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SUMMARY

Aims: Working memory (WM) impairments are considered to be a main feature of mild

cognitive impairment (MCI). Functional brain imaging studies have revealed evidence of

alterations in the frontal and temporal cortices associated with WM in MCI patients. How-

ever, some imaging methods are too expensive for routine clinical use and have a low tem-

poral resolution. Methods: Using a newly developed near-infrared spectroscopy (NIRS)

system, we studied the spatiotemporal dynamics of oxygenated hemoglobin (oxy-Hb) dur-

ing a WM task in eight patients with mild cognitive impairment (MCI) and 16 age- and gen-

der-matched healthy controls. Results: We performed temporal and spatial correlation

analyses on each group during their WM tasks. These results consistently demonstrated

that, when compared with the healthy controls, the MCI patients exhibited significantly

decreased activation in the left frontal, right superior frontal and left temporal lobes. We

found evidence of altered frontal and temporal processing during WM tasks in the MCI

patients. Conclusions: These results confirm the functional deficits in the frontal and tem-

poral cortices and the impairment of WM and cognitive abilities in MCI patients and suggest

that fNIRS may be a useful tool for evaluating brain activation in cognitive disorders.

Introduction

The term “mild cognitive impairment” (MCI) is used to character-

ize individuals who have memory or other cognitive impairments

beyond those expected for their age. In MCI individuals, there are

subjective memory complaints that are documented by abnormal

performances on objective cognitive tests. These deficits have little

or no effect on the ability to perform daily living activities, and the

patient should not display any evidence of dementia [1]. MCI is

commonly thought to be a transitional state between healthy

aging and Alzheimer’s disease (AD) [2]. MCI is a part of AD symp-

tom development and progression. The yearly probability of

developing or “converting” to AD is higher in MCI patients than

in normal aging individuals [3]. Because detecting patients in the

preclinical phase of AD offers the best potential for intervention

[4], it is important to distinguish early AD and MCI from normal

aging using various diagnostic means.

Previous research has focused on using brain imaging to better

understand the neural networks involved in MCI. Numerous func-

tional magnetic resonance imaging (fMRI) studies using a range of

working memory (WM) tasks have demonstrated that there are

different brain activity patterns in MCI patients when compared

with healthy elderly subjects [5,6]. Working memory, the ability

to hold information in memory while performing another mental

operation [7], has been suggested to be an essential component of

higher cognition skills, such as decision making, reasoning, prob-

lem solving, learning, and language. WM is one aspect of memory

that is affected in the early stages of AD and MCI [8–10].WM has

also been investigated in MCI, and MCI patients appear to recruit

alternate WM networks compared with healthy elderly subjects.

Saykin et al. examined a verbal 0-, 1-, and 2-back WM task and

found that MCI patients had reduced bilateral activation in the

parietal and frontal regions compared with healthy elderly subjects

[11]. Other researchers have also found significant frontoparietal
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differences between MCI patients and healthy elderly subjects

[5,6]. These findings suggest that reduced cortical activation in this

neural network during WM may be associated with the neurode-

generative processes in MCI individuals.

A wide variety of brain functions have been evaluated using

fMRI for research and clinical purposes. However, fMRI devices

are too expensive for routine clinical use [12], and researchers

require alternative imaging techniques. Functional near-infrared

spectroscopy (fNIRS) is an optical method that allows noninva-

sive, in vivo measurement of the concentrations of oxygenated

and deoxygenated hemoglobin in cortical areas [13]. fNIRS is a

recently developed and relatively new optical imaging technology

that uses light in the near-infrared spectrum (670–900 nm) to

noninvasively monitor the hemodynamic responses evoked by

brain activity and to measure quantitative changes in the concen-

trations of two blood chromophores: oxygenated hemoglobin

(oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) [14,15].

fNIRS has several unique advantages over functional neuroimag-

ing methodologies, such as fMRI, including portability, fewer con-

straints, low susceptibility to movement artifacts and a high

temporal sampling rate (� 10 Hz). fNIRS is considered to be a

more convenient and promising technique for studying special

populations, such as infants and other patients who are consid-

ered to be unsuitable for fMRI studies. To date, fNIRS has been fre-

quently used to investigate focal brain activation during cognitive

engagement in healthy participants [16–19] and in patients with

psychiatric or cognitive disorders, such as schizophrenia, depres-

sion, bipolar disorder, and MCI [12]. However, most of these stud-

ies have used verbal fluency tests (VFTs) [5] as their activation

task, and only a limited number of studies have used the n-back

task to assess memory and manipulation ability using the fNIRS

technique. Because performance on WM tasks reflects both mem-

ory and cognitive ability, it is a more meaningful measurement of

cognitive degeneration in MCI patients.

