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1. Introduction 

Functional neuroimaging is universally recognized to be a remarkably effective modality for 
exploring precise brain function. Functional magnetic resonance imaging (fMRI) and 
positron-emission tomography (PET) are among the most widely used neuroimaging 
techniques; however, their invasiveness in terms of, for example, exposure to high magnetic 
fields or radiation, or restriction of body movement during the examination, makes their 
application difficult in infants, children, and some subjects with an atypical condition. 

Near infrared spectroscopy (NIRS), on the other hand, is an alternative neuroimaging 
modality that is suitable for use with most individuals due to its non-invasive nature. It 
measures local cortical activity during brain activation. Although NIRS has several 
limitations compared with fMRI and PET, it is an appropriate and feasible method to use 
with infants, children, and other subjects such as those who suffer from loss of sleep. 
Naturally, sleep loss raises some problems related to the subject keeping still yet awake 
during the examination, but otherwise is a good option. The effects of sleep loss on local 
cortical activities associated with certain cognitive functioning as assessed by NIRS are the 
topic of this chapter. 

2. Utilization of NIRS for functional brain imaging 

Information processing in the brain occurs via two different systems, a neuroelectric 
transmission system and an energy-supplying system to neurons (Guiou et al., 2005). 
Nutrient arteries around the neurons supply them with blood containing the oxygen and 
glucose necessary for neural activity. Thus, changes in the ratio of oxygenated hemoglobin 
(oxy-Hb) to deoxygenated hemoglobin (deoxy-Hb) due to increased blood flow for such 
activity should be observable in tissues adjacent to the activated neurons. This relationship 
between neural activity and subsequent changes in cerebral blood flow is known as 
neurovascular coupling (Guiou et al., 2005; Rasmussen et al., 2009). 

Similar to fMRI and PET, NIRS indirectly measures local cortical activity in vivo by 
measuring the differential concentration between oxy- and deoxy-Hb in the blood vessels. 
Specifically, it measures the difference in the absorption rate of near-infrared light by oxy- 
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and deoxy-Hb, and the scalp and skull are high permeable to near-infrared light (Obrig et 
al., 2000). When such light is locally irradiated from an irradiation probe, it diffuses in the 
cerebral tissue up to a depth of 20-30 mm. A detection probe located 30 mm from the 
irradiation probe can detect the light diffusely reflected by the oxy- or deoxy-Hb, making it 
possible to estimate local changes in oxy-, deoxy- and total-Hb concentrations (Ferrari et al., 
2004). For high-resolution detection of oxy- and deoxy-Hb concentrations, multiple channels 
of wavelengths (2 or 3) of near-infrared light (700-1000 nm) are usually simultaneously 
irradiated and detected. 

NIRS has been widely used for several years in medical and biological studies of the brain. 
Although NIRS uses an accessible, non-invasive neuroimaging device, it should be applied 
to measure local cerebral metabolic rate of oxygen consumption with consideration given to 
its strong and weak points, which are listed in Table 1. 

 

Strengths (compared with MRI or PET) 

 inexpensive 

 high portability 

 easy-to-use approach 

 high tolerance to body movements 

 high temporal resolution (10 Hz or less) 

 high tolerance to long-time measurements 

 utility regardless of subject’s posture 

 independence of a specific measurement setting 

Weaknesses (compared with MRI or PET) 

 low spatial resolution 

 difficulty in strict identification of anatomic locations 

 narrow range of measurement (only cortical surface) 

 relative quantitation (not absolute quantitation) 

