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Purpose: Daytime complaints such as memory and attention deficits and failure to accomplish 

daily tasks are common in insomnia patients. However, objective psychological tests to detect 

cognitive impairment are equivocal. Neural function associated with cognitive performance may 

explain the discrepancy. The aim of this study was to investigate the hemodynamic response 

patterns of patients with chronic insomnia disorder (CID) using the noninvasive and low-cost 

functional neuroimaging technique of multichannel near-infrared spectroscopy (NIRS) in order 

to identify changes of neural function associated with cognitive performance.

Patients and methods: Twenty-four CID patients and twenty-five healthy controls matched 

for age, right-hand dominance, educational level, and gender were examined during verbal 

fluency tasks (VFT) using NIRS. A covariance analysis was conducted to analyze differences 

of oxygenated hemoglobin (oxy-Hb) changes in prefrontal cortex (PFC) between the two 

groups and reduce the influence of the severity of depression. Pearson correlation coeffcients 

were calculated to examine the relationship between the oxy-Hb changes, with the severity of 

insomnia and depressive symptoms assessed by the Pittsburgh Sleep Quality Index (PSQI) and 

the Hamilton Rating Scale for Depression (HAMD).

Results: The number of words generated during the VFT in CID groups showed no statistical 

differences with healthy controls. CID patients showed hypoactivation in the PFC during the 

cognitive task. In addition, we found that the function of left orbitofrontal cortex (OFC) during 

the VFT was significantly negatively correlated with the PSQI scores and the function of right 

dorsolateral PFC (DLPFC) was significantly negatively correlated with the HAMD scores.

Conclusion: The present study detected dysfunctions in PFC in spite of intact performance 

which indicates the role of PFC in the neurophysiological underpinnings. Left OFC function is 

associated with insomnia symptoms and right DLPFC function is associated with depressive 

symptoms.

Keywords: chronic insomnia disorder, near-infrared spectroscopy, NIRS, prefrontal cortex, 

verbal fluency task, depressive symptoms

Introduction
Insomnia is a common complaint with a prevalence of ~4%–22% in the adult 

population worldwide.1–3 With social pressure increasing and population aging,4–6 

the prevalence of insomnia has increased. Daytime complaints such as memory and 

attention deficits and failure to accomplish daily tasks must be present for the diag-

nosis of insomnia disorder7 and are the main reasons that insomniacs seek medical 

intervention.8 Cognitive dysfunction has been a prime criterion for insomnia diagnosis.7 

Objective evidences of cognitive impairment in insomnia patients would be expected. 
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A number of studies have examined neuropsychological 

