis (McKendrick 
& Harwood, 2019), the right PFC (Miyata et al., 2011), the left PFC 
(Causse et al., 2019; Panico et al., 2021), the medial superior-middle 
PFC (Miyata et al., 2011), the medial PFC (Causse et al., 2019, 2020) 
and those regions included in the fronto-parietal network (Chen et al., 
2018) (Fig. 2 and Table 1). 

3.6. Objectives of the reviewed studies and their main results 

Due to the heterogeneity of the samples, the results will be summa
rized in those referred to studies in healthy and/or young adults, older 
adults and clinical samples. 

There are several articles with very different research aims in which 
healthy adults and/or young adults were used as a sample. The studies 

that assessed PFC activation in relation to visuospatial task demands, in 
terms of loads or number of spatial items that are retained or manipu
lated, found an increase in O2Hb in highly demanding tasks (Aoki et al., 
2013; Causse et al., 2020; Geissler et al., 2020). Also, healthy adults 
have shown O2Hb activation associated with highly demanding condi
tions in a retention of spatial position task in both the left and the right 
pars triangularis of the DLPFC (McKendrick & Harwood, 2019). The 
relationship between spatial WM load and O2Hb increase in the PFC and 
is linear in some studies (Aoki et al., 2013; Causse et al., 2020), while it 
is quadratic in others (Causse et al., 2019; McKendrick & Harwood, 
2019; Panico et al., 2021). 

Other researchers have compared single and dual tasks in terms of 
their activation of brain regions, finding an increase in the bilateral 
DLPFC and frontoparietal regions' activation when the dual task was 
performed (Chen et al., 2018; Herrmann et al., 2016) and less interfer
ence when WM baseline was higher (Chen et al., 2018). 

The activation of certain brain regions was also explored through 
three tasks based on the CBT, finding hemodynamic changes in the PFC 
regardless of the task used (either classic CBT involving spatial WM, CBT 
presenting distractors, or CBT as a simple motor task without any spatial 
learning) (Lancia et al., 2018). Another study analysed brain activation 
during CBT on the different roles assigned to the participants, reporting 
PFC brain activity recorded in examiners and examinees (Panico et al., 
2021). They found that examiners show higher left PFC activity in 
comparison with examinees. They also showed a relationship between 
task performance and hemodynamic changes in the PFC (i.e., increased 
activation when the task was successfully completed and decreased 
activation when examinees produced spatial movements not matching 
the given sequences) (Panico et al., 2021). Miyata et al. (2011) aimed to 
study the relationship between brain activation and spatial planning and 
orientation, finding increases in O2Hb and activation of different brain 
regions according to participant's performance. Correct responses 
especially activated the middle areas of bilateral PFC, while an incorrect 
performance, due to a change in location that was not previously noti
fied, showed increases especially in the right and medial superior- 
middle PFC (Miyata et al., 2011). Sato et al. (2014) observed in their 
study that there was no significant increase in the O2Hb signal in the PFC 
assessed bilaterally during a spatial WM task. They also reported that the 
spatial condition showed shorter reaction times compared to the verbal 
one (Sato et al., 2014). 

Regarding the two studies that compared the performance of spatial 
WM tasks of adults and older adults, the main aim was to compare he
modynamic changes and the behavioural performance between age 
groups (Causse et al., 2019; Kronovsek et al., 2021). Causse et al. (2019) 
found a significant age-related impairment of spatial WM function only 
at the highest spatial loads and a lower left prefrontal activity in the 
older participants than in the younger ones at the highest loads. Kro
novsek et al. (2021) found a stronger increase in O2Hb concentration for 
young adults in comparison with older adults during a visuospatial WM 
task. Vermeij et al. (2014) aimed to study hemodynamic changes as a 
function of WM load only in older adults, finding an increase in pre
frontal activation when there was an increase in WM load. They also 
reported a stronger right prefrontal activation in high performers under 
the high WM condition, an association between a decline in task per
formance with increasing WM load condition, and a bilateral increase of 
O2Hb of prefrontal activation in low performers (Vermeij et al., 2014). 