Table 1. Strengths and weaknesses of NIRS 

3. Effects of sleep loss on cognition 

Although what constitutes sufficient quality and quantity of sleep per day remains a subject 
of debate due to its the wide interindividual variability and age-related differences, it has 
been elucidated that sleep loss deteriorates various cognitive functions, whether due to 
partial or total sleep deprivation and chronic or acute sleep disturbance. Loss of sleep also 
impairs the activities of various cerebral regions or neural networks associated with ongoing 
cognitive performance. A recent study in rats suggested that sleep loss often elicits periods 
of local sleep, in which some neurons often go ‘offline’ briefly in one cortical area but not in 
another during long periods of wakefulness (Vyazovskiy, 2011). Several basic cognitive 
functions are vulnerable to sleep loss in humans. These include simple response speed 
(Buysse et al., 2005; Frey et al., 2004; Koslowsky & Babkoff, 1992), psychomotor vigilance 
(Blatter et al., 2005; Doran et al., 2001; Drake et al., 2001; Van Dongen et al., 2003), mental 
arithmetic (Frey et al., 2004; Stenuit & Kerkhofs, 2008; Van Dongen et al., 2003;), response 
inhibition (Drummond et al., 2006; Stenuit & Kerkhofs, 2008), problem solving (Killgore et 
al., 2008; Nilsson et al., 2005), and short-time perception (Soshi et al., 2010). However, the 
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performance of executive functions, one of the higher cognitive functions that includes 
divided attention (Drake et al., 2001; Frey et al., 2004; Lim & Dings, 2010; Stenuit & 
Kerkhofs, 2008) and working memory (Bartel et al., 2004; Binks et al., 1999; Choo et al., 2005; 
Frey et al., 2004; Lim & Dings, 2010; Tucker et al., 2010; Wimmer et al., 1992) varies among 
studies; some report a significant effect of sleep loss (Bartel et al., 2004; Choo et al., 2005; 
Drake et al., 2001; Frey et al., 2004; Stenuit & Kerkhofs, 2008), while others report no such 
effect (Binks et al., 1999; Lim & Dings, 2010; Tucker et al., 2010; Wimmer et al., 1992).A 
discrepancy has also been seen in the influence of sleep loss has on behavioral performance 
versus its influence on neural activity; functional neuroimaging has revealed that sleep loss 
deteriorates not behavioral performance but neural activity (Choo et al., 2005). Such a 
discrepancy could point to a difference in neural substrates between basic and higher 
cognitive functions and/or possible personal differences in vulnerability of executive 
functions to sleep loss. We describe here two of our studies conducted using NIRS in order 
to explore the influence of sleep loss on basic and higher cognition associated with the 
frontal functions mentioned above. 

4. Influence of sleep loss due to total deprivation of a night’s sleep on time 
perception 

4.1 Short-time perception 

When elapsed time is comparatively brief (within several minutes), humans can typically 
perceive the passage of time accurately without referring to an artificial time keeping device 
such as a wristwatch (Ivry, 1996; Rammsayer, 1999; Treisman, 1963). Human short-time 
perception is modulated by a robust neural basis consisting of subcortical structures, such as 
the cerebellum and basal ganglia, together with the right prefrontal cortex (Harrington et al., 
1998; Pouthas et al., 1999). Moreover, a circadian pacemaker located in the suprachiasmatic 
nucleus of the hypothalamus, which is driven by a self-sustaining oscillator with a period of 
about 24 h and provides the time of day, participates in short-time perception (Aschoff, 1998; 
Ashoff & Daan, 1997; Kuriyama et al., 2003). As such, short-time perception is not 
independent of the influence of the circadian pacemaker; under a condition where 
zeitgebers are strictly controlled, short-time perception fluctuates on around a 24-h cycle 
and correlates with circadian markers such as core body temperature and melatonin, and 
consequently shows diurnal variation (Kuriyama et al., 2005). It has been confirmed that 
short-time perception shortens from morning into night, and is prolonged again from night 
to the next morning under a 30-h constant routine (Kuriyama et al., 2005; see Fig. 1). For 
sleep deprivation on the other hand, it has been reported that there is less diurnal variation  

 

Fig. 1. Diurnal fluctuation of short-time perception 
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in short-time perception as it is dissociated from endogenous circadian markers (Kuriyama 
et al., 2005; Soshi et al., 2010). This may be because short-time perception is modulated by 
the prefrontal cortex (PFC) along with subcortical structures including the circadian 
pacemaker; it is well known that the PFC is vulnerable to sleep loss, and this vulnerability 
presumably disturbs short-time perception (Soshi et al., 2010). To elucidate this issue, Soshi 
et al. (2010) utilized NIRS because it neither produces pulse scanning noise nor requires 
severe restriction of the subject’s body posture nor movements, and thus is unlikely to 
seriously influence the sleep-deprived condition. It is also suitable for monitoring the 
subject’s condition while performing the experimental tasks. 