tests including attention,9–12 memory,10,13–16 and executive 

function17,18 in insomniacs and found that they exhibit 

worse performance in reaction time and attention lapses.9,10 

However, there are inconsistent studies that have reported no 

attention-related deficits.11,12 Intact performance of memory 

and executive function also have been reported in insomnia 

patients in spite of deficits in accessing semantic memory19 

and verbal reasoning tasks.17 In other words, cognitive 

performance in insomnia patients does not seem to show 

consistent changes.8,18

There are several hypotheses that may explain these 

discrepant findings. First, the insomnia patients characteristi-

cally own high level of perfectionism20 that may mask their 

performance. Second, the prototypical neuropsychological 

tests are insensitive to such differences. Third, the changes of 

neural function associated with cognitive performance may 

explain this discrepancy between the subjective complaints 

and their objective performance. Evidence from functional 

magnetic resonance imaging (fMRI) using cognitive tasks 

supports the hypothesis that there are neural function changes 

in insomnia patients compared with individuals who have 

no problems with sleep.21–23 For example, the fMRI study 

showed decreased cerebral responses in the medial and 

inferior frontal regions during letter and category fluency 

tasks, although no task performance impairment was found 

in insomnia patients.23 Drummond et al22 showed diminished 

activation in the frontoparietal area and thalamus (nuclei with 

connections to cortical sites) during working memory tasks in 

primary patients. In addition, other functional neuroimaging 

studies used fMRI without cognitive task24–26 and positron 

emission tomography (PET)27,28 to evaluate insomnia patients 

also identified dysfunction in brain regions, including the 

prefrontal cortex (PFC). Li et al24 studied 55 patients with 

primary insomnia and 44 healthy controls using resting-state 

fMRI. Decreased brain activity in the left orbitofrontal cortex 

(OFC)/inferior frontal gyrus and middle frontal gyrus were 

identified in insomnia patients. In the most frequently cited 

neuroimaging study of insomnia patients, Nofzinger et al28 

demonstrated reduced global cerebral glucose metabolism in 

the PFC while they were awake. These studies suggest that 

neural activity may be implicated in the pathophysiology of 

insomnia. On the basis of the results of previous studies, it 

would be reasonable to hypothesize that the insomnia patients 

exhibit dysfunction of PFC. The relationship between PFC 

function and insomnia-induced cognitive performance may 

be significant.

Near-infrared spectroscopy (NIRS) is a promising func-

tional neuroimaging technique that can measure changes 

of oxygenated and deoxygenated hemoglobin concentra-

tions (oxy-Hb and deoxy-Hb, respectively) induced by 

neural activity,29 which exhibit a strong correlation with 

the blood oxygenation level-dependent signals of fMRI.30 

It has the advantages of (1) being noninvasive, (2) providing 

measurements in the natural environment, (3) having good 

time-resolution, and (4) being performed with different 

psychiatric conditions, such as major depression disorder 

(MDD),31 bipolar disorder,32 and schizophrenia.33,34 Recent 

studies using NIRS have suggested that left prefrontal 

hypoactivation is related to the sleep complaints that occur 

in MDD patients35 and that the self-rated sleep disturbances 

in MDD patients are associated with the prefrontal reactivity 

areas.36 However, to the best of our knowledge, studies using 

NIRS to investigate insomnia disorder are lacking.

Verbal fluency tasks (VFT) are psychological tests that 

have participants generate as many words as possible in 

limited time.37 The test is a valid index of verbal ability 

and executive control function because it demands not only 

verbal retrieval but also self-monitoring and inhibition of 

responses when time is up.38 It has been used to examine 

PFC activation in healthy controls and patients with mental 

disorders when combined with NIRS.32,39,40 Sleep loss can 

impair performance of this task.41 As a natural form of chroni-

cally disturbed sleep, it is reasonable to utilize VFT to find 

cognitive impairment in insomniacs.

It is known that depression levels in insomnia patients are 

usually higher than in people who sleep well.42 Moreover, 

previous studies have suggested that the severity of depres-

sion show a positive correlation with hemodynamic function 

in the PFC during a semantic categories verbal fluency.43 

Noda et al35 using a letter version of VFT found that the 

severity of depression symptoms was negatively correlated 

with the activation of the right DLPFC. We cannot con-

clude that PFC dysfunction results from insomnia alone 

because depressive symptoms were rarely examined during 

these evaluations of cognitive performance.

In this study, NIRS was used to investigate the hemody-

namic response patterns of patients with chronic insomnia 

disorder (CID) in the PFC during the VFT. We hypothesized 

that behavioral performance would be impaired and prefrontal 

activation would be decreased in CID during VFT using NIRS. 

In addition, this study investigated the relationship between 

the severity of insomnia symptoms, depressive symptoms, and 

oxy-Hb exchange during the VFT by NIRS separately.
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Patients and methods
subjects
Twenty-four patients with CID (13 males, 11 females) 

aged from 23 to 62 years were recruited from outpatients in 

YuQuan Hospital for this study. Twenty-five healthy controls 

were matched with the patients for age, right-hand domi-

nance, educational level, and gender were also recruited from 

the local community. The controls were aged 21–59 years, 

and without sleep disorders. The CID subjects met the diag-

nostic criteria according to the International Classification of 

Sleep Disorders, 3rd version (American Academy of Sleep 

Medicine, 2014), with the score of Pittsburgh Sleep Quality 

Index (PSQI) .7.44

All subjects were evaluated with an unstructured clinical 

interview for the history of sleep and medical disorders, and 

with a structured interview (the Structured Clinical Interview 

for Diagnostic and Statistical Manual of Mental Disorders, 

version 5 administered by an experienced psychiatrist) to 

document life history of psychiatric disorders.