Regarding the studies using clinical samples, all of them aimed to 
study differences in the hemodynamic changes between patients and 
healthy controls. Studies of patients with schizophrenia found a reduced 
hemispheric specialization, false memory errors with a higher degree of 
confidence, and failure of verbal and visuospatial WM tasks to induce a 
PFC oxygenation change (Lee et al., 2008; Quaresima et al., 2009). 
Montgomery et al. (2017) reported that ecstasy-polydrug users did not 
display differences in cortical blood oxygenation in any PFC areas 
compared to controls in spatial span tasks. They have also found cor
relations between higher oxygenation in the right PFC and ecstasy 
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consumption (Montgomery et al., 2017). Schecklmann et al. (2011) 
observed that bipolar patients showed slower reaction times in spatial 
WM and control tasks compared to controls. They also found higher 
O2Hb in DLPFC in healthy participants compared to depressed and bi
polar patients both in visual and visuospatial WM tasks (Schecklmann 
et al., 2011). Finally, Perpetuini et al. (2019) found significantly higher 
activity in BAs 10 and 46 during the performance of CBT in AD patients 
compared to control participants, as well as in BAs 10 while performing 
a clock-drawing task. On the contrary, the AD group showed less acti
vation than control participants in BAs 9 (Perpetuini et al., 2019). 

4. Discussion 

The main objective of the present review was to summarize the ev
idence on the use of fNIRS in the neuropsychological assessment of 
spatial memory. As a secondary aim, we explored whether such a 
technique can detect cortical activity changes congruent with the results 
obtained in spatial memory tasks; that is, whether such changes 
occurred in the regions related to spatial memory reported in previous 
literature, as well as to analyze the methodology and equipment 
employed in each study. 

4.1. Visuospatial memory in the brain cortex 

Almost all studies assessed spatial or visuospatial WM in computer- 
based tasks. There is a large scientific literature that associates WM 
function, both for verbal and visuospatial stimuli, with the PFC (Fuster, 
2019), and, precisely for this reason, we have found that all the studies 
reviewed assessed this cortical region. However, it is also well known 
that WM depends on networks between the PFC and other areas, both 
cortical and subcortical (Christophel et al., 2017; D’Esposito & Postle, 
2015; Nee & D’Esposito, 2018). For this reason, other regions, such as 
the parietal and temporal areas, were also evaluated in some articles 
(Aoki et al., 2013; Chen et al., 2018; Herrmann et al., 2016; Sato et al., 
2014; Schecklmann et al., 2011). The reason why not all studies recor
ded activity in these brain regions could be due to the greater difficulty 
of measuring them using the fNIRS technique and the cost of devices 
with large numbers of channels (Zhao & Cooper, 2017), besides the fact 
that the PFC plays a regulatory role in the aforementioned brain areas 
(D’Esposito & Postle, 2015). 

It is also important to mention that the PFC is not considered as a 
unitary brain region, but is rather subdivided into several anatomical 
and/or functional areas. In this sense, some of the functional areas that 
are involved are the DLPFC (Herrmann et al., 2016; Kronovsek et al., 
2021), the left DLPFC (McKendrick & Harwood, 2019) and the VLPFC 
(Schecklmann et al., 2011). The authors who more precisely differen
tiated cortical functional regions in their PFC assessments found 
involvement of the frontoparietal network during the performance of a 
task involving the retention of spatial information and the inhibition of 
interference (Chen et al., 2018), increased activity of the lateral regions 
related to an increase in the WM load (Causse et al., 2019), and 
involvement of the medial superior-middle PFC during a task of spatial 
planning (Miyata et al., 2011). Those studies that did not discriminate 
PFC subregions found bilateral PFC activation (Aoki et al., 2013; Causse 
et al., 2019, 2020; Lancia et al., 2018), left PFC activation (Lee et al., 
2008) and predominance of right PFC activation (Miyata et al., 2011), 
especially in high performers (Vermeij et al., 2014). Furthermore, a 
differentiation was found between bilateral prefrontal activation and 
predominant left prefrontal activation based on the performance of the 
spatial task or the mere observation of spatial performance, respectively 
(Panico et al., 2021). In general, this is congruent with previous neu
roimaging studies using fMRI and PET (Cabeza & Nyberg, 2000). 
Although generally, visuospatial functions tend to be considered as a 
lateralized capacity toward the right hemisphere (Smith et al., 1996), no 
such anatomical specialization was found in the visuospatial WM in the 
reviewed studies. In this sense, previous evidence using fMRI have 

shown that both verbal and spatial WM may involve the same bilateral 
fronto-parietal circuits (Ray et al., 2008). Likewise, visuospatial WM 
impairment has also been found in patients with right hemisphere 
damage, where many of them also presented fronto-parietal impairment 
(Paulraj et al., 2018). 