4.2 Study design 

Fourteen healthy male university students participated in a crossover design study 
conducted over a 4-day period. Subjects performed a 10-s time production (TP) task in sleep 
controlled (SC) and sleep deprived (SD) conditions, scheduled in random order with a 1-day 
interval (Fig. 4). On the first day (day 1) NIRS probes were attached to the surface of the 
scalp. The 15-min TP session in either the SC or SD condition started at 21:00. After the 
session, in the SC condition, subjects rested without sleep or exercise until 0:00 and then 
stayed in bed under complete darkness (> 0.1 lux) until 08:00 on day 2; in the SD condition, 
subjects stayed awake quietly under room light (100 lux) until 08:00 the next morning while 
being monitored by video. On day 2, the TP session started again at 09:00. All the 
experiments were performed at a time isolation facility, and the ambient temperature and 
humidity were maintained constant throughout the study. 

TP tasks were arranged in an event-related design to detect the hemodynamic response for a 

single trial. TP sessions were conducted at 21:00 on day 1 and 09:00 on day 2, corresponding 

to the expected nadir and peak period of the diurnal variation of TP in subjects with a 

regular sleep-wake cycle. Each TP session consisted of 15 trials with 30-s inter-trial intervals. 

Subjects were asked to produce a 10-s interval and to begin and end each trial by pressing a 

key button (Kuriyama et al., 2003, 2005). Duration from the first to the second button presses 

was defined as the perceived time. 

4.3 NIRS recording and data analysis 

Regional hemodynamic changes in brain tissue were monitored throughout the TP sessions 

by a continuous wave-type NIRS system (FOIRE-3000; Shimazu Co., Tokyo, Japan; Fig. 2) 

which outputs near-infrared light at three wavelengths (780, 805 and 830 nm). All 

transmitted intensities of the three wavelengths were recorded every 130 ms at 22 channels 

in order to estimate concentration changes in oxy-Hb, deoxy-Hb, and total-Hb, based on the 

modified Beer-Lambert equation as a function of light absorbance of Hb and pathlength. A 

set of 3×5 probes were utilized, in which light detectors and emitters were alternately 

positioned at an equal distance of 30 mm. The 22 channels (see Fig. 3) covered the middle 

and superior PFC regions (BA9, 46, 10). 

Oxy-Hb data was chosen to examine event-related responses in the PFC since it is an 
optimal index for changes in regional cerebral blood flow (Hoshi et al., 2001). We applied a 
high-pass filter to raw data, re-sampled at 10 Hz, using a low-cutoff frequency of 0.05 Hz. 
Smoothing was performed by the moving average method (boxcar filter) with a sliding time  
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Fig. 2. NIRStation FOIRE-3000 (Shimazu Co., Tokyo, Japan) 

 

Fig. 3. Schematic layout of NIRS probes with recorded channels on the frontal region 

window of 1.1 s. Data were normalized into z-scores to avoid the methodological ambiguity 
that changes in absolute values of Hb concentration for each recording channel would not 
be determined because the absolute path lengths of light through the cerebral cortex were 
not detectable. Concentration changes time-locked to trial onset were extracted from 5 s 
before to 27 s after the onset, covering a mean produced time of around 11 s and a mean rest 
interval of around 16 s. A total of 15 epochs were obtained for each experimental day (day 1 
or day 2) in each condition (SC or SD). Before individual averaging, baselines were corrected 
with mean z-scores of 5 s before trial onset. Grand averaged concentration changes in the 
left anterior PFC (LAPFC) region, based on statistical analyses, were superimposed. 

4.4 Effects of sleep loss on short-time perception 

Behavioral data suggested that time perception fluctuates through the night to the morning 
in the SC condition; TP was significantly prolonged from night to the next morning. 
However, TP was not prolonged from night to the next morning in the SD condition (Fig. 4).  
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Fig. 4. Sleep deprivation attenuates short-time perception the following morning 

It was previously shown that a short-time perception profile exhibits diurnal variation, 
reaching a peak (the longest produced time) around 09:00 and a nadir (the shortest 
produced time) around 21:00 with a regular sleep-wake cycle under experimental conditions 
(Kuriyama et al., 2005). Taken together, circadian oscillation in short-time perception under 
the SD condition is clearly attenuated. 