None of the subjects had a history of mood disorders or 

other psychiatric diagnoses. Patients with other sleep disor-

ders such as restless leg syndrome, narcolepsy, and obstruc-

tive sleep apnea were excluded. In addition, the participants 

were free of medications. The study was approved by the 

Clinical Trial Ethics Committee of YuQuan Hospital, and 

all the subjects provided informed consent in writing before 

the start of the study.

clinical assessment
The severity of disturbances in sleep quality was evaluated 

with the PSQI by trained doctoral-level interviewers. All CID 

patients had PSQI scores .7. To assess the presence and 

severity of depressive symptoms on daytime impairment, the 

Hamilton Rating Scale for Depression (HAMD, 24-item)45 

was assessed for the participants.

Activation task
The activation task was a semantic category version of the 

VFT, and changes in the relative concentrations of hemoglo-

bin were measured during the VFT.39,40,46 The task consisted 

of a 30-s pre-task baseline, a 30-s VFT, and a 30-s post-task 

baseline. During the VFT, participants were required to 

describe verbally as many items as possible belonging to a 

given semantic categories (vegetables, family applications, 

four-footed animals, and fruits). Cognitive performance 

scores were determined by the number of correct words 

generated during the task by a participant. All the subjects 

participated in the task during the hours of 9:00 a.m. 

and 12:00 a.m.

Nirs measurements
The relative concentration changes of oxy-Hb, deoxy-Hb, 

and total-Hb during the VFT were measured using a 

45-channel NIRS system (FOIRE-3000, Shimadzu 

Corporation, Japan) based on the modified Beer–Lambert 

law, and 14 pairs of emitter and detector probes were placed 

on the frontal region of each participant with pairs of probes 

at a distance of 3.0 cm (Figure 1). The most inferior probes 

were positioned along the Fp1–Fp2 line according to the 

International 10–20 system of electroencephalogram elec-

trode placement.47 The measurement point between each pair 

of emission-detector probes was defined as a “channel.”

statistical analysis
For analyses of the demographic and clinical variables, 

Student’s t-test was performed to compare means between 

the CID patients and control groups, except the gender item 

(chi-squared test).

For the NIRS data, we calculated the value of the oxy-Hb 

increase, which was calculated by subtracting the mean 

oxy-Hb of the pre-task period from the mean oxy-Hb of the 

task period. We then used a covariance analysis to analyze 

the difference of the oxy-Hb increase between the groups to 

reduce the influence of the severity of depression. Oxy-Hb 

was selected as statistical analyses for the reason that oxy-Hb 

change was considered as the most directly reflected changes 

of regional cerebral blood flow.48,49

For the CID group, Pearson correlation coefficients were 

calculated to examine the relationship between the mean 

oxy-Hb changes and the scores of HAMD, PSQI for each 

channel. Statistical calculations were performed using the 

Figure 1 The probe arrangement.
Notes: The 14 pairs of probes with the distance of 3.0 cm comprised 45 channels. 
The red and blue colors represent emission and detector probes, respectively.
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Statistical Package for the Social Sciences for Windows 

(SPSS version 22.0; IBM Corp., Armonk, NY, USA). For 

multiple comparison analyses of the 45-channel NIRS data, 

the false discovery rate (FDR) procedure was adopted to 

ensure that no more than 5% false positives were observed 

on average (FDR corrected).50

Results
Demographic characteristics
The demographic characteristics of participants are pre-

sented in Table 1. Age, gender, and education level were 

not different between normal controls and CID patients, 

but the scores of HAMD and PSQI were significantly dif-

ferent between the two groups. As expected, the CID group 

had significant higher scores of HAMD and PSQI than the 

control group.

