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Abstract 

This study investigated the relationship between neural activities and retinal structures associ-

ated with working memory (WM) in older adults with mild cognitive impairment (MCI). 

Eleven older adults with MCI and 29 healthy controls (60 to 73 years old) were tested. All 

participants underwent an event-related potential (ERP) recording while performing the two-

back memory task. The Optical coherence tomography angiography (OCT-A) was adminis-

tered to examine the perfusion and vessel density in the retina. Results showed that WM per-

formance in the MCI group was negatively associated with ERP latencies in central parietal 

regions (CP6 and CP8) (ps< 0.05). The left nasal vessel and perfusion densities were nega-

tively correlated with the latencies in these two central parietal regions and positively related 

to WM performance only in the MCI group (ps< 0.05). The findings on WM, central parietal 

brain activity, and left nasal vessel and perfusion densities in the retina help us gain a better 

understanding of the neural and retinal underpinnings of WM in relation to MCI. 

 

Keywords: Mild cognitive impairment, retinal perfusion density, retinal vessel density, work-

ing memory, event-related potential, cognition   
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1. Introduction  

Mild cognitive impairment (MCI) is a syndrome that occurs in a transition phase be-

tween healthy cognitive aging and clinically-based dementia and Alzheimer’s Disease (AD) 

[e.g. 1]. Its prevalence ranges from 3 to 19 percent in general older adult population above 65 

years old [2]. Older adults who experience MCI show an increased risk of developing demen-

tia and AD (e.g., 20 to 50% odds ratio) [3] and cognitive deficits are commonly found in 

MCI [4]. Detecting cognitive decline in people with MCI can in turn prevent further develop-

ment of AD. Therefore, this study aimed to investigate the neural and retinal characteristics 

associated with one dimension of cognitive deficits, specifically focusing on working 

memory (WM) (specifically the learning component instead of retrieval) in older adults with 

MCI. 

 Of the different aspects of cognitive deficits found in individuals with AD or MCI, 

WM is one of the most common [e.g. 5, 6]. According to Baddeley (1992) [7], WM is differ-

ent from short-term memory, providing the space in the brain system for temporary storage 

and information manipulation in order to cope with complex cognitive tasks such as language 

comprehension, learning, and reasoning. With the age effect [8], WM is regarded as an essen-

tial process in older adulthood since it is necessary for daily decision making and problem-

solving [9]. Previous studies have administered different WM paradigms, including the dual-

task [10], global task switching [11], and the n-back paradigm [12] to assess WM in younger 

and older adults. Research has found that young adults demonstrate better WM performance 

than older adults. For example, Gajewski and Falkenstein (2014) [5] found that healthy older 

adults reacted more slowly than younger adults in both two-back task and control 0-back 

task. Lower accuracy was also found in healthy older adults in the two-back task, including 

missing out and misinterpretation of the target when compared with younger adults. Poor 

WM performances in older adults might be caused by a decline in bottom-up processing 

which in turn leads to impaired processing of incoming sensory information [13]. Besides the 
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age effect, healthy older adults demonstrate better performances in the n-back paradigm than 

older adults with MCI or AD [14, 15]. For example, Fraga et al. (2018) [15] found shorter 

mean reaction time and higher accuracy across 0-, 1- and 2-bask tasks in healthy older adults 

when compared with older adults with MCI and AD. These findings revealed the impairment 

of WM in individuals with MCI and AD. However, the underlying mechanisms of the WM 

impairment in MCI are yet to be investigated.  

 Electroencephalography (EEG) studies have reported age-related differences in neural 

activities underlying the WM process [5, 16]. Specifically, greater P300 amplitudes related to 

cognitive aging [17] were observed in younger adults especially in the parietal region (PZ, 

P5, P6), when compared to healthy older adults in the one-back task [18]. Further, reduction 

of P300 in the centro-parietal and parietal regions was observed in healthy older adults during 

the n-back WM task when compared to younger adults in an ERP study by Gajewski and 

Falkenstein (2014) [5]. Additionally, Lubitz et al. (2017) [19] found that increased P200 and 

decreased parietal P300 amplitudes correlated with WM performance in older adults but not 

younger ones. Similarly, weaker beta and alpha signals, especially in the fronto-central (e.g. 

C3) and temporal-parietal areas (e.g. TP8), were observed in MCI and AD individuals when 

compared with healthy older adults [17]. Moreover, lower amplitudes in the parietal regions 

(PZ, P3, P4) [20] and fronto-centro-parietal regions (e.g., CPz and Pz) [21] were found in 

those with AD or MCI during WM task. These ERP findings might be explained by the fact 

that the brain activity in the parietal region is sensitive to the memory load involved in the n-

back task performances [22] and that P300 was often found to be involved in the age effect in 

WM performances [e.g. 5]. These findings suggest that individuals with MCI and healthy 

older adults had differential neural activities in relation to WM. Taking these results together, 
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a number of brain regions (including fronto-central, temporal-parietal, and central-parietal re-

gions) are significantly associated with WM performances in MCI or AD. Therefore, the pre-

sent study examined these specific brain regions as the regions of interest (ROIs).  