In the present study, therefore, we combined the fNIRS tech-

nique and the n-back memory task to investigate cortical activa-

tion in MCI patients. We hypothesized that the MCI patients

would have reduced activation in their frontal and temporal acti-

vation patterns and would have poorer behavioral performances

compared with healthy controls.

Materials and Methods

Participants

The present study included eight amnestic MCI patients and 16 so-

ciodemographically matched healthy controls. The participants

were recruited from three resources: the Neurology Department

Clinic of the Beijing Hospital, the Clinic of the China Academy of

Chinese Medical Sciences, and the research center for cognitive

aging and brain health at the State Key Laboratory for Cognitive

Neuroscience and Learning, Beijing Normal University. The par-

ticipants were all right handed and were native Chinese speakers.

All of the participants were selected according to the following cri-

teria: (1) aged 57–70 years old, (2) completed no <6 years of edu-

cation, (3) scored 24 or higher on the Chinese version of the Mini-

Mental-Status Examination (MMSE) [20], (4) had no history of

neurological, psychiatric, or systemic illness known to influence

cerebral function, such as serious vascular diseases, head trauma,

tumors, current depression, alcoholism, and epilepsy, (5) had no

history of psychoactive medication use, and (6) met the physical

demands of the imaging scanner. All of the MCI patients were

diagnosed using the Petersen criteria for amnestic MCI [2,21,22],

including subjective memory complaints, cognitive memory

impairment (scoring more than 1.5 standard deviations below the

age- and education-adjusted norm on the Auditory Verbal Learn-

ing Test (AVLT) [23]), normal general cognitive function (scoring

no <24 on the MMSE, except for two subjects who scored 22 and

23), and preserved activities of daily living (scoring 0 on the Activ-

ities of Daily Living (ADL) scale [24]). The demographic informa-

tion for each group and the between-group comparisons are

presented in Table 1. The study was approved by the Institutional

Review Board of the Beijing Normal University Imaging Center

for Brain Research. Written informed consent was obtained from

all participants.

Neuropsychological Testing

All of the participants received a battery of four neuropsychologi-

cal tests assessing general mental status and other cognitive

domains, such as episodic memory, executive function, and lan-

guage ability. As mentioned previously, general mental status was

assessed using the MMSE. The episodic memory tests also

included the AVLT [23]. Executive function was assessed with the

Stroop Test [25]. Finally, language ability was assessed with the

Boston Naming Test (BNT) [26]. The neuropsychological charac-

teristics for each group are presented in Table 1.

Experimental Protocol

A blocked periodic design that incorporated alternating 0- and 1-

back tasks was used during the WM task. There were three blocks

Table 1 The demographics and neuropsychological tests of all the

participants

Characteristic,

Mean � SD

Control

(n = 16) MCI (n = 8)

T or v2

statistic P-value

Age (years) 63.1 � 5.3 64.8 � 7.2 0.97 0.38

Education (years) 11.2 � 2.5 11.2 � 3.0 0.11 0.90

General mental status

MMSE 28.4 � 1.1 26.3 � 2.3 3.04 <0.006

Memory

AVLT-delay recall 6.8 � 2.5 3.6 � 2.6 2.79 <0.011

AVLT-total 35.3 � 10.4 23.4 � 7.9 2.82 <0.010

Executive function

Stroop test time (s) 29.4 � 6.2 38.4 � 11.5 �2.50 <0.020

Stroop test correct

answers

49.4 � 0.7 46.3 � 5.6 2.29 <0.032

Language ability

BNT 25.9 � 2.2 23.9 � 3.7 1.70 NS

The neuropsychological scores were compared between the MCI and

control groups using t-tests. P < 0.05 was considered to be significant.

NS, not significant; MMSE, the Chinese version of the Mini-Mental-Status

Examination; AVLT, Auditory Verbal Learning Test; BNT, Boston Naming

Test.
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in each condition. Within each block, 10 single digits were pseudo

randomly shown to the participants. Every block contained 20 tri-

als. Each digit was presented for 1000 ms, followed by an intersti-

mulus interval of 1000 ms. Each block started with a 2 s cue

presentation that indicated the 0- or 1-back. During the 0-back

task, the participants were asked to decide whether the digit cur-

rently on the screen was the digit “4”. During the 1-back task, the

participants were asked to decide whether the current digit had

appeared one position back in the sequence. Each sequence con-

tained three targets, and the participants were asked to press a

button with their right index finger as fast as possible when

detecting a target. The stimuli were presented on a personal com-

puter using E-Prime (version 1.0; Psychology Software Tools, Inc.,

Pittsburgh, PA, USA). To ensure that each participant understood

the instructions and performed the task correctly, they were asked

to practice all blocks of the task for 10–15 min before the

experiment.