Task performance
During the VFT, the number of words generated showed 

no statistical differences between the two groups. As for 

the four items (vegetables, family applications, four-footed 

animals, and fruits), none of them showed statistical differ-

ences between the two groups (Table 1).

group comparisons of Nirs activation
None of these channels exhibited significant interactions 

between HAMD levels and groups (P.0.05). As shown in 

Figure 2, the CID exhibited a significantly lower oxy-Hb 

activation than the healthy controls in 20 channels (Ch-5–7, 

11, 13, 14, 16, 20, 22–24, 27, 30–32, 35, 36, 39, 44, 45; FDR-

corrected P,0.05) during the VFT, which were distributed 

predominantly in the bilateral ventrolateral PFC (VLPFC), 

OFC, and dorsolateral PFC (DLPFC). P-values of the 

45 channels in CID patients compared with healthy controls 

during VFT are shown in Figure 2.

correlation of Nirs activation and 
clinical assessment
In CID groups, a significant negative correlation occurred 

between the oxy-Hb changes and the PSQI scores in three 

channels (Ch-31, 37, and 43; r: -0.666, -0.618, and -0.578; 

FDR-corrected P,0.05), which were located approximately 

in the left OFC region (Figure 3). Meanwhile, the oxy-Hb 

changes during the tasks showed a negative correlation with 

HAMD scores in two channels (Ch-14 and 21; r: -0.672 

and -0.575; FDR-corrected P,0.05) that were located 

approximately in the right DLPFC region (Figure 4).

Discussion
This research explored activation patterns in the cerebral 

cortex using NIRS during cognitive task in CID patients rela-

tive to matched controls, and we also explored the relation-

ships between oxy-Hb changes and symptoms of insomnia 

and depression. To the best of our knowledge, this is the 

first study to evaluate functional NIRS signal differences 

combined with a VFT in CID patients.

Table 1 characteristics of subjects

Demographics HC CID patients Group 
difference

age (years); range 21–62 40.80±10.55 41.37±10.20 P=0.84
gender (female/male) 14/11 11/13 P=0.50
education level (years) 13.32±3.44 12.54±2.62 P=0.38
Disease duration (months) – 4.95±1.62 –
PsQi 2.44±1.66 14.08±3.26 P,0.00a

haMD 7.08±4.18 16.79±5.67 P,0.00a

Number of words generated during VFT
Vegetables 9.52±2.78 9.70±2.89 P=0.81
Family applications 9.24±1.66 8.58±1.38 P=0.14
Four-foot animals 8.92±1.99 8.87±1.96 P=0.97
Fruits 8.8±1.88 9.37±2.14 P=0.35

Notes: Data expressed as mean ± standard deviation or n/n. aSignificant difference 
between ciD and hc groups.
Abbreviations: ciD, chronic insomnia disorder; haMD, hamilton rating scale 
for Depression; hc, healthy controls; PsQi, Pittsburgh sleep Quality index; VFT, 
verbal fluency tasks.

Figure 2 Map showing statistically significant lower oxy-Hb changes in patients with 
ciD compared with the controls during the VFT.
Notes: Channels in color showed significantly lower oxy-Hb changes during the 
VFT in ciD compared with healthy controls (FDr-corrected P,0.05). channels in 
gray showed FDr-corrected P-values .0.05.
Abbreviations: ciD, chronic insomnia disorder; FDr, false discovery rate; oxy-hb, 
oxygenated hemoglobin; VFT, verbal fluency test.
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Prefrontal activation and cognitive task 
performance
The present results demonstrated significantly reduced oxy-Hb 

activation in the PFC, mainly in the bilateral VLPFC, OFC, 

and DLPFC during VFT in CID patients compared to indi-

viduals with good sleep patterns. This result is consistent with 

previous imaging studies conducted with PET,27 single-photon 

emission computed tomography (SPECT),51 fMRI,23 and 

structural neuroimaging.52 Nofzinger et al28 studied insomnia 

patients with PET and demonstrated reduced global cerebral 

glucose metabolism in the PFC during waking hours. A previ-

ous SPECT51 study found that, compared with individuals who 

slept well, insomnia patients displayed significant decreases 

in blood flow in the frontal lobes during sleep. Altena et al23 

using the letter and category fluency task examined 21 chronic 

insomnia patients measured by fMRI and showed significantly 

decreased cerebral responses in the medial and inferior frontal 

regions in insomnia patients, and that the activation of the cor-

tex was increased after effective treatment, although no group 

difference in task performance was found. Dai et al26 found 

lower brain activity in bilateral frontal lobe in patients with 

insomnia using resting-state fMRI studies. Joo et al53 found a 

significantly smaller volume of gray matter in multiple brain 

regions, including the bilateral DLPFCs (bilateral superior, 

middle, and inferior frontal gyri and left orbitofrontal gyri) and 

medial frontal gyrus compared with healthy controls.

