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Objective: This study aimed to investigate cortical activation and functional connectivity in the cortex during working memory (WM) tasks in patients with Alzheimer’s disease (AD) using functional near-infrared spectroscopy (fNIRS).

Methods: A total of 17 older adults with AD and 17 cognitively normal (CN) participants were recruited. fNIRS was utilized to monitor oxygenated hemoglobin (HbO) concentrations in the frontotemporal lobe, while participants performed WM tasks to examine WM impairments in subjects with AD. Student’s t-test for continuous variables and the chi-square test for categorical variables were used to compare the clinical and HbO variables between the AD and CN groups. Functional connectivity was analyzed using Pearson’s correlation coefficient between the time series of each channel-to-channel pair.

Results: The changes in HbO concentrations and cortical activations during the WM task showed that the HbO concentration curve of the CN group was higher than that of the AD group during the encoding and maintenance phases of the WM task. Although in the brain region scale, there were no significant differences in average HbO concentrations between the two groups, many channels located in the frontal and temporal lobes showed significant differences (p < 0.05) in the average HbO (channels 7 and 32) and slope HbO values (channels 7, 8, 9, 23, 30, 34, and 38) during the WM task. The average functional connectivity of the AD group was significantly lower than that of the CN group (p < 0.05). The functional connectivity was stronger in the frontopolar (FP) region than in other areas in both groups.

Conclusion: This study revealed there were significant differences in HbO concentration in older adult patients with AD compared to CN during the WM task. The characteristics of HbO measured by the fNIRS technique can be valuable for distinguishing between AD and CN in older adults.
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1 Introduction

AD is a prevalent neurodegenerative disorder and the primary cause of dementia (Scheltens et al., 2021). Its main symptoms include cognitive impairment and difficulties with daily tasks (Benmelouka et al., 2022). Cognitive impairment can affect functions such as visuospatial function, memory, attention, executive functioning, and learning (Dhakal and Bobrin, 2024). Memory loss is noticeable even in mild cognitive impairment (MCI), which is considered an early stage of AD (Gold and Budson, 2008; Gagliardi and Vannini, 2021). Severe cognitive decline significantly impacts the ability of older adults to live independently. Due to its high incidence and prevalence rates, AD is quickly becoming one of the most expensive and burdensome diseases worldwide (Alzheimers Dement, 2023).

β-amyloid (Aβ) plaques and neurofibrillary tangles are related to neural activation (Richter et al., 2020). At the early stage of AD or MCI, memory impairments and cognition deficits are likely caused by impaired neuronal activity rather than by cell death (Igarashi, 2023). Even in other types of dementia, brain structural changes were usually accompanied by cortical activation decline (Musaeus et al., 2021). Previous studies found that many stimulation programs, including repetitive transcranial magnetic stimulation (rTMS) and sensory stimuli, May slow down cognitive and functional decline by elevating the cortical activations (Koch et al., 2022; Chou et al., 2020; Steffener et al., 2021).

Apart from the identification of new blood-based and imaging biomarkers, the diagnosis of AD could potentially incorporate neuropsychological biomarkers, such as abnormal WM characteristics. WM is a cognitive system responsible for manipulating information storage and processing through encoding, maintenance, and retrieval (Kim, 2019). Furthermore, it is the foundation for advanced cognitive functions, such as learning, reasoning, and decision-making (Müller et al., 2021). WM is impaired in older adults across the AD continuum, including those with MCI and early AD, highlighting these neurocognitive impairments (Kirova et al., 2015; Germano and Kinsella, 2005; Huntley and Howard, 2010).

Electroencephalogram (EEG) studies on WM have been conducted in different individuals, including those with cognitive disorders (Hsieh and Ranganath, 2014; Ruimin et al., 2017). These results suggest that changes in EEG power or band can reflect the brain function in a high WM load (Wei and Zhou, 2020). Neuroimaging studies, such as functional magnetic resonance imaging (fMRI), on memory impairment in AD, have indicated that function in brain regions critical to episodic memory is altered in AD (Rémy et al., 2005). These functional changes May closely correlate with the progressive structural changes observed in the hippocampal region (de Toledo-Morrell et al., 2000). Previous fMRI studies indicated that, compared to healthy older adults, participants with MCI showed decreased activation in the bilateral prefrontal and temporoparietal cortices during the WM tasks (Lou et al., 2015; MACHULDA et al., 2009). Positron emission tomography (PET) studies also showed that Aβ deposits were associated with neural cognitive function during WM tasks (Li et al., 2023).

Although the abovementioned neuroimaging techniques had many advantages in the study of WM in AD patients, a new type of neuroimaging technology is gradually being used. In recent years, brain activation of patients with cognitive impairment can be explored using a new non-invasive detection of fNIRS (Niu et al., 2013; Yang et al., 2019). Advantages of fNIRS over EEG and fMRI included better portability, comfort, less noise, low cost, high temporal resolution, and being insensitive to motion (Hu et al., 2020; Pinti et al., 2020). It was suitable for the elderly and even superior to amyloid PET and fMRI in some aspects (Kim and Yon, 2022). Moreover, fNIRS is capable of providing comparable functional connectivity measures to fMRI (Duan et al., 2012). fNIRS can reveal resting HbO concentrations and task-related changes in HbO concentrations in patients with MCI and dementia (Yeung and Chan, 2020). fNIRS can also comprehensively investigate functional connectivity in the prefrontal cortex during a WM task (Yu and Lim, 2020).

This study aims to use the fNIRS to investigate the prefrontal, temporal, and partial parietal cortex activity in patients with AD during WM tasks and to explore the strength of functional connectivity between different brain regions during WM tasks.