4.5 Influence of the PFC’s vulnerability to sleep loss on short-time perception 

Oxy-Hb concentration measured by NIRS suggested that PFC activity in the SD condition, 
compared with that in the SC condition, was more enhanced in the left hemisphere on day 2. 
Moreover, enhanced oxy-Hb concentration changes on day 2 in the SD condition, compared 
with those in the SC condition, were observed in the LAPFC region of interest (ROI) at 
channels 17, 21, and 22 (Fig. 5). 

 

Fig. 5. Left anterior PFC activity during the TP task was enhanced after sleep deprivation 

A functional correlation was observed between increased activation of the LAPFC after 
sleep deprivation and short-time perception, although unlike in previous studies 

www.intechopen.com



 
Effects of Sleep Debt on Cognitive Performance and Prefrontal Activity in Humans 

 

31 

(Harrington et al., 1998; Pouthas et al., 1999) the present study failed to detect any significant 
changes in right PFC activity (Soshi et al., 2010). It has also been argued that increased 
activation of the PFC after sleep deprivation is associated with neural compensation for 
cognitive function, although TP on day 2 in the SD condition was different from that in the 
SC condition.  

NIRS has a serious shortcoming in that it cannot determine whether or not a subcortical 
network including the cerebellum and the basal ganglia contributes to attenuating the 
diurnal fluctuation of short-time perception. If subcortical activities may be altered by sleep 
deprivation, attenuation of short-time perception possibly reflects subcortical vulnerability, 
and thus the PFC activity change is possibly only a byproduct. 

A temporary decline in the diurnal variation of short-time perception may be important for 
surviving a crisis, such as in an emergency situation. Time perception in humans should be 
fundamentally synchronized to the physical state to allow for constant adaptation to the 
regularity of daily life; however, in times of severe stress, time perception must 
desynchronize from regular physical homeostasis and be shortened, to enable time 
expansion and presumably allow us to adopt suitable strategies for coping with the stressful 
environment by thinking and acting more rapidly than usual. In-depth consideration of the 
adaptive nature of the PFC function in humans (Duncan, 2001; Miller & Cohen, 2001) 
suggests that the PFC might play a switch-like role in short-time perception as a situation 
demands, helping us meet demands for adaptation. 

5. Influence of sleep loss due to partial deprivation of a night’s sleep on 
individual differences in working memory performance 

5.1 Working memory performance 

As already noted in Section 3 concerning the effects of sleep loss on cognition, a discrepancy 
in the effects that sleep loss has on behavioral performance compared with the effects it has 
on neural activity has been reported in relation to working memory performance; sleep loss 
does not deteriorate behavioral performance itself, but rather the neural activity associated 
with the behavior. Possible interindividual differences in the vulnerability to sleep loss of 
executive functions, which also play crucial roles in working memory processing, have also 
been suggested. We explored this issue in a second study using NIRS (Honma et al., 2010). 

5.2 Study design 

Fifty-five healthy university students (26 males, 29 females) participated in the study. 
Subjects, who regularly slept 7–9 h in a night, participated in an overnight experiment in a 
laboratory setting, starting at 22:00 on day 1 and finishing at 10:00 on day 2. Subjects were 
deprived an average of 2.32 h (29.5%) of sleep by experimental manipulation. Subjects 
retired to bed at 01:00 in the laboratory and were forcibly awakened at 07:00 am. 

A visual n-back working memory (WM) task (Callicott et al., 1998, 1999; Gevins & Cutillo, 
1993; Kuriyama et al., 2008) with two separate load levels was utilized. For the 0-back task 
(low-load WM task), subjects had to respond whenever a single-digit number appeared on a 
screen. For the 2-back task (high-load WM task), they had to press a button on the right 
when the single-digit number on the screen was identical to that which had appeared last 
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but one, otherwise to press the button on the left. Each level of task was run in blocks of 
12+n stimuli and was conducted two times; thus, 24 responses were obtained at each load 
level. Average response times (RTs) and correct response rates (%CRs) were evaluated. 