It should be noted that all of these brain imaging techniques 

including NIRS cannot measure absolute oxy-Hb concentra-

tion between individuals, but can measure changes of oxy-Hb 

concentration within an individual. As a result, four reasons 

may account for the prefrontal hypoactivation during the 

VFT: (1) lower absolute brain activation levels during task 

performance, (2) higher activation levels during the pre-task 

baseline period, (3) a combination of lower levels of activation 

of both states, or (4) higher levels of activation of both states. 

Prefrontal hypoactivation in the CID patients suggests that 

the prefrontal areas failed to obtain a corresponding increased 

blood supply to compensate for the consumed oxygen, which 

is crucial for proper neuronal activity, or that the hypoactiva-

tion was the result of prolonged hyperactivity according to the 

Figure 3 (A) correlation between oxy-hb changes with PsQi scores. (B) scatter plot of the oxy-hb changes in channels 31, 37, and 43 changing with PsQi scores.
Note: channels in red show that oxy-hb changes was negatively correlated with PsQi scores.
Abbreviations: oxy-hb, oxygenated hemoglobin; PsQi, Pittsburgh sleep Quality index.
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hyperarousal hypothesis.54 This hypothesis predicates that the 

CID group does not relax and the minds of these insomniacs 

are overactive. This state may lead to failure to reduce activa-

tion in the frontal areas, to the extent that occurs in the healthy 

control group during the resting state. Prefrontal hypoactivation 

may suggest reduced deactivation during the resting state. This 

inability to deactivate in insomniacs without challenged cogni-

tive performance tasks may account for their major daytime 

feelings of fatigue, and lead to their reduced attention and 

memory function during many ordinary everyday tasks.55

VLPFC is the end area of the ventral pathway that brings 

stimuli’s information,56 and orbitofrontal is involved in 

monitoring the intensity of thermal stimuli.57 DLPFC can 

maintain the target information to the priority in bottom–up 

and top–down attention to avoid interference with the target 

irrelevant information.58 The dysfunction of this area reduce 

the filtering of stimuli’s information leading the insomniac 

cannot sleep with the irrelevant information.

In our study, although CID patients reported daytime 

feelings and complaints that are a defining feature, they did 

not show deficits on task performance compared to controls. 

Hypoactivation of these areas without cognitive impairment 

may suggest that neural processing of the intact task was 

different among the groups. According to the hyperarousal 

theory, which posits that individuals can rally cognitive 

resources with compensatory mechanisms to achieve cogni-

tive performance,59 we speculate that other brain regions are 

individually or differentially recruited to allowed the insom-

niacs to perform equally well on short duration, challenging 

cognitive performance tasks. Hypoactivation of prefrontal 

areas may be a characteristic of CID patients in spite of the 

similar task performance of individuals who sleep well.

Figure 4 (A) correlation between oxy-hb changes with haMD scores. (B) scatter plot of the oxy-hb changes in channels 14 and 21 changing with haMD scores.
Note: channels in red show that oxy-hb changes were negatively correlated with haMD scores.
Abbreviations: haMD, hamilton rating scale for Depression; oxy-hb, oxygenated hemoglobin.
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association between Nirs signals and 
clinical symptoms
To our knowledge, abnormal prefrontal function is associated 

with many psychiatric disorders, including depression,31 bipo-

lar disorder,32 and schizophrenia.33,34 In this study, although 

secondary insomnia caused by mood disorder was excluded, 

the HAMD scores of the CID group were significantly higher 

than those of the controls, which is consistent with previous 

studies.42 This paper shows the clinical value of NIRS data 

in identification of different symptoms by exploring the 

relationship between prefrontal function and the severity of 

insomnia symptoms and depressive symptoms.