4.2. Visuospatial working memory and prefrontal cortex in healthy young 
adults 

It is important to mention that most of the articles included in the 
review assessed healthy young adults. Therefore, we can assume that 
these data show normative levels of visuospatial WM functioning in 
relation to the PFC. In this population, the greater load of items to be 
maintained, 4 spatial items versus 2 spatial items in a delayed response 
task (Aoki et al., 2013), 10–12 spatial items versus 6–8 spatial items in 
the SWM test from CANTAB (Causse et al., 2020) or the higher number 
of items, spatial positions (from 1 to 10) to be retained (McKendrick & 
Harwood, 2019), increased PFC activation. Similarly, the administration 
of the WM assessment test CBT itself required higher PFC activity than 
its execution and this activity increased as the spatial span reach higher 
levels (Panico et al., 2021). PFC activation was also higher in the 
execution of dual performance paradigms in comparison with single 
performance, either in a spatial n-back task that was performed during a 
tandem stance task (Chen et al., 2018) or a spatial CBT task in combi
nation with a recognition of emotional facial expressions task (Herr
mann et al., 2016). Specifically, these activations were found in the 
DLPFC, both left and bilateral, in the right pars triangularis and in the 
frontoparietal regions (Aoki et al., 2013; Causse et al., 2020; Chen et al., 
2018; Herrmann et al., 2016; Panico et al., 2021). This could be 
explained by the fact that the tasks in which more cognitive resources 
are demanded require greater activation of the brain regions involved. 
McKendrick and Harwood (2019), in a task that requires retention of 
spatial positions with different loads, 1 to 10 items, found that DLPFC 
activation increases at the beginning of the task with a low WM load, 
and such activation continues to increase until reaching an asymptote 
with medium loads, and it increases again at the highest WM load. These 
results could reflect a greater demand of cognitive resources both at the 
beginning of the task, at low loads, and probably related to the begin
ning of the task and the implementation of the appropriate cognitive 
processes for its resolution, and at the end of the task, where the spatial 
load is higher and, again, demands more cognitive resources. These 
findings are partially consistent with those of Panico et al. (2021), in 
which a progressive PFC activation was found as WM load increased. 
This increase reaches the end when participants' span level is reached; at 
this point, the PFC activation begins to decline. The authors of this study 
deduced that this lower activation after exceeding the participants' span 
level could be due to an excess of resource demands from the task at the 
higher levels, causing the participants to “disconnect” from the task 
(Panico et al., 2021). fMRI studies have reported same course of PFC 
activation. Activation can predict load-related changes in task perfor
mance, and PFC activity tends to decrease at high-load levels related to 
low accuracy (Lamichhane et al. (2020). A similar effect has also been 
described in older people (Causse et al., 2019), which will be discussed 
later in more detail. 