fNIRS Data Acquisition and Data Processing

We used an ETG-4000 (Hitachi Medical Co., Tokyo, Japan) Opti-

cal Topography system to measure the concentration changes in

oxy-Hb and deoxy-Hb. We used the “3 9 11” measurement

patches provided by Hitachi. Each patch included 17 emitters and

16 detector probes that were alternately positioned at inter-optode

distances of 30 mm, resulting in a total of 52 measurement chan-

nels (Figure 1). The sampling frequency was 10 Hz.

Band-pass filtering was applied to the raw data before further

processing. The fNIRS data from each individual subject were pro-

cessed channel by channel. High-frequency physiological noise

and low-frequency baseline drift were removed using band-pass

filtering with cutoff frequencies of 0.3 and 0.01 Hz. The changes

in the oxy-Hb and deoxy-Hb hemodynamic concentrations were

then calculated using the modified Beer–Lambert law [27].

Because oxy-Hb signals can reflect changes in regional cerebral

blood oxygenation and provide a better signal-to-noise ratio than

can deoxy-Hb signals [28,29], we only investigated the oxy-Hb

variations during the WM task.

The data analysis was performed at the individual level first. For

each subject, the individual hemodynamic concentration of oxy-

Hb was separately obtained by averaging the six blocks of the time

series. A grand-average of oxy-Hb concentrations at the group

level was then obtained by averaging all the of individual oxy-Hb

variations. The oxy-Hb waveform changes for each subject were

acquired from all 52 channels (Figure 1). A two-sample t-test was

applied at the group level to determine the spatial locations that

differed significantly between the MCI and the healthy control

groups during the WM task.

Statistical Analysis

To test the group differences in age, years of education and neuro-

psychological scores, we analyzed the data using t-tests. For the

group oxy-Hb changes, the comparisons between the MCI and

control groups were performed using t-tests. The mean value of

the oxy-Hb change was obtained for each measurement channel

of each participant during the WM task. Finally, we investigated

the relationship between oxy-Hb and neuropsychological perfor-

mance. Pearson correlation analyses were performed separately

for the MCI and control groups.

Results

Demographics and Neuropsychological Testing

The demographic data are shown in Table 1. There were no signif-

icant differences in age or years of education between the MCI

patients and the healthy controls (P > 0.05). As expected, the

MMSE scores were significantly higher in the controls than in the

MCI patients (P < 0.05). The neuropsychological characteristics of

each group are shown in Table 1. The controls performed signifi-

cantly better than the MCI patients on executive function and

memory tasks, but the differences in language ability were not

significant.

Behavioral Performance during Scanning

During the 0-back test, the MCI group performed less well (mean

of 90.7% correct, SD = 0.06) than the healthy control group

(mean of 93.5% correct, SD = 0.13). However, both groups per-

formed with a high accuracy and did not differ significantly

(t = 0.58, P = 0.569). The MCI patients did not perform the task

significantly slower than healthy controls (t = �1.675,

P = 0.108). During the 1-back test, the MCI group performed less

well (mean of 88.7% correct, SD = 0.12) than the healthy control

(A)

(B)

(C)

Figure 1 Schematic arrangement of the fNIRS probe array. (A) MRI image

of the probe holder position; (B) the arrangement of the probe array of 17

emitters and 16 detectors and the international 10–20 system markers;

(C) anatomical areas covered by the probe array according to the AAL

template. Note that areas that were not of interest to this study are not

highlighted in this figure.
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group (mean of 96.3% correct, SD = 0.06). However, both groups

performed with a high accuracy, and the difference was margin-

ally significant (t = 2.02, P = 0.055). The MCI patients did not

perform the task significantly slower than did the healthy controls

(t = �1.421, P = 0.169).

Temporal Correlates during WM

To observe the overall responses from the MCI and healthy

control groups, the temporal oxy-Hb profiles were grand-

averaged across the eight MCI patients and 16 healthy controls.