2 Methods


2.1 Participants

This study enrolled 34 participants, consisting of 17 patients with AD and 17 CN subjects according to the sample size calculation and previous fNIRS studies on AD (Wang and Ji, 2020; Cicalese et al., 2020; Keles et al., 2022). Participants were recruited from the Geriatric Psychiatric Center of the Affiliated Kangning Hospital of Ningbo University between January and December 2023. The diagnosis of AD was based on the criteria outlined in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition. All participants met the following criteria: (1) diagnosis confirmed by two research psychiatrists, (2) provided informed consent, and (3) had a disease course >6 months. Through brief face-to-face interviews, a healthy control group of cognitively unimpaired participants was confirmed to exhibit no cognitive decline. All procedures were in accordance with the ethical standards of the ethics committee of Affiliated Kangning Hospital of Ningbo University. The patients/participants [legal guardian/next of kin] provided written informed consent to participate in this study.



2.2 Neurocognitive assessments

The cognitive levels of the participants were assessed using the Mini-Mental State Examination (MMSE) and Alzheimer’s Disease Assessment Scale-cognitive subscale (ADAScog) (Jia et al., 2021; Cogo-Moreira et al., 2023). MMSE scores range from 0 to 30, with higher scores indicating better cognitive function. MMSE scores <24 ~ 25 suggested dementia (Folstein et al., 1975; Cockrell and Folstein, 1988). The ADAScog cutoff value for distinguishing mild and moderate dementia is 22. Higher scores of ADAScog suggested poorer cognitive function (Rosen et al., 1984).



2.3 fNIRS detection and working memory protocol

Figure 1 illustrates the location of the detection (Figure 1A) and the protocols for the WM task (Figure 1B) used in this study. Our previous study measured HbO concentrations using a multichannel functional near-infrared brain imaging device (NirScan-6000A; Danyang Huichuang Medical Equipment Co., Ltd., China) (Liu et al., 2022). The sampling frequency was 11 Hz; 730 and 850 nm were the major wavelengths, and 808 nm was used as the isotopic wavelength for correction, as previously described (Liu et al., 2022). We used the FPz channel (10/20 International System) as the center of the middle probe and positioned 31 SD probes (comprising 15 sources and 16 detectors) with a fixed interprobe distance (3 cm) to cover the bilateral prefrontal and temporal cortices of all the participants. In this study, 48 NIRS channels were established. The brain regions and corresponding channels are shown in Figure 1A. Nine regions of interest were delineated according to the Brodmann map and fNIRS system settings (Bruner, 2022; Rorden and Brett, 2000; Wu et al., 2022). As shown in Figure 1A, the FP area contained channels 7, 8, 9, 11, 25, 26, 27, and 28; the right pars triangularis Broca’s area contained channels 22, 24, 37, and 39; the right pre-motor and supplementary motor cortex contained channels 20 and 38; the right temporal cortex (RTC) contained channels 1, 2, 3, 5, 17, 18, and 19; the right dorsolateral prefrontal cortex (RDLPFC) contained channels 4, 6, 21, 23, 40, 41, and 42; the left pars triangularis Broca’s area contained channels 31, 32, 46, and 47; the left pre-motor and supplementary motor cortex contained channels 36 and 48; the left temporal cortex (LTC) contained channels 13, 14, 15, 16, 33, 34, and 35; the left dorsolateral prefrontal cortex (LDLPFC) contained channels 10, 12, 29, 30, 43, 44, and 45.
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FIGURE 1
 Location of detection (A) and working memory protocol (B). (A) Green boxes represent the frontopolar area (channels 7, 8, 9, 11, 25, 26, 27, and 28); purple boxes represent the left and right pars triangularis Broca’s area (22, 24, 37, 39 on the right and 31, 32, 46, 47 on the left); red boxes represent the left and right pre-motor and supplementary motor cortex (20, 38 on the right and 36, 48 on the left); blue boxes represent the left and right temporal cortex (1, 2, 3, 5, 17, 18, 19 on the right and13, 14, 15, 16, 33, 34, 35 on the left); yellow boxes represent the left and right dorsolateral prefrontal cortex (4, 6, 21, 23, 40, 41, 42 on the right and 10, 12, 29, 30, 43, 44, 45 on the left). (B) The working memory task structures comprised three blocks. A block (the green dotted box) consisted of 5 s resting time, 12 s encoding time (4 pictures × 3 s), 10 s retrieval time, 10 s resting time, 15 s non-working memory (NWM) time, and 5 s resting time. The baseline was the first 5 s resting time of the block.


As described previously, the WM task was performed with participants seated comfortably in a quiet room and completing the task on a tablet (Liu et al., 2024). The subject will be required to operate on Microsoft Surface. As shown in Figure 1B, the WM task structures comprised three blocks (the green dotted box). A block consisted of two periods: the WM period and the non-working memory (NWM) period. During the WM period, four color shapes (each displayed for 3 s) will appear, and the subject is required to memorize their color, shape, and order of appearance (the encoding and maintenance phases). Subsequently, the subject will be asked to click on the integrated image in the order they remember, within 10 s (the retrieval phase). During the 15-s NWM period, the subject will be asked to click on a similar integrated image according to a shapes array shown above. The time duration of the two periods is shown in Figure 1B. Although the baseline was 5 s, there was a long resting time before the baseline. We chose 5 s as the baseline. Three blocks were set in the WM protocol to avoid the inaccuracies caused by participants’ fatigue. The WM and NWM switching can increase the cognitive load (Yanagisawa et al., 2016; Naoko Narita et al., 2012).



2.4 fNIRS data preprocessing

The NirSpark software package (V1.7.5, Hui Chuang, China) was used to analyze the fNIRS data. The data were preprocessed, and motion artifacts were corrected using the moving SD and cubic spline interpolation methods. A bandpass filter with a 0.01–0.20 Hz cutoff frequency was used to remove physiological noise. The modified Beer–Lambert law was used to calculate the relative changes in hemoglobin concentrations in the HbO and HbR. Instead of HbR, we used HbO as our primary indicator in the following analysis due to its high signal-to-noise ratio.

The mean HbO concentration was calculated using 22-s task periods of the WM phases. The slope of the HbO concentration in the WM indicated the increase in HbO within 5 s of the start of the WM task. Linear fitting was applied to the data of the two baselines. Subsequently, the mean waveform of HbO changes in each channel was derived from the waveforms of individuals in all 48 channels for all participants in the two groups. The topographic maps of HbO concentration were drawn using the NirSpark software version 1.7.5 (Danyang Huichuang Medical Equipment Co., Ltd., China). The topographic maps were created using the HbO concentration features (e.g., mean HbO concentration change during the activation period and the slope of HbO concentration change during the activation period) detected from individual probes.