4.3. Visuospatial working memory and prefrontal cortex in older adults 

Other articles compared the performance of healthy older partici
pants with healthy adults. We found evidence in favour both of a linear 
and a quadratic relationship between WM load and PFC activation in 
older people. Thus, some studies have found that the greater the mem
ory load, the greater the DLPFC activation (Kronovsek et al., 2021), 
although another study revealed a plateau in the PFC activation in the 
older group, but not in the younger one, at the highest loads (Causse 
et al., 2019). These results are congruent with results found using fMRI 
which show that age and performance level modulate load-related 
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neural activation in PFC (Bauer et al., 2018). In general, there is insuf
ficient evidence to affirm or disprove a possible linear and/or direct 
association between a greater amount of information to be retained and 
greater PFC activation shown by fNIRS in older people. Some studies 
have found less PFC activation, concretely in the left PFC and the 
bilateral DLPFC, in older groups compared to younger groups (Causse 
et al., 2019; Kronovsek et al., 2021). In these studies, not only is lower 
activation reported in older people, but also worse behavioural results in 
WM tasks. In order to explain contrasting evidence of both age-related 
under-recruitment as well as age-related over-recruitment of the PFC 
during WM performance, Reuter-Lorenz and Cappell (2008) formulated 
the Compensation-Related Utilization of Neural Circuits Hypothesis 
(CRUNCH). CRUNCH proposes that, irrespective of age, neural 
engagement varies with the level of task demand, and activity in cortical 
regions is up-regulated to a certain level as cognitive load increases. At 
low levels of cognitive load, older adults need to recruit more neural 
resources than young adults in order to maintain task performance, due 
to less efficient neural processing at older ages. This compensatory 
mechanism is no longer effective at high levels of cognitive load, leading 
to reduced or equivalent activation in older adults in comparison to 
young adults. To be precise, Causse et al. (2019) have not found any 
significant difference in PFC activity between age groups of pilots for 
low to moderate WM loads, although the CRUNCH model would predict 
higher activity in older participants. At very high loads of 12 items, older 
participants showed lower left PFC activity than younger participants, 
along with impaired performance. This is consistent with predictions 
from CRUNCH. Older pilots showed under-activation at higher levels of 
task demand when compared to younger pilots, likely due to a resource 
ceiling according to the CRUNCH model. However, activity was not 
significantly different between age groups in lower WM loads, whereas 
the CRUNCH model would rather predict higher activation in older 
compared to younger participants. This absence of over-activation in 
older pilots likely reflects a preservation of spatial WM performance at 
moderate difficulty level, medium WM loads. Similarly, Kronovsek 
et al.'s (2021) results corroborate the CRUNCH model, as they observed 
PFC under-activation for older adults compared to younger adults at 
high levels of cognitive load, when it is assumed that processing capacity 
limits are reached and compensatory mechanisms may no longer be 
effective. Following the CRUNCH model, when assessing AD patients, 
Perpetuini et al. found that AD participants recruit more neural and 
executive resources than aged-matched controls at low cognitive load to 
support WM, while both groups show equivalent WM performances 
(Perpetuini et al., 2019). Interestingly, when comparing older partici
pants with better WM performance and older participants with worse 
WM performance, a stronger right PFC activation under high WM con
ditions is found in high performers in comparison with low performers 
(Vermeij et al., 2014). Overall, PFCs were less activated in healthy older 
adults in comparison with younger adults, which could, potentially, lead 
to poorer performance of the task, such that older participants who 
achieve better behavioural performance are also those who seem to 
achieve greater PFC activation. Previous studies show that, in progres
sive normalized aging, the role of the PFC in WM acquires a less 
important role, and other areas, such as the parietal cortex, the insula or 
the cerebellum, begin to be activated, presumably as a mechanism of 
compensation and brain functional reorganization (Yaple et al., 2019). 
These findings emphasize the need to take behavioural performance 
level into account when interpreting and comparing neuroimaging data, 
as well as the need to include not only records on PFC, but also other 
more posterior cortical areas to assess brain compensation. Although the 
study of Vermeij et al. (2014) did not include a group of young adults to 
examine age-related changes, their results are congruent with the 
CRUNCH hypothesis that PFC over-recruitment may reflect an age- 
invariant compensatory mechanism. Vermeij et al. (2014) found a 
pattern of bilateral recruitment, up-regulation of left and right PFC 
activation, with increasing spatial WM load. They found a significant 
interaction between performance level and hemispheric activation, 

indicating that high performers more strongly activated the right PFC 
under high WM load than did low performers. These results are 
congruent with the model of Hemispheric Asymmetry Reduction in 
Older adults (HAROLD) (Cabeza, 2002), which explains a more bilateral 
pattern of PFC activation in older adults in tasks for which young adults 
typically show unilateral activation. According to this model, age- 
related over-recruitment of the PFC has been observed across several 
cognitive domains. The recruitment of the right PFC might contribute to 
successful spatial WM performance in older adults. In contrast, the 
negative correlation between load-induced changes in activation and 
performance that was observed in low performers may point toward 
declined neural efficiency or unsuccessful compensation. Contrary to the 
HAROLD model, Causse et al. (2019) have not observed less asymmetric 
activation in older pilots compared to younger pilots. 