Alertness level was evaluated immediately before and after the experiment using the 
Stanford Sleepiness Scale (SSS; Hoddes et al., 1971). The SSS consists of a 7-point scale 
ranging from level 1 (feeling active, vital, alert, or wide awake) to level 7 (no longer fighting 
sleep). Subjects selected the most appropriate level to reflect their present state of alertness. 
To assess individual ability to overcome sleepiness during WM tasks, change in SSS level 
was individually calculated by subtracting the post-experiment SSS score from the pre-
experiment SSS score. 

5.3 NIRS recording and data analysis 

Regional hemodynamic changes in brain tissue were monitored throughout the TP sessions 
by a continuous wave-type NIRS system (ETG-100, Hitachi Medical Co., Tokyo, Japan: Fig. 
6), which outputs near-infrared light at two wavelengths (780 and 830 nm). Oxy- and deoxy-
Hb concentrations were measured in a manner similar to the short-time perception study 
(Soshi et al., 2010) described in the preceding section [section 4.3]. 

 

Fig. 6. Optical Topography System ETG-100 (Hitachi Medical Co., Tokyo, Japan) 

We analyzed oxy-Hb data as a reflection of event-related responses in the PFC. The 
continuous oxy-Hb data were filtered with band-pass frequencies in the range of 0.01–0.2 
Hz and were standardized (z-score). Changes in oxy-Hb concentration time-locked to 
experimental blocks consisting of 12 trials were extracted for each experimental condition 
1000 ms before the onset of the trial block (baseline) to 4400 ms after the onset (2400 ms for 
the 12-trial duration and 2000 ms for the post-trial interval). Baseline correction of the 
changes in oxy-Hb concentration was performed utilizing the mean z-scores of 1000 ms 
prior to the onset of the experimental blocks before individual averaging. Mean z-scores of 
the changes in oxy-Hb concentration during the 4400 ms period after the beginning of the 
trial block were utilized for subsequent statistical analysis. 
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5.4 Influence of the PFC’s vulnerability to sleep loss on working memory performance 

Twelve of the 55 subjects showed overnight decrements in alertness level as reflected by an 
increased SSS level (average: 1.41, SD: 0.41), while conversely 17 showed overnight 
decrements reflected by a decreased SSS level (average: 21.29, SD: 0.49), and 26 showed no 
change in alertness level. The change in alertness level was negatively correlated with RT on 
the 2-back task, but not on the 0-back task (Fig. 7), and the change in SSS was not correlated 
with %CR regardless of the task difficulty. 

 

Fig. 7. Correlation of overnight change in alertness level with that in WM performance 

Although the subjects had similar sleep-wake habits in daily life and they experienced the 
same restricted sleep duration on the experimental night, alertness was increased in some 
subjects but was decreased in others during the WM tasks. This suggests that subjects who 
improved their alertness—who may have better abilities to overcome sleepiness—showed 
better performance not on the low-load WM task but on the high-load WM task. 

5.5 Relationship between the PFC’s vulnerability to sleep loss and working memory 
processing difficulties 

At every channel in the bilateral PFC region, differences in the change in oxy-Hb 
concentration between the 2- and 0-back tasks positively correlated with overnight change 
in alertness (Fig. 8), which is in line with previous neuroimaging studies using fMRI (Cohen 
et al., 1997; Owen et al., 1998) and PET (Owen et al., 1996; Sweeney et al., 1996). On the other 
hand, change in oxy-Hb concentration in the bilateral PFC region on the 2-back task for 
some channels (channels 5, 10, 13, and 18) positively correlated with overnight change in 
alertness (Fig. 9 left), while change on the 0-back task for some channels (channels 10 and 
15) in the right PFC region negatively correlated with overnight change in alertness (Fig. 9 
right). 