2.5 Statistical analysis

The data are presented as mean ± standard deviation (SD). Demographic and clinical variables were compared between the two groups using Student’s t-test. A t-test was also used to compare HbO changes between patients and CN participants to evaluate brain activation between the two groups. Functional connectivity was analyzed by the NirSpark software package (V1.7.5, Hui Chuang, China) using Pearson’s correlation coefficient between the time series of each channel-to-channel pair. The statistical results were corrected for multiple comparisons across channels using the false discovery rate. Statistical significance was set at a p-value of <0.05. All analyses were performed using the Statistical Package for the Social Sciences software (SPSS version 19.0; IBM Corp., Armonk, NY, United States).




3 Results


3.1 Clinical characteristics

Patients were recruited for this study from November 2023 to April 2024 at the Geriatric Psychiatric Department of the Affiliated Kangning Hospital of Ningbo University. Figure 2 illustrates a flowchart depicting the participants and protocol. Five patients were unable to complete the WM task due to severe dementia. A total of 34 participants were included in this study. The demographic characteristics of the participants are presented in Table 1. The demographic variables in the AD and CN groups showed no differences in mean age, sex, or educational level (p > 0.05). With regard to the neuropsychiatric scales scores, the AD group exhibited significantly lower scores on MMSE (20.06 ± 2.90, t = −11.966, p < 0.001) and higher scores on the ADAScog (30.27 ± 13.18, t = 7.230, p < 0.001) than the CN group.
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FIGURE 2
 Flowchart of the study.




TABLE 1 Demographic and clinical data.
[image: Table1]



3.2 Changes in HbO concentrations during working memory tasks

Figure 3 illustrates the changes in HbO concentrations in the AD and CN groups during the WM task. Prior to the commencement of the WM tasks, HbO concentrations were higher in the AD group than in the CN group. This value represents a relative change of the task-state HbO concentration relative to the resting-state HbO concentration. This suggested a lower activation before the WM task in the CN group. During the WM tasks, there were two rising phases of the HbO concentration, representing the encoding and retrieval phases. The CN group demonstrated higher HbO concentrations than the AD group. Additionally, the time of responses in the two groups was nearly synchronized.

[image: Figure 3]

FIGURE 3
 Changes in HbO concentrations during working memory tasks in AD and CN groups. Red and green lines represent AD and CN groups, respectively. Gray and orange dashed areas represent the encoding and retrieval phases during working memory tasks.


We performed the t-test for four variables, including mean HbO concentrations of the encoding phase and retrieval phase in AD and CN groups, respectively. There were significant differences in mean HbO concentrations of the encoding phase (t = 5.515, p < 0.001) and retrieval phase (t = 28.51, p < 0.001) between AD and CN groups. Meanwhile, there were significant differences in mean HbO concentrations between the encoding phase and retrieval phase both in AD (t = 21.12, p < 0.001) and CN (t = 27.90, p < 0.001) groups.



3.3 HbO concentrations in different brain regions

In Figure 4, the mean HbO concentration change during the activation period was calculated using task periods of the WM phases and represented the average HbO concentration during the WM task. The slope of the HbO concentration change during the activation period indicated the increase in HbO concentration within 5 s of the start of the WM task and reflected the ability to respond to the task. Figures 4A,B depict the HbO concentrations in different brain regions. Except for the right pars triangularis Broca’s area and the right pre-motor and supplementary motor cortices, both the average (Figure 4A) and slope (Figure 4B) values of the HbO concentration in WM tasks were higher in the CN group than the AD group. Although no significant difference was observed in the HbO concentrations across different brain regions between the two groups, the HbO concentrations across the channels showed significant differences (Figures 4C,D, Table 2, p < 0.05) in WM average (Table 2, mean HbO concentration change during activation period, channels 7 and 32) and slopes (Table 2, The slope of HbO concentration change during activation period, channels 7, 8, 9, 23, 30, 34, and 38) locating in frontal and temporal lobes. Figure 4C indicates that the location of channels 7 and 32 showed a significant difference in mean HbO concentration change during the activation period between the two groups. Channels 7 and 32 are located in the FP area and left pars triangularis Broca’s area, respectively. Figure 4D suggests that the location of channels 7, 8, 9, 23, 30, 34, and 38 showed a significant difference in the slope of HbO concentration change during the activation period between the two groups. Channels 7, 8, and 9 are located in the FP area. Channels 23 and 30 are located in the right and left dorsolateral prefrontal cortex (RDLPFC and LDLPFC), respectively. Channel 34 is located in the LTC. Channel 38 is located in the right pre-motor and supplementary motor cortex.

[image: Figure 4]

FIGURE 4
 HbO concentrations of variable brain regions. (A,B) show the mean HbO concentration change during the activation period and slope of HbO concentration change during the activation period of nine regions in the frontal and temporal lobes, including the frontopolar area, left and right dorsolateral prefrontal cortex, left and right temporal cortex, left and right pars triangularis Broca’s area, and left and right pre-motor and supplementary motor cortex. (C,D) show the topographic maps of mean HbO concentration change during the activation period and slope of HbO concentration change during the activation period and show the significant difference in channels between the two groups in red color. The scale bars in C,D represent the p-value.




TABLE 2 Channels that showed significant differences during working memory tasks.
[image: Table2]



3.4 Functional connectivity during working memory tasks

Figure 5 illustrates the results of functional connectivity during the WM tasks. The average functional connectivity in the AD group was significantly lower than that in the CN group (Figure 5E, T = 2.198, p < 0.05). Strong functional connectivity was observed in FP locations in both groups, as depicted in Figures 5C,D.