4.4. Visuospatial working memory and prefrontal cortex in clinical 
populations 

Regarding articles that used clinical samples, we have reviewed 
studies on ecstasy consumers, patients with depression and bipolar 
disorder, patients with schizophrenia and patients with AD. These 
studies in patients found that the better the WM performance in the task, 
the greater the activation in the PFC. Specifically, ecstasy consumers 
showed high right PFC activation (Montgomery et al., 2017), contrary to 
fMRI studies which found no differences in cortical activation (Daumann 
et al., 2003) and AD patients actively involve the BAs 10 and 46 (Per
petuini et al., 2019). In these cases, despite clinical groups showing 
similar behavioural performance to healthy participants, their cortical 
activation was different and higher. Other studies did obtain a worse 
performance of clinical samples in WM tasks compared to controls, but 
they did not find the hyperactivation described in the previous studies. 
Thus, studies have revealed a lower hemispheric specialization or inef
ficient PFC function in schizophrenic patients compared to controls (Lee 
et al., 2008; Quaresima et al., 2009). These results are congruent with 
fMRI results (Lee et al., 2008; Potkin et al., 2009). Similarly, lower 
DLPFC activation was reported in patients with depression and with 
bipolar disorder compared to healthy participants (Schecklmann et al., 
2011). Taken together, these results suggest a tendency to hyperactivate 
the PFC to compensate for cognitive difficulties in these patients. Thus, 
prefrontal hyperactivation in the clinical groups could explain why they 
perform similarly to the control groups, whereas less prefrontal later
alization and less general prefrontal activation would explain why they 
perform behaviourally worse than the control groups. Thus, for 
example, patterns of prefrontal hyperactivation in fMRI have been 
identified in patients with schizophrenia (Thormodsen et al., 2011), as 
well as in patients with obsessive-compulsive disorder (Henseler et al., 
2008), together with a cognitive performance equivalent to that of 
healthy participants. However, the available studies with clinical sam
ples are still very scarce and include results from highly variable 
neurodegenerative or psychiatric pathologies. It is, therefore, difficult to 
draw definitive conclusions in this matter. 

4.5. Variability of assessment tasks, methodologies and samples 

It is important to consider that all the above findings were obtained 
from different assessment tasks, different methodologies and with 
diverse samples in size and characteristics. To assess spatial WM, au
thors used tests from neuropsychological batteries (such as the 
CANTAB), classical neuropsychological tests for the short-term retention 
of spatial locations (such as the CBT), adaptations of classical neuro
psychological tests or tests created by the authors themselves. This can 
lead to confusion when interpreting the results obtained. Furthermore, it 
should be noted that one of the studies assessed spatial planning and 
orientation using a computerized plus-shaped maze task (Miyata et al., 
2011). This task requires a clear involvement of the WM capacity, but 
also some other complex skills, such as the ability to orient oneself in 
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space or planning, as the authors themselves point out. 
Regarding the methodology and equipment employed in each study, 

there is a tendency to use 16-, 52- or 4-channel systems, two wave
lengths between 685 and 859 nm, an interoptode distance of 2.5–3 cm 
and a sampling frequency of 10 Hz. The features of fNIRS equipment are 
relevant for the purpose of the studies. The deepness with which the 
light can penetrate the brain tissue is influenced by factors such as the 
light wavelength and the distance between sources and detectors, and 
the longer distances are optimal to show deeper brain activity (Ferrari & 
Quaresima, 2012). fNIRS equipment with few optodes, such as that 
employed by Kronovsek et al. (2021) normally allows portability, cause 
low discomfort and show lower susceptibility to motion artifacts, so it is 
an excellent tool for investigating spatial memory tasks in conditions in 
which mobility is required. However, fNIRS equipment using a great 
number of channels and optodes that cover extensive regions of the 
cortex, such as that used by Herrmann et al. (2016), allows more 
detailed descriptions of the cortical regions activated, and is optimal to 
explore several interconnected regions but not feasible to assess cortical 
activity in more realistic settings where motor displacement is required. 