Figure 2 shows the subject-averaged oxy-Hb temporal variation

profiles on the 52 measurement channels. The grand-averaged

oxy-Hb profile from healthy controls shows large activations

across most of the channels during the WM task (Figure 2). The

result of the independent t-test for the between-group compari-

sons of the [oxy-Hb] changes during the WM task showed that

the MCI patients had significantly reduced activation when

compared with healthy controls in Channel 2 (t = 2.067,

P = 0.050), Channel 4 (t = 2.023, P = 0.055, marginally signifi-

cant difference), Channel 18 (t = 3.069, P = 0.006), and Chan-

nel 22 (t = 2.397, P = 0.025). Moreover, most of the channels

that appeared to be deactivated in MCI patients were located in

the frontal and temporal lobes, especially in the frontal lobe

(Figure 3).

Spatial Correlates during WM

To investigate the spatial correlates in the MCI and healthy control

groups during the WM task performance, a two-dimensional

topographical image of the calculated oxy-Hb concentrations from

all 52 channels was created using a nearest-neighbor interpolation

algorithm. The data were first averaged across all of the healthy

control and MCI subjects, followed by a temporal average over the

first 10–30 s of the task for each channel. Figure 3 shows the oxy-

Hb topographical images for the MCI and healthy control groups.

It was found that the control image had brighter colors than the

MCI image in most of the topographical areas, indicating that the

healthy controls had increased brain activation and the MCI

patients had decreased brain activation when performing the WM

task. This finding is also consistent with the temporal correlates

between the two groups when looking at all 52 measurement

Figure 2 Grand-average waveforms of oxy-Hb

concentration changes in 52 measurement

channels during n-back. The horizontal axis in

each graph expresses the block time (s), and

the vertical axis expresses hemoglobin

concentration change (mM mm). The start time

of the stimulation period was defined as 0 s.

The red and blue lines express the averaged

[Oxy-Hb] changes in healthy controls (HC) and

MCI, respectively.
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channels, as shown in Figure 2. Specifically, the hypoactivity

observed in the MCI images is mostly located in the left brain

areas.

The Correlation between the Oxy-Hb
Concentration and Neuropsychological Test
Variables

We further tested whether there was a relationship between the

variation of participants’ oxy-Hb concentrations in the frontal-

temporal lobes and their performances on the neuropsychological

tests. The mean oxy-Hb concentrations for Channels 2 (r = 0.643,

P < 0.001), Channel 4 (r = 0.689, P < 0.001), Channel 18

(r = 0.613, P < 0.001), and Channel 22 (r = 0.740, P < 0.001)

during the WM task were positively correlated with the number

of correct answers on the Stroop test. No significant correlations

between the mean oxy-Hb concentration and other neuropsycho-

logical parameters (the MMSE score, AVLT, Stroop time and BNT)

were found in either group (Figure 4).

Discussion

We studied the fNIRS of the cortical hemoglobin oxygenation of

areas that process WM in MCI patients and healthy controls. The

statistical parameter mapping documented significant changes in

brain activation across all channels. The MCI patients had lower

oxy-Hb concentrations in the left dorsolateral prefrontal area,

right supplementary motor area and left superior temporal regions

compared with the healthy subjects; additionally, the oxy-Hb con-

centrations in these regions were significantly correlated with

behavioral performance in both groups.

The regions observed to be engaged during the WM task were

consistent with the findings of previous functional neuroimaging

studies [5,6,11]. Although a wide variety of stimuli, such as

words, figures and pictures of faces, scenery, and objects, have

been used to investigate WM in previous research, the frontal,

parietal, and temporal regions have been identified as the key

neural networks [30]. The n-back WM task requires the partici-

pants to use temporary information storage and manipulation

during complex cognitive tasks [7]. During the n-back task used

in this study, the participants were required to decide whether the

current digit matched the one from n steps earlier in the sequence.

The results confirm that the prefrontal lobes play a crucial role

when performing n-back tasks that require high levels of execu-

tive and memory function, such as the ability to remember and

manipulate tasks. They also emphasize the value of multi-channel

NIRS for monitoring the brain activation associated with these

cognitive progresses. This characteristic of the task may recruit the

frontal and temporal cortex in normal aging individuals [31,32].

(A)

(B)

Figure 3 Topographical images of [oxy-Hb] concentration. (A) activation

pattern of the healthy controls during the n-back task. (B) activation

pattern of the MCI patients during the n-back task. The numbers in the

image indicate the measurement channels.