[image: Figure 5]

FIGURE 5
 Functional connectivity during working memory tasks. (A,B) are heatmaps of 48 channels (the x and y axes represent the channel numbers) in AD and CN groups, and (C,D) are connection diagrams of the two groups. (E) Represents the average functional connectivity, which showed a significant difference between AD (red bar) and CN (green bar) groups (p < 0.05). FC, functional connectivity; WM, working memory; *, < 0.05. In C and D, green represents the frontopolar (FP) area; purple represents the left and right pars triangularis Broca’s area (LB and RB); red represents the left and right pre-motor and supplementary motor cortex (LSMA and RSMA); blue represents the left and right temporal cortex (LTC and RTC); yellow represents the left and right dorsolateral prefrontal cortex (LDLPFC and RDLPFC).





4 Discussion

This study aimed to elucidate the activation patterns of the frontotemporal cortex in the hemodynamic response to WM tasks using fNIRS in a sample of older adult patients with AD compared to CN subjects. We observed that in the two phases of the WM tasks, changes in HbO concentrations initially increased and then plateaued in the encoding and maintenance phases and finally increased to a much higher level in the retrieval phase in both AD and CN participants. These findings suggested that reduced cortical activation in the prefrontal and temporal cortex during the WM task might reflect the fact of cognitive decline in patients with AD. Moreover, in this study, we investigated cortical activations both in brain regions and in fNIRS channels, which might reflect more detailed physiological processes in relevant brain regions.

During the WM tasks, patients with AD exhibited lower cortical activation in both the encoding and retrieval phases compared to the CN group, as shown in Figure 3. Lower cortical activation during the encoding and maintenance phases is positively associated with poor memory function in patients with MCI and preclinical AD (Pavisic et al., 2021; Liu et al., 2023). However, during memory retrieval, neuronal activity peaked in both groups. Neuroimaging studies have also shown increased neural activity in the medial and lateral frontal cortices during memory retrieval (Cabeza et al., 2001). This heightened activity May be attributed to the involvement of more complex neurocognitive processes predominantly dependent on perceptual processes related to retrieval cues or tasks, as well as the recall of information from memory and related executive functions (Straube, 2012; Tabi et al., 2021).

Compared to the CN group, the average HbO concentration and functional connectivity were significantly lower in the AD group across different subregions or channels when performing the WM tasks. Brain network functions related to WM and attention decline even in the preclinical stages of AD (Lazarou et al., 2022). Moreover, patients with AD demonstrated decreased connectivity in specific networks during the memory retrieval phase (Li et al., 2021). However, an age-related increase in prefrontal cortex integration was associated with better retrieval performance in older adults, regarded as functional compensation (Deng et al., 2021).

A number of traditional non-invasive neuroimaging techniques, mainly including EEG, PET, and fMRI, have been used to assess resting-state functional connectivity (rsFC) in patients with AD (Allen et al., 2007; Zhao et al., 2022). Regarding the fNIRS-based rsFC, previous studies successfully validated the use of fNIRS in assessing rsFC in the human brain (Duan et al., 2012; Lu et al., 2010; White et al., 2009). In our study, rsFC was also assessed using fNIRS. Decreased rsFC was found in the FP area, the pars triangularis Broca’s area, the pre-motor and supplementary motor cortices, the temporal cortex, and the dorsolateral prefrontal cortex in the AD group compared to the CN group. The findings suggested that there is a difference in interhemispheric rsFC between AD and CN groups, which was consistent with previous studies (Mızrak et al., 2024). Regarding the powerful neuroimaging technique of EEG-fNIRS, whole-head EEG and frontal/prefrontal cortex fNIRS can also be used to evaluate brain activity in early AD and CN during WM tasks (Perpetuini and Chiarelli, 2020).

Recent studies have indicated sustained neuronal activity in the prefrontal, parietal, and occipital regions during WM tasks (Leavitt et al., 2017; Curtis and Sprague, 2021; van Kerkoerle and Self, 2017). In the present study, during the WM task performance, although the average HbO concentration in the left brain in the AD group was lower than that in the CN group, there was no significant difference between the two groups in the brain region scale. In channel scale, regarding the average HbO concentrations, compared to the AD group, cortical activations were higher in channels 7 and 32, which correspond to the frontal lobe in the CN group; regarding slope HbO concentrations, cortical activations in the CN group were higher in the channels 7, 8, and 9, which correspond to the prefrontal lobe, and channels 34, 38, and 23, which correspond to the frontal and temporal lobes. These findings suggested that fNIRS can provide more information on channel scales. These cortical activations during the encoding, maintenance, and retrieval phases of WM are positively associated with memory function (Cui et al., 2021; Uemura et al., 2016).

Multiscale biomarkers, including activities in brain regions or channels in this study, can provide more information to improve the identification of AD. Furthermore, multidimensional or multimodal diagnostic methods are potential hot research topics for future AD diagnosis (Li et al., 2023; Kim et al., 2022; Moallemian et al., 2023). Machine learning for cognitive outcome prediction from multimodal neuroimaging was also used to identify multimodal imaging biomarkers (Wang et al., 2023).

This study effectively examined the characteristic patterns of brain activity in patients with AD during the WM task using the fNIRS technique. Our findings provided evidence of cognitive impairment cognition and functional deficits in the prefrontal, local parietal, and temporal cortex in patients with AD. Additionally, our study suggests that fNIRS could serve as a reliable and valuable clinical diagnostic tool for AD. However, our study had certain limitations. First, the scope of the study was constrained by the limited number of channels. Thus, the area measured by fNIRS was restricted to the prefrontal and temporal cortices. Additionally, the small sample size limited the applicability of the findings. To address this, future research should use a larger sample size to enhance the generalizability of the results.



5 Conclusion

This fNIRS study demonstrated that patients with AD exhibited lower cortical activation in the prefrontal and temporal cortices and weaker functional connectivity during memory encoding and retrieval phases in the WM task compared to older adults in the CN group. These findings suggest that reduced cortical activation and neural connections detected by fNIRS might contribute to cognitive decline associated with AD. Additionally, this study suggests that fNIRS might be a potentially reliable method for diagnosing and screening AD.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by ethics committee of Affiliated Kangning Hospital of Ningbo University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin.