Concerning the samples, they are highly variable. The number of 
participants assessed in the studies ranges from 9 (Quaresima et al., 
2009) to 61 participants (Causse et al., 2019). All the studies that 
specified the years of education resulted in samples with a high level of 
education or samples composed of university students (Causse et al., 
2019, 2020; Herrmann et al., 2016; Lancia et al., 2018; Lee et al., 2008; 
Montgomery et al., 2017; Panico et al., 2021; Quaresima et al., 2009; 
Sato et al., 2014; Vermeij et al., 2014), which could bias the results 
obtained. It is also important to consider the participants' gender, as this 
variable can influence performance in spatial tasks and brain activation. 
Males and females show different patterns of brain activation during 
such tasks (Hill et al., 2014). Most of the studies included in this review 
presented an unequal distribution of gender in their samples. Some 
assessed exclusively men (Causse et al., 2020), or men were over
represented (Aoki et al., 2013; Causse et al., 2019; Lee et al., 2008; 
Perpetuini et al., 2019), and others studied mainly women (Kronovsek 
et al., 2021; Miyata et al., 2011; Schecklmann et al., 2011; Vermeij et al., 
2014), and this gender bias is an important issue than can affect results. 

The searching strategy of this review included keywords to identify 
as many studies as possible that measure spatial memory. With this aim, 
we included keywords related to tests that measure the spatial compo
nent of memory and WM, such as “Maze” or “Corsi”. However, other 
studies using these or other tests measuring spatial memory may have 
been dismissed in our search. 

Based on the findings of the present review, certain needs and un
resolved issues were identified that could be addressed in future 
research. First, while it is true that there are studies in which the tem
poral and parietal cortex have been established as regions of interest, in 
addition to the PFC, there are still few studies that do so. Including these 
regions would be of particular importance, as, according to scientific 
evidence, these regions are also activated by a spatial WM task. Second, 
there are more ecological methodologies that measure spatial WM, such 
as the use of virtual reality, which can approximate the natural condi
tions under which spatial memory skills occur in everyday contexts. 
However, these paradigms are not employed in any of the reviewed 
studies, even though fNIRS equipment can be adapted to the application 
of such tests. Third, concerning clinical samples, some disorders are 
typically related to a dysfunction of the PFC, such as the attention deficit 
and hyperactivity disorder or frontotemporal dementia, in which it 
would be worthwhile to test PFC functioning during spatial WM tasks 
using fNIRS. However, our search did not find any studies that covered 
these aims. Finally, it is also important to consider that results reported 
in this review are mainly centred on immediate recall and WM, showing 
that the long-term retrieval of spatial information is underestimated in 
research. In this sense, other functional neuroimaging techniques have 
recently reported interesting conclusions assessing spatial long-term 
memory (Guo et al., 2021), which may support the use of fNIRS to 

approach this process. 

4.6. Recommendations for future studies 

Over the last few decades, fNIRS has become a powerful method to 
assess cortical activity during cognitive functions that cannot be studied 
in artificial contexts, such as in an fMRI scanner (Pinti et al., 2018). As 
spatial memory is a cognitive process very dependent on the context, the 
use of fNIRS in this field is very interesting. In this sense, although 
almost all studies assessed spatial or visuospatial WM in computer-based 
tasks, fNIRS enables cortical activity assessment during task perfor
mance in the reaching space or the navigational space (Kronovsek et al., 
2021), and other spatial memory processes, apart from WM or short- 
term memory, can be explored using this technique. Most of the 
studies clearly probe a strong relationship between spatial WM load and 
activity in the PFC. In this sense, future research on spatial WM could 
benefit from using fNIRS as a tool for quantifying users' workload in 
spatial tasks. In the field of passive brain-computer interfaces, it is 
desirable to obtain a measure of the state of the user to adapt a user 
interface accordingly. fNIRS signals measured from the PFC were used to 
quantify mental workload in a verbal n-back task, revealing that levels 
of workload induced by n-back tasks can be discriminated by fNIRS in 
single-trial assessment (Herff et al., 2014). Future research on spatial 
memory could benefit from the potential use of fNIRS for assessing user 
state monitoring to show the degree of workload a subject was experi
encing, and this is also possible in real-life scenarios. 