Closely related to neural correlates, retinal characteristics might be potential bi-

omarkers of MCI or AD [e.g. 23-25]. Specifically, retinal and cerebral tissues have common 

embryological origins and changes in the cerebral structures (e.g. decreased in cerebral blood 

flow) are reflected by retinal vascular circulation [24]. In individuals with AD or MCI, re-

duced cerebral blood flow was found when compared to healthy older adults [26], which in 

turn affected their retinal blood flow in retinal veins [27, 28]. Furthermore the level of cere-

bral beta-amyloid (Aβ) was also positively associated with the surface area of retinal inclu-

sion bodies together with the chance of clinically diagnosed with AD or MCI [29]. Specifi-

cally, a higher level of cerebral Aβ induced the increase in the surface area of retinal inclu-

sion bodies, which showed an increase rate of cognitive decline [30]. Moreover, reduced 

number of ganglion cells axons in the retina [31] and reduced retinal never fibre layers 

(RNFL) thickness in the superior quadrant were observed in MCI and AD [27]. These find-

ings reveal that both retinal and cerebral abnormalities found in MCI and AD were closely 

related. However, whether these abnormalities are associated with WM deficits in MCI or 

AD requires further investigation.  

 In recent literature, retinal changes have been significantly correlated with cognitive 

change in relation to subjective memory impairment in individuals with MCI or AD [32]. 

Furthermore, degeneration in the optic disc is another sign of AD [33], which results in optic 

disc cupping, optic disc pallor and neuro-retinal rim thinning [34]. These changes in the optic 

disc might be associated with cognitive impairment [24]. This growing evidence leads to the 

hypothesis that abnormal retinal changes might be associated with WM impairment in MCI 
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and AD. Among the few studies on the relationship between retina and cognitive deficits in-

cluding WM impairments, Pehlivanoglu et al. (2014) [35] found that the differences in pupil-

lary responses during WM process can be identified in individuals with MCI or AD from 

healthy individuals. It remains uncertain how retina is related to WM performance. Pupillary 

responses are driven by the activation in the locus coeruleus (LC), located in the brain stem 

and found to be the first region in the brain to degenerate at the earliest stage of AD [36]. 

Furthermore, this brain region is involved in attention, memory, and cognitive control [37], 

and pupillary responses are related to the amount of cognitive effort needed to process in-

coming information via the eyes [38]. In particular, since compensatory cognitive effort is re-

quired to maintain memory performance, greater pupil dilation has been observed in the indi-

viduals with MCI and AD [39], while the opposite result was observed in individuals with se-

vere MCI and AD [35,39]. Moreover, Granholm et al. (2017) [38] found that older adults 

with MCI exhibited greater dilation in pupil size than those without MCI while doing various 

neuropsychological tasks, including WM. In addition, their WM performance was poorer 

than those without MCI. These findings, alongside similar results in other studies [40, 41], 

suggested that abnormal pupillary characteristics such as retinal structures might indicate 

WM impairment in MCI. However, further studies are needed to investigate the relationship 

between neural activities and retinal characteristics in relation to WM in MCI. 

 The present study took an explorative perspective in examining the relationship be-

tween WM performance and the perfusion and vessel densities in the retina, which are both 

related to WM associated neural correlates in MCI. This study examined the neural and reti-

nal characteristics in relation to WM deficits in MCI. We hypothesized that 1) WM perfor-

mance measured by the two-back memory task in older adults with MCI would be poorer 

than those healthy older adults; 2) the latencies in the fronto-central (e.g. FCz), temporal-pa-



Running Head: Neural & Retinal Correlates of Working Memory                                       7 

 

rietal (e.g. TP8), and central- parietal regions (e.g. CP6) measured by EEG would be associ-

ated with retinal vessel density and perfusion measured by retinal imaging. Additionally, both 

of them were associated with the WM performances in older adults with MCI. 

2. Materials and methods 

 2.1 Participants 

Invitation leaflets were sent to the Institute of Active Aging in the Hong Kong Poly-

technic University to recruit community dwelling older adults with different demographic 

backgrounds. Forty community-dwelling older adults participated in this study on a voluntary 

basis (Mage = 64.60 years, age range = 60 to 73 years, SD = 3.84 years). Participants have an 

average of 12.45 years of education (SD = 3.69). Eleven participants were classified as MCI 

while the rest were healthy controls (n = 29), according to the criteria discussed in the next 

section. The age and years of education of healthy participants were not significantly differ-

ent from MCI participants (ps > 0.05) (Table 1). All participants had normal or corrected-to-

normal visual and auditory function. Participants with a history of cognitive impairment (e.g., 

dementia, head injury, and cerebrovascular disease) were excluded from the study. 