Author contributions

NR: Writing – original draft. XL: Data curation, Writing – review & editing. TX: Data curation, Methodology, Writing – original draft. ZZ: Data curation, Writing – original draft. XM: Writing – original draft. CZ: Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The study was funded by Ningbo City Key R&D plan "Jie Bang Gua Shuai" (2023Z170), Ningbo City Public Welfare Science and Technology Plan project (2022S025), Zhejiang Medical and Health Science and Technology Project (2024KY347), Basic Public Welfare Project of Zhejiang Province (LQ21H170001), and Ningbo Medical & Health Leading Academic Discipline Project (2022-F28). The sponsor had no role in the design or conduct of this research.



Acknowledgments

We acknowledge the Affiliated Kangning Hospital of Ningbo University and all hospital staff who were involved in patient treatment.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Allen, G., Barnard, H., McColl, R., Hester, A. L., Fields, J. A., Weiner, M. F., et al. (2007). Reduced hippocampal functional connectivity in Alzheimer disease. Arch. Neurol. 64, 1482–1487. doi: 10.1001/archneur.64.10.1482

 Alzheimers Dement (2023). 2023 Alzheimer's disease facts and figures. Alzheimers Dement. 19, 1598–1695. doi: 10.1002/alz.13016

 Benmelouka, A. Y., Ouerdane, Y., Outani, O., Alnasser, Y. T., Alghamdi, B. S., Perveen, A., et al. (2022). Alzheimer's disease-related psychosis: an overview of clinical manifestations, pathogenesis, and current treatment. Curr. Alzheimer Res. 19, 285–301. doi: 10.2174/1567205019666220418151914 

 Bruner, E. (2022). A network approach to the topological organization of the Brodmann map. Anat. Rec. 305, 3504–3515. doi: 10.1002/ar.24941 

 Cabeza, R., Rao, S. M., Wagner, A. D., Mayer, A. R., and Schacter, D. L. (2001). Can medial temporal lobe regions distinguish true from false? An event-related functional MRI study of veridical and illusory recognition memory. Proc. Natl. Acad. Sci. USA 98, 4805–4810. doi: 10.1073/pnas.081082698 

 Chou, Y. H., Ton That, V., and Sundman, M. (2020). A systematic review and meta-analysis of rTMS effects on cognitive enhancement in mild cognitive impairment and Alzheimer's disease. Neurobiol. Aging 86, 1–10. doi: 10.1016/j.neurobiolaging.2019.08.020 

 Cicalese, P. A., Li, R., Ahmadi, M. B., Wang, C., Francis, J. T., Selvaraj, S., et al. (2020). An EEG-fNIRS hybridization technique in the four-class classification of alzheimer's disease. J. Neurosci. Methods 336:108618. doi: 10.1016/j.jneumeth.2020.108618 

 Cockrell, J. R., and Folstein, M. F. (1988). Mini-mental state examination (MMSE). Psychopharmacol. Bull. 24, 689–692 

 Cogo-Moreira, H., Krance, S. H., Wu, C. Y., Lanctôt, K. L., Herrmann, N., Black, S. E., et al. (2023). State, trait, and accumulated features of the Alzheimer's disease assessment scale cognitive subscale (ADAS-cog) in mild Alzheimer's disease. Alzheimers Dement. 9:e12376. doi: 10.1002/trc2.12376 

 Cui, L., Zhang, Z., Zac Lo, C. Y., and Guo, Q. (2021). Local functional MR change pattern and its association with cognitive function in objectively-defined subtle cognitive decline. Front. Aging Neurosci. 13:684918. doi: 10.3389/fnagi.2021.684918 

 Curtis, C. E., and Sprague, T. C. (2021). Persistent activity during working memory from front to Back. Front. Neural Circuits. 15:696060. doi: 10.3389/fncir.2021.696060 

 de Toledo-Morrell, L., Dickerson, B., Sullivan, M. P., Spanovic, C., Wilson, R., and Bennett, D. A. (2000). Hemispheric differences in hippocampal volume predict verbal and spatial memory performance in patients with Alzheimer's disease. Hippocampus 10, 136–142. doi: 10.1002/(SICI)1098-1063(2000)10:2<136::AID-HIPO2>3.0.CO;2-J 

 Deng, L., Stanley, M. L., Monge, Z. A., Wing, E. A., Geib, B. R., Davis, S. W., et al. (2021). Age-related compensatory reconfiguration of PFC connections during episodic memory retrieval. Cereb. Cortex 31, 717–730. doi: 10.1093/cercor/bhaa192 

 Dhakal, A., and Bobrin, B. D. (2024). Cognitive Deficits. Treasure Island, FL: Stat Pearls Publishing.

 Duan, L., Zhang, Y. J., and Zhu, C. Z. (2012). Quantitative comparison of resting-state functional connectivity derived from fNIRS and fMRI: a simultaneous recording study. NeuroImage 60, 2008–2018. doi: 10.1016/j.neuroimage.2012.02.014

 Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). "Mini-mental state". A practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

 Gagliardi, G., and Vannini, P. (2021). Episodic memory impairment mediates the loss of awareness in mild cognitive impairment. Front. Aging Neurosci. 13:802501. doi: 10.3389/fnagi.2021.802501

 Germano, C., and Kinsella, G. J. (2005). Working memory and learning in early Alzheimer's disease. Neuropsychol. Rev. 15, 1–10. doi: 10.1007/s11065-005-3583-7

 Gold, C. A., and Budson, A. E. (2008). Memory loss in Alzheimer's disease: implications for development of therapeutics. Expert. Rev. Neurother. 8, 1879–1891. doi: 10.1586/14737175.8.12.1879 

 Hsieh, L. T., and Ranganath, C. (2014). Frontal midline theta oscillations during working memory maintenance and episodic encoding and retrieval. NeuroImage 85, 721–729. doi: 10.1016/j.neuroimage.2013.08.003 

 Hu, Z., Liu, G., Dong, Q., and Niu, H. (2020). Applications of resting-state fNIRS in the developing brain: a review from the connectome perspective. Front. Neurosci. 14:476. doi: 10.3389/fnins.2020.00476 