No studies have used fNIRS during 2D, 3D or real spatial navigation 
in order to measure acquisition and retrieval of spatial memories. We 
highlight the relevance of exploring fNIRS activity under other ap
proaches. An example of the usability of fNIRS to measure cortical ac
tivity during the acquisition of spatial memory can be found in the 
methodological article of Ayaz et al. (2011), which explores the use of 
MazeSuite and fNIRS within a cognitive processing learning paradigm. 

Methodologically, most of the articles used fNIRS equipment of 16 
channels and mainly measured the PFC. By exploring other cortical re
gions, studies could evaluate bilateral occipital, temporal and parietal 
cortex function during spatial memory performance. This is especially 
important when assessing cognitive decline because compensatory ac
tivations may provide scaffolding to support aging cognition. Studies are 
predominantly focused on spatial WM and used 52 or 16-channel sys
tems when they aimed to measure with great precision. The use of 
wavelengths between 685 and 859, interoptode distances of 2.5–3 cm, 
and a sampling frequency of 10 Hz is very common. However, not all 
studies reported all technical configurations and design-related details. 
It is recommended to clearly describe DPF values with selection process, 
duration of task, trials, and baseline and rest periods (Yücel et al., 2021). 
It is desirable to calculate DPF values depending on age and cortical 
region assessed (Scholkmann & Wolf, 2013). Baseline correction or 
baseline normalization should be applied to fNIRS data, which should be 
averaged across channels, regions and trials (Tachtsidis & Scholkmann, 
2016). Additional measures, such as heart rate, should be used to 
monitor systematic changes, especially in those experiments that 
include navigation, where moving average filters are especially needed 
(Herold et al., 2017, 2018). In order to process data, the use of BP filters 
is recommended (Yücel et al., 2021). Optode placement should be based 
on the international 10–20 system (Yücel et al., 2021). 

5. Conclusion 

fNIRS is compatible with the standard neuropsychological assess
ment of spatial memory, making it possible to complement behavioural 
results with data of cortical functional activity. The studies analysed, 
mainly focused on immediate or short-term recall of spatial information 
and spatial WM, showed involvement of the PFC in spatial WM tasks, 
with the DLPFC, the VLPFC, and the bilateral PFC being specifically 
activated. Some studies found a linear relationship between WM load 
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and PFC activity, while other studies reported quadratic relationships, 
with higher PFC activity at the beginning of the spatial WM task and at 
higher levels of difficulty. In comparison with healthy adults, healthy 
older people showed greater activation of the PFC when performing 
these tasks, in addition to worse results in these neuropsychological 
tests, finding similar relationships in this age group to those found in 
healthy adults in terms of PFC activity and WM load. Clinical samples 
show hyperactivation of the PFC as a form of compensation for a poorer 
performance of the task. The methodology and equipment of fNIRS vary 
depending on whether the spatial task requires some mobility, thus 
needing a smaller number of optodes, or the task can be performed 
statically, thus allowing the use of a larger number of optodes and 
measurement channels and being, therefore, more specific in the mea
surement of cerebral hemodynamic changes. 

Not all studies reported all technical configurations and design- 
related details. It is recommended to clearly describe DPF values with 
selection process, duration of task, trials, and baseline and rest periods. 
It is desirable to calculate DPF values depending on age and cortical 
region assessed, as well as to apply baseline correction or baseline 
normalization to fNIRS data. Those experiments that include navigation 
need additional measures, such as heart rate, and moving average filters. 

No studies have used fNIRS during spatial navigation in order to 
measure acquisition and retrieval of spatial memories. Future research 
on spatial WM could benefit from using fNIRS as a tool for quantifying 
users' workload in spatial tasks. It would be of great interest to use fNIRS 
to measure cortical activity during the acquisition and retrieval of 
spatial memory using virtual and real mazes. 
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