Our correlational analyses showed an association between 

left OFC areas and insomnia symptoms and right DLPFC 

areas with depressive symptoms. As for insomnia symptoms, 

the negative correlation with oxy-Hb changes in the OFC 

areas activated by VFT in Ch-31, 37, and 43 may represent 

the neural vulnerability in CIDs. The oxy-Hb changes in 

the left OFC tend to increase gradually with declining sleep 

quality. These associations suggest that the function of the 

left OFC has a relationship with insomnia symptoms. Further 

studies are needed to clarify this relationship.

A previous study35 showed that the right frontopolar 

and orbitofrontal areas are related to the score of “insomnia 

early,” one of the items of HAMD. The item represents the 

state of insomnia. Another study36 evaluated insomnia symp-

toms with PSQI, for persistent changes of the sleep quality 

over 1 month, and demonstrated that the left prefrontal region 

is affected. Our study found that the left OFC is related to 

the severity of sleep complaints represented by PSQI. It may 

suggest that long-term disturbances of sleep quality mainly 

affect the left side of the prefrontal region, which is respon-

sible for verbal function.

Individual differences in GM density in left inferior 

OFC were also correlated negatively with early morning 

awakening.60 Atrophy in the OFC was associated with sleep 

quality in a longitudinal analysis.61 Overall, the converg-

ing evidence highlights the importance of the OFC for 

insomnia symptoms. However, recent research results of 

fMRI and structural neuroimaging studies are not consistent 

with our results. They do not have a relationship with the 

PFC25 or exhibit different areas associated with insomnia 

symptoms.24,26,62

The following reasons may account for inconsistency of 

these studies. First, different instruments were applied in the 

different studies, including MRI and NIRS. MRI can detect 

subcortical signals, whereas NIRS has limited spatial resolu-

tion and depth sensitivity. Second, the different methodologies 

may affect the discrepancies in results. In this study, we 

utilized VFT, whereas previous studies observed correlations 

under the no-task state.24–26,62 Finally, the diversity of clinical 

manifestations of insomnia patients and duration of insomnia 

symptoms may contribute to the discrepancy.24,35,36

The depressive symptoms in this study were negatively 

correlated with oxy-Hb changes in Ch-14 and 21, near the 

region of the right DLPFC. This result was in-line with 

previous studies where subjects were MDD patients35 and 

schizophrenia with depressive symptoms.63 The right side 

of the brain is responsible for regulating emotions64 and 

the DLPFC is involved in cognition. The oxy-Hb changes 

in right DLPFC may become significant gradually with the 

increase in the severity of depressive symptoms. From a 

clinical viewpoint, the DLPFC plays an important role in 

assessment with depressive symptoms. Therefore, the results 

suggest that the function of the right DLPFC is associated 

with depressive symptoms. However, depression is a pro-

cess of dynamic changes and can be thought of as common 

symptoms of various diseases. Whether the right DLPFC 

change is a common feature for depressive symptoms will 

need to be confirmed by further research.

Limitations
This study has several limitations that should be clarified. 

First, NIRS is an instrument to detect the relative concen-

tration of oxy-Hb during the task period relative to pre-task 

period and does not provide an absolute quantitative result. 

Second, sleep disorders other than CID may have affected 

the result due to the absence of polysomnography and 

insomnia severity index.65 Therefore, although a thorough 

sleep and psychiatric history performed by psychiatrists with 

fellowship training (P-ZL and KF) to minimize the effect 

was performed, they could not exclude all other diagnoses 

for sleep disorders. Finally, measuring the oxy-Hb changes 

during sleep may offer more information for understanding 

the pathogenic mechanisms.

Conclusion
Using NIRS, this study detected dysfunction in the PFC, 

which indicates the role of the PFC in the neurophysiological 

underpinnings in CID patients. Moreover, we confirmed that 

the function in the left OFC was associated with the severity of 

sleep complaints in patients and the function in the right DLPFC 

was associated with the severity of depressive symptoms. These 

findings may represent a novel insight into the pathophysiology 

of CID patients, and the NIRS imaging tool could be useful to 

detect the neural basis and associated symptoms.
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