 Huntley, J. D., and Howard, R. J. (2010). Working memory in early Alzheimer's disease: a neuropsychological review. Int. J. Geriatr. Psychiatry 25, 121–132. doi: 10.1002/gps.2314

 Igarashi, K. M. (2023). Entorhinal cortex dysfunction in Alzheimer's disease. Trends Neurosci. 46, 124–136. doi: 10.1016/j.tins.2022.11.006 

 Jia, X., Wang, Z., Huang, F., Su, C., du, W., Jiang, H., et al. (2021). A comparison of the Mini-mental state examination (MMSE) with the Montreal cognitive assessment (MoCA) for mild cognitive impairment screening in Chinese middle-aged and older population: a cross-sectional study. BMC Psychiatry 21:485. doi: 10.1186/s12888-021-03495-6 

 Keles, H. O., Karakulak, E. Z., Hanoglu, L., and Omurtag, A. (2022). Screening for Alzheimer's disease using prefrontal resting-state functional near-infrared spectroscopy. Front. Hum. Neurosci. 16:1061668. doi: 10.3389/fnhum.2022.1061668 

 Kim, H. (2019). Neural activity during working memory encoding, maintenance, and retrieval: a network-based model and meta-analysis. Hum. Brain Mapp. 40, 4912–4933. doi: 10.1002/hbm.24747 

 Kim, J., Jeong, M., Stiles, W. R., and Choi, H. S. (2022). Neuroimaging modalities in Alzheimer's disease: diagnosis and clinical features. Int J Mol Sci. 23:79. doi: 10.3390/ijms23116079

 Kim, J., and Yon, D. K. (2022). Novel diagnostic tools for identifying cognitive impairment using olfactory-stimulated functional near-infrared spectroscopy: patient-level, single-group, diagnostic trial. Alzheimers Res. Ther. 14:39. doi: 10.1186/s13195-022-00978-w

 Kirova, A. M., Bays, R. B., and Lagalwar, S. (2015). Working memory and executive function decline across normal aging, mild cognitive impairment, and Alzheimer's disease. Biomed. Res. Int. 2015:748212, 1–9. doi: 10.1155/2015/748212

 Koch, G., Casula, E. P., Bonnì, S., Borghi, I., Assogna, M., Minei, M., et al. (2022). Precuneus magnetic stimulation for Alzheimer's disease: a randomized, sham-controlled trial. Brain 145, 3776–3786. doi: 10.1093/brain/awac285 

 Lazarou, I., Georgiadis, K., Nikolopoulos, S., Oikonomou, V. P., Stavropoulos, T. G., Tsolaki, A., et al. (2022). Exploring network properties across preclinical stages of Alzheimer's disease using a visual short-term memory and attention task with high-density electroencephalography: a brain-connectome neurophysiological study. J. Alzheimers Dis. 87, 643–664. doi: 10.3233/JAD-215421 

 Leavitt, M. L., Pieper, F., Sachs, A. J., and Martinez-Trujillo, J. C. (2017). Correlated variability modifies working memory fidelity in primate prefrontal neuronal ensembles. Proc. Natl. Acad. Sci. USA 114, E2494–e2503. doi: 10.1073/pnas.1619949114 

 Li, J., Mountz, E. J., Mizuno, A., Shah, A. M., Weinstein, A., Cohen, A. D., et al. (2023). Functional asymmetry during working memory and its association with markers of Alzheimer's disease in cognitively Normal older adults. J. Alzheimers Dis. 95, 1077–1089. doi: 10.3233/JAD-230379 

 Li, K., Zeng, Q., Luo, X., and Qi, S. (2023). Neuropsychiatric symptoms associated multimodal brain networks in Alzheimer's disease. Hum. Brain Mapp. 44, 119–130. doi: 10.1002/hbm.26051 

 Li, B., Zhang, M., Jang, I., Ye, G., Zhou, L., He, G., et al. (2021). Amyloid-Beta influences memory via functional connectivity during memory retrieval in Alzheimer's disease. Front. Aging Neurosci. 13:721171. doi: 10.3389/fnagi.2021.721171 

 Liu, X., Chen, Q., Cheng, F., Zhuang, W., Zhang, W., Tang, Y., et al. (2024). The abnormal brain activation pattern of adolescents with major depressive disorder based on working memory tasks: a fNIRS study. J. Psychiatr. Res. 169, 31–37. doi: 10.1016/j.jpsychires.2023.10.054 

 Liu, X., Cheng, F., Hu, S., Wang, B., Hu, C., Zhu, Z., et al. (2022). Cortical activation and functional connectivity during the verbal fluency task for adolescent-onset depression: a multi-channel NIRS study. J. Psychiatr. Res. 147, 254–261. doi: 10.1016/j.jpsychires.2022.01.040 

 Liu, Y., Zeng, Z., Huang, S., Shang, P., Lv, Z., Wang, Y., et al. (2023). Brain activation during working memory task in amnestic mild cognitive impairment patients and its association with memory and attention. J. Alzheimers Dis. 91, 863–875. doi: 10.3233/JAD-220815

 Lou, W., Shi, L., Wang, D., Tam, C. W. C., Chu, W. C. W., Mok, V. C. T., et al. (2015). Decreased activity with increased background network efficiency in amnestic MCI during a visuospatial working memory task. Hum. Brain Mapp. 36, 3387–3403. doi: 10.1002/hbm.22851 

 Lu, C. M., Zhang, Y. J., Biswal, B. B., Zang, Y. F., Peng, D. L., and Zhu, C. Z. (2010). Use of fNIRS to assess resting state functional connectivity. J. Neurosci. Methods 186, 242–249. doi: 10.1016/j.jneumeth.2009.11.010

 Machulda, M. M., Senjem, M. L., Weigand, S. D., Smith, G. E., Ivnik, R. J., Boeve, B. F., et al. (2009). Functional magnetic resonance imaging changes in amnestic and nonamnestic mild cognitive impairment during encoding and recognition tasks. J. Int. Neuropsychol. Soc. 15, 372–382. doi: 10.1017/S1355617709090523 