(A) (B)

(C) (D)

Figure 4 The correlations between the

number of correct answers on the Stroop test

and the oxy-Hb concentration changes in (A)

channels 2, (B) channels 4, (C) channels 18, and

(D) channels 22. The relationships were caused

by strong correlations in (A) channel 2

(r = 0.643, P < 0.001), (B) channel 4 (r = 0.689,

P < 0.001), (C) channel 18 (r = 0.613,

P < 0.001), and (D) channel 22 (r = 0.740,

P < 0.001).
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Compared with the healthy controls, the MCI patients showed

significantly reduced activation in the prefrontal region and sup-

plementary motor area during the n-back task. This result is con-

sistent with several previous studies that have used other WM

tasks [11]. Saykin found that drug-naive MCI patients had

reduced fronto-parietal network activity when compared with

controls during an n-back task. The results of our study suggest

that the MCI patients failed to recruit sufficient frontal resources

for the task and did not show the expected task-related activation

areas exhibited by the control subjects. However, some fMRI stud-

ies have reported that MCI patients had increased activation com-

pared with the controls in the middle temporal, frontal [5], and

parietal lobes [33]. These results may reflect compensatory mech-

anisms in the brains of MCI patients, and the level of compensa-

tion may be an index of disease progression [34]. Meanwhile, the

variation in the results of fMRI studies may be partially due to dif-

ferences in the cognitive tasks and processing methods. To the best

of our knowledge, only a few NIRS studies on MCI have been

published. Arai et al. [12] reported a decrease in the right parietal

cerebral Hb oxygenation in MCI patients and a decrease in the

frontal area and the bilateral parietal areas in the AD group during

a Verbal Fluency Task (VFT) using fNIRS. A deficit in verbal flu-

ency mainly appeared in Alzheimer disease patients but not in

MCI patients. Our study used fNIRS to measure changes in cortical

hemoglobin oxygenation in MCI patients during a WM task. We

found MCI patients exhibited significantly decreased activation in

the prefrontal lobes, which is different from the results of the VFT

studies. Further studies using discriminative analysis are needed

to determine whether these findings can be extended to the indi-

vidual level. Our results confirm the dysfunction of the frontal

and temporal cortices in MCI patients.

Task-induced brain activation depends on the ability to perform

the task [35]. Successful performance is an influential factor in

brain activation as measured by functional imaging [36,37]. The

number of regions engaged in a task and the extent of the activa-

tion increase as the task difficulty and cognitive effort increases

[38,39]. Therefore, we designed a simple WM (0- and 1-back) task

that could be a low WM load condition. Both the MCI patients

and the controls were able to perform these tasks successfully

enough to maintain a high accuracy rate. Because the ability to

perform the task was similar between MCI patients and controls,

it can be assumed that the effect of the performance level on brain

function was minimized. Due to the simplicity of the task, the

MCI patients and the controls could both perform the n-back task

accurately.

In the present study, the oxy-Hb concentrations during the WM

task were positively correlated with the accuracy rate of the

Stroop task. WM tasks emphasize the mechanisms or processes

that control, regulate, and maintain the activation of task-relevant

information [40]. The capabilities of WM are related to process

speed and executive function. Individual differences in WM

capacity are also reflected in Stroop task performances, and the

Stroop task also requires the maintenance of a single crucial goal

in WM [41].

Some limitations of the present study must be mentioned. First,

all of our MCI patients had taken Memantine before they partici-

pated in the study. However, to the best of our knowledge, they

were not currently taking the anti-AD medication, and there is no

evidence in the literature of a direct relationship between anti-AD

medication (e.g., Memantine) effectiveness and oxy-Hb concen-

tration. A review has suggested that treatment with anti-ADmedi-

cation seems to normalize brain function and make the brain

function of MCI patients more similar to that observed in healthy

individuals [42,43]. Therefore, the findings in our study were

likely caused by the disease rather than the medication, although

we cannot completely rule out medication effects. Future studies

with drug na€ıve patients are required to rule out medication

effects and confirm the findings of this study. Second, because of

the limited number of channels, the area of the NIRS measure-

ment was restricted to the frontal cortex, parietal cortex, and parts

of the temporal cortex. Simultaneous whole-head NIRS measure-

ments and other neuroimaging methodologies might be used to

clarify the association of the frontal lobe with other brain regions.

Finally, the spatial resolution of fNIRS is approximately 10–

20 mm, which is lower than the spatial resolution of fMRI (1–

3 mm). Limited spatial resolution may directly result in coarse

spatial localization of brain regions. In the activation map (Fig-

ure 1), for example, it is difficult to accurately locate the corre-

sponding functional brain area for the cognitive task.

In conclusion, this is the first study to use an n-back task to

evaluate cortex dysfunction in individuals with MCI using multi-

channel fNIRS. The results confirm functional deficits in the left

dorsolateral prefrontal area, right supplementary motor area, and

left superior temporal regions and the impaired cognitive ability of

MCI patients, and these results suggest that fNIRS may be a useful

clinical tool for evaluating cortex activation in cognitive disorders.
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