The activity in the right prefrontal site corresponding to channel 10 showed an opposite 
pattern between the 2- and 0-back tasks (Fig. 10), suggesting the ability to conquer 
sleepiness. This ability might contribute to the function of providing sufficient activity to  
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Fig. 8. Significant positive correlation between changes in oxy-Hb concentration and 
alertness for the difference between the 2- and 0-back tasks 

 

Fig. 9. Correlation between changes in oxy-Hb concentration and alertness on the 2-back 
task (left panel) and 0-back task (right panel) 

 

Fig. 10. Correlation between changes in oxy-Hb concentration and alertness on the 2- and 0-
back tasks for channel 10 
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match the demands of a task. In other words, the cortical activity corresponding to channel 
10 susceptibly escalates with changes in both alertness and cognitive load, thereby achieving 
better performance. This site in the right PFC might therefore be related to the ability to 
conquer sleepiness with cognitive performance. 

5.6 Relation between individual differences in the ability to conquer sleepiness during 
working memory processing and personality traits 

We next explored the relationship between activity in the right prefrontal site corresponding 
to channel 10 and individual personality traits. We assessed personality traits using the 
revised version of the Neuroticism-Extroversion-Openness Personality Inventory (NEO PI-
R) and the Revised Temperament and Character Inventory (TCI, Version 9). NEO PI-R is a 
240-item measure of the Five Factor Model: Neuroticism, Extraversion, Openness to 
experience, Agreeableness, and Conscientiousness (Costa & McCrae, 1995). The TCI, too, is a 
240-item measure of the seven dimensions of personality traits: Novelty seeking, Harm 
avoidance, Reward dependence, Persistence, Self-directedness, Cooperativeness, and Self-
transcendence (Cloninger, 1987). Both of these inventories are widely used in biological 
correlational research in a variety of fields, including psychiatric diagnosis (Cloninger, 1990; 
Frokjaer et al., 2008), behavior (Grucza et al., 2006; Saggino & Balsamo, 2003), genotyping 
(Cloninger, 2002; Strobel et al., 2003), and brain activities (Baeken et al., 2009; Villafuerte et 
al., 2011).  

We identified several personality traits that correlated with a difference in activity change 
between the 2- and 0-back tasks at channel 10. For instance, Neuroticism on the NEO PI-R 
was positively correlated and Self-directedness on the TCI negatively correlated with a 
difference in change in oxy-Hb concentration between the two tasks (Yoshiike, Honma & 
Kuriyama, in preparation). This finding suggests that a stronger tendency for neuroticism 
and a weaker one for self-directedness may lead to successful performance under sleep loss 
conditions. Greater neuroticism is sometimes associated with psychiatric problems such as 
depression or anxiety (Strobel et al., 2003), which reflect poor stress coping mechanisms like 
avoidance (Andrews et al., 2010). However, within a healthy range, a trait of neuroticism 
may be beneficial to conquering sleepiness. Moreover, although the concept of self-
directedness is based on the “power of will” (i.e., the ability to control oneself to serve the 
purpose of one’s own will), greater self-directedness may, surprisingly, result in 
succumbing to sleepiness. Chronic insomniacs showed greater neuroticism (van de Laar et 
al., 2010) and less self-directedness (de Saint Hilaire et al., 2005), suggesting that problems in 
the right PFC might be associated with the symptoms of insomnia. 

6. Conclusion 

When the ROI is compatible with the strengths of NIRS, the technique is valuable for 
investigating human frontal functioning associated with deteriorated cognition caused by 
sleep loss. Indeed, our studies demonstrated that certain functional differences in the 
bilateral PFC under sleep loss conditions correspond to certain cognitive tasks.  

We can sum up by saying the PFC mediates various cognitive functions, from basic 

functions such as simple response to stimulus and time perception to higher functions such 

as working memory including executive functions, to orchestrate perception, memory, 
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thought, and action in accordance with a given purpose (Halford et al., 2010). The findings 

discussed here clearly suggest a novel function for the PFC, that of controlling sleepiness 

and compensating brain function deteriorated by sleep loss. 

NIRS is a developing technique and it is expected that its applications will increase to cover 
other cerebral regions in future and that further noise reductions will improve the technique 
further: it will undoubtedly provide invaluable information about human cognition and its 
neural substrates. 
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