 Mızrak, H. G., Dikmen, M., Hanoğlu, L., and Şakul, B. U. (2024). Investigation of hemispheric asymmetry in Alzheimer's disease patients during resting state revealed BY fNIRS. Sci. Rep. 14:13454. doi: 10.1038/s41598-024-62281-y 

 Moallemian, S., Salmon, E., Bahri, M. A., Beliy, N., Delhaye, E., Balteau, E., et al. (2023). Multimodal imaging of microstructural cerebral alterations and loss of synaptic density in Alzheimer's disease. Neurobiol. Aging 132, 24–35. doi: 10.1016/j.neurobiolaging.2023.08.001 

 Müller, S. M., Schiebener, J., Brand, M., and Liebherr, M. (2021). Decision-making, cognitive functions, impulsivity, and media multitasking expectancies in high versus low media multitaskers. Cogn. Process. 22, 593–607. doi: 10.1007/s10339-021-01029-2 

 Musaeus, C. S., Pedersen, J. S., Kjær, T. W., Johannsen, P., Waldemar, G., Haverberg, M. J. N., et al. (2021). Cortical Frontoparietal network dysfunction in CHMP2B-frontotemporal dementia. Front. Aging Neurosci. 13:714220. doi: 10.3389/fnagi.2021.714220 

 Naoko Narita, A. S., Higuchi, H., Narita, M., Tazoe, M., and Sakatani, K. (2012). Impaired prefrontal cortical response by switching stimuli in autism spectrum disorders. J. Pediatr. Neurol. 10, 87–94.

 Niu, H. J., Li, X., Chen, Y. J., Ma, C., Zhang, J. Y., and Zhang, Z. J. (2013). Reduced frontal activation during a working memory task in mild cognitive impairment: a non-invasive near-infrared spectroscopy study. CNS Neurosci. Ther. 19, 125–131. doi: 10.1111/cns.12046 

 Pavisic, I. M., Pertzov, Y., Nicholas, J. M., O’Connor, A., Lu, K., Yong, K. X. X., et al. (2021). Eye-tracking indices of impaired encoding of visual short-term memory in familial Alzheimer's disease. Sci. Rep. 11:8696. doi: 10.1038/s41598-021-88001-4 

 Perpetuini, D., and Chiarelli, A. M. (2020). Working memory decline in Alzheimer's disease is detected by complexity analysis of multimodal EEG-fNIRS. Entropy 22:1380. doi: 10.3390/e22121380

 Pinti, P., Tachtsidis, I., Hamilton, A., Hirsch, J., Aichelburg, C., Gilbert, S., et al. (2020). The present and future use of functional near-infrared spectroscopy (fNIRS) for cognitive neuroscience. Ann. N. Y. Acad. Sci. 1464, 5–29. doi: 10.1111/nyas.13948 

 Rémy, F., Mirrashed, F., Campbell, B., and Richter, W. (2005). Verbal episodic memory impairment in Alzheimer's disease: a combined structural and functional MRI study. NeuroImage 25, 253–266. doi: 10.1016/j.neuroimage.2004.10.045 

 Richter, N., Bischof, G. N., Dronse, J., Nellessen, N., Neumaier, B., Langen, K. J., et al. (2020). Entorhinal tau predicts hippocampal activation and memory deficits in Alzheimer's disease. J. Alzheimers Dis. 78, 1601–1614. doi: 10.3233/JAD-200835 

 Rorden, C., and Brett, M. (2000). Stereotaxic display of brain lesions. Behav. Neurol. 12, 191–200. doi: 10.1155/2000/421719

 Rosen, W. G., Mohs, R. C., and Davis, K. L. (1984). A new rating scale for Alzheimer's disease. Am. J. Psychiatry 141, 1356–1364. doi: 10.1176/ajp.141.11.1356

 Ruimin, W., Kamezawa, R., Watanabe, A., and Iramina, K. (2017). EEG alpha power change during working memory encoding in adults with different memory performance levels. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2017, 982–985. doi: 10.1109/EMBC.2017.8036990

 Scheltens, P., de Strooper, B., Kivipelto, M., Holstege, H., Chételat, G., Teunissen, C. E., et al. (2021). Alzheimer's disease. Lancet 397, 1577–1590. doi: 10.1016/S0140-6736(20)32205-4 

 Steffener, J., Motter, J. N., Tabert, M. H., and Devanand, D. P. (2021). Odorant-induced brain activation as a function of normal aging and Alzheimer's disease: a preliminary study. Behav. Brain Res. 402:113078. doi: 10.1016/j.bbr.2020.113078 

 Straube, B. (2012). An overview of the neuro-cognitive processes involved in the encoding, consolidation, and retrieval of true and false memories. Behav. Brain Funct. 8:35. doi: 10.1186/1744-9081-8-35 

 Tabi, Y. A., Maio, M. R., Fallon, S. J., Udale, R., Dickson, S., Idris, M. I., et al. (2021). Impact of processing demands at encoding, maintenance and retrieval in visual working memory. Cognition 214:104758. doi: 10.1016/j.cognition.2021.104758 

 Uemura, K., Shimada, H., Doi, T., Makizako, H., Tsutsumimoto, K., Park, H., et al. (2016). Reduced prefrontal oxygenation in mild cognitive impairment during memory retrieval. Int. J. Geriatr. Psychiatry 31:583-591. doi: 10.1002/gps.4363 

 van Kerkoerle, T., and Self, M. W. (2017). Layer-specificity in the effects of attention and working memory on activity in primary visual cortex. Nat. Commun. 8:13804. doi: 10.1038/ncomms13804 

 Wang, X., Feng, Y., Tong, B., Bao, J., Ritchie, M. D., Saykin, A. J., et al. (2023). Exploring automated machine learning for cognitive outcome prediction from multimodal brain imaging using STREAMLINE. AMIA Jt Summits Transl Sci Proc. 2023, 544–553 

 Wang, X., and Ji, X. (2020). Sample size estimation in clinical research: from randomized controlled trials to observational studies. Chest 158, S12–s20. doi: 10.1016/j.chest.2020.03.010

 Wei, H., and Zhou, R. (2020). High working memory load impairs selective attention: EEG signatures. Psychophysiology 57:e13643. doi: 10.1111/psyp.13643

 White, B. R., Snyder, A. Z., Cohen, A. L., Petersen, S. E., Raichle, M. E., Schlaggar, B. L., et al. (2009). Resting-state functional connectivity in the human brain revealed with diffuse optical tomography. NeuroImage 47, 148–156. doi: 10.1016/j.neuroimage.2009.03.058 

 Wu, Y. J., Hou, X., and Peng, C. (2022). Rapid learning of a phonemic discrimination in the first hours of life. Nat. Hum. Behav. 6, 1169–1179. doi: 10.1038/s41562-022-01355-1

 Yanagisawa, K., Nakamura, N., Tsunashima, H., and Narita, N. (2016). Proposal of auxiliary diagnosis index for autism spectrum disorder using near-infrared spectroscopy. Neurophotonics 3:031413. doi: 10.1117/1.NPh.3.3.031413 

 Yang, D., Hong, K. S., Yoo, S. H., and Kim, C. S. (2019). Evaluation of neural degeneration biomarkers in the prefrontal cortex for early identification of patients with mild cognitive impairment: an fNIRS study. Front. Hum. Neurosci. 13:317. doi: 10.3389/fnhum.2019.00317 

 Yeung, M. K., and Chan, A. S. (2020). Functional near-infrared spectroscopy reveals decreased resting oxygenation levels and task-related oxygenation changes in mild cognitive impairment and dementia: a systematic review. J. Psychiatr. Res. 124, 58–76. doi: 10.1016/j.jpsychires.2020.02.017 

 Yu, J. W., and Lim, S. H. (2020). Prefrontal functional connectivity analysis of cognitive decline for early diagnosis of mild cognitive impairment: a functional near-infrared spectroscopy study. Biomed. Opt. Express. 11, 1725–1741. doi: 10.1364/BOE.382197

 Zhao, C., Huang, W. J., Feng, F., Zhou, B., Yao, H. X., Guo, Y. E., et al. (2022). Abnormal characterization of dynamic functional connectivity in Alzheimer's disease. Neural Regen. Res. 17, 2014–2021. doi: 10.4103/1673-5374.332161 


Copyright
 © 2024 Ruan, Li, Xu, Zhao, Mei and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-16-1433551-g005.jpg
Average FC during WM

w
=

4

)

b » N - e
c © © o© o

A31AR93uU0d [euoyduNg

groups






OPS/images/fnagi-16-1433551-t001.jpg
Variables AD group CN t/Chi-

group square

value
Age (year) 76245668 | 72714538 1697 0099
Sex (m/f) 611 819 1059 0303
Education (year) | 5.29+3.09 618238 -0932 0359
MMSE score 20064290 | 2906£109 11966 0.000
ADAScogscore | 3027+1318 | 6.68+269 7.230 0.000

The data were presented as mean & standard deviation (SD); AD, Alzheimer’ diseases CN,
cognitive normal; MMSE, Mini-Mental State Examination; ADAScog, Alzheimer’ Disease
Assessment Scale-cognitive subscale.





OPS/images/fnagi-16-1433551-g003.jpg
HbO (mmol/L*mm)

Changes in HbO concentrations
— AD group
— CNgroup

50 100 150 200
Time (frame)





OPS/images/fnagi-16-1433551-g004.jpg
A

Mean HbO concentration change during activation period

o.10

HbO (mmol/L*mm)

- A
- N

B

Slope of HbO concentration change during activation period

0015 i
’E‘ - cN
£ oot0
g
< 0005
g
2
0000

B

& & 3 &
\fﬁffy;«*jf%ﬁ‘ﬁ
S S





OPS/images/fnagi-16-1433551-t002.jpg
Channel numbers CN group (n =17) value

Mean HbO concentration changes during the activation period

§3-D3 (chan 7) ~0.025+0.067 002240038 -2533 0.017
$10-D15 (chan 32) ~0.014£0.065 003140052 -2218 0.034
Slope of HbO concentration changes during the activation period

§3-D3 (chan 7) ~0.001£0.007 0.007£0.012 -2305 0.028
$3-D8 (chan 8) ~0.001£0.006 0.006:+0.011 ~2081 0.045
$4-D3 (chan 9) ~0.001£0.006 0.006:+0.010 -2329 0.026
$8-D8 (chan 23) ~0.001£0.009 0.007£0.011 -2384 0.023
$10-D9 (chan 30) ~0.001+0.008 0.004:+0.007 ~2083 0045
S11-D10 (chan 34) ~0.000£0.005 0.005+0.007 ~2297 0.028
§12-D12 (chan 38) 0.006:£0.009 ~0.0000.006 2374 0.024

Data were presented as mean  standard deviation (SD); AD, Alzheimer’s disease; ON, cognitive normal.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cortical activation in elderly patients with Alzheimer’s disease dementia during working memory tasks: a multichannel fNIRS study



		1 Introduction



		2 Methods



		2.1 Participants



		2.2 Neurocognitive assessments



		2.3 fNIRS detection and working memory protocol



		2.4 fNIRS data preprocessing



		2.5 Statistical analysis









		3 Results



		3.1 Clinical characteristics



		3.2 Changes in HbO concentrations during working memory tasks



		3.3 HbO concentrations in different brain regions



		3.4 Functional connectivity during working memory tasks









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References



















OPS/images/fnagi-16-1433551-g001.jpg
Frontopolar area

A

Right pars triangularis Broca's area. Left pars triangularis Broca's area

Right pre-motor and supplementary motor cortex - Left pre-motor and supplementary motor cortex
Right temporal cortex . ’ Left temporal cortex

Right dorsolateral prefrontal cortex. Left dorsolateral prefrontal cortex





OPS/images/fnagi-16-1433551-g002.jpg





OPS/images/cover.jpg
’ frontiers | Frontiers in Aging Neuroscience

Cortical activation in elderly
patients with Alzheimer's disease
dementia during working
memory tasks: a multichannel
fNIRS study












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