2.2 Procedures 

 Ethical approval was obtained from the Departmental Research Committee of the 

Hong Kong Polytechnic University. Prior participation in this study, written informed con-

sent was obtained from all participants. Information on participants’ age, sex, years of educa-

tion, and independence in daily activities (personal hygiene and car, locomotion in the home, 

meal preparation, running errands, housework and finances) of the participants were col-

lected. The IQ of each participant was assessed using the Test of Nonverbal Intelligence - 

Third Edition (TONI-3) [42]. In addition, all participants’ cognitive ability and working 

memory were assessed by the measures mentioned below. To be classified as the MCI group, 

a number of criteria pertaining to Chinese individuals with seven or more years of education 
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were adopted: 1) MoCA score of 24 or below [43]; 2) self-reported independence in daily liv-

ing activities; and 3) self-reported cognitive decline [44]. The remaining participants who 

scored 25 or higher on MoCA-HK were categorised as the healthy control group. These diag-

nostic criteria were adopted from previous studies [45, 46]. 

 Participants in both groups underwent the same procedures for retinal imaging (opti-

cal coherence tomography angiography; OCTA) and measurement of neural activity during 

two-back WM task (electroencephalogram; EEG). EEG neural activity was recorded using 

the 64-channel Quik-Cap from SynAmps during the two-back memory task with two condi-

tions (practice and experiment). Before the experimental condition, a practice block was run 

for participants to familiarise with the two-back memory task. 

 For the retinal imaging, each participant had an assessment on habitual distant visual 

acuity, intraocular pressure and anterior angles of each eye before pupil dilation. Before the 

retinal imaging, a registered optometrist placed one drop of Mydrin-P (0.5% Tropicamide + 

0.5% Phenylephrine) in each eye for dilated fundus examination. Participants waited for 15 to 

20 minutes for the pupils to dilate. Once a registered optometrist confirmed pupil dilation 

size, participants were directed to a dark room and 6mmx6mm retinal scans of angiography 

images were captured from both eyes by Optical Coherence Tomography Angiography (Zeiss 

CIRRUS HD-OCT 5000, Carl Zeiss Meditec, Inc., Dublin, USA). Participants’ retinal blood 

vessel density and perfusion were also measured. Retinal blood vessel density and perfusion 

density from different regions (including 9 zones from 1-mm centre, 3-mm inner ring with 4 

quadrants, and 6-mm outer ring with 4 quadrants) according to the ETDRS grid were ana-

lyzed using Zeiss AngioPlex (Carl Zeiss Meditec, Inc., Dublin, USA). 

2.3 Measures 

 2.3.1 Cognitive ability. The Hong Kong version of the Montreal Cognitive Assess-

ment (HK-MoCA) [47] was administered to identify mild cognitive impairment (MCI) in 



Running Head: Neural & Retinal Correlates of Working Memory                                       9 

 

participants. The HK-MoCA is a short cognitive-screening tool to detect MCI in older adults, 

with a full score of 30. It covers domains of short-term memory, visuospatial abilities, multi-

ple aspects of executive functions, attention, concentration, working memory, language, ori-

entation to time and place. In Hong Kong Chinese, a high internal consistency (α = 0.77) has 

been found in the HK-MoCA [47]. 

2.3.2 Working memory. The two-back memory task was used to assess participants’ 

working memory (specifically the learning component instead of retrieval) [48]. The whole 

task was made up of one practice block with around 30 trials and three experimental blocks 

with 100 trials each. All stimuli were presented with a STEM-2 programme. Each block be-

gan with a 1000 ms fixation cross shown on the screen and each stimulus was shown for 

3000 ms on the screen. In each trial, the participants were asked to memorize the first two 

stimuli shown on the screen. A number between 0 to 9 was then randomly shown to the par-

ticipants followed by a response time window of 500 ms. During the response time window, 

participants were instructed to press the number button “1” or “4” to indicate if the stimulus 

shown was the same as two preceding stimuli. In order to counterbalance the responses from 

participants, half were instructed to press “1” to indicate that the stimulus matched the two 

preceding trials and “4” to indicate that the stimulus was different, and vice versa for the 

other half of participants. A longer reaction time and lower accuracy rate indicated poorer 

working memory [49]. 

2.3.3 Electrophysiological recordings. Event-related potentials (ERP) were recorded 

using EEG during the two-back memory task to measure the corresponding neural activities 

associated with participants’ WM. All ERP data were collected with a 64-channel with 90-

mm Ag/AgCl-sintered electrode mounted on the Quik-Cap. Electrode position configuration 

was predefined according to the SynAmps2 Digital and recorded using a SynAmps RT 64-

channel Amplifier that was connected to the Neuroimaging Suite software CURRY Scan 7 
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Neuroimaging Suite (NeuroScan Labs, Sterling, VA, USA). Four more electrodes were 

placed at the left and right lateral canthi as well as above and below the left eye to measure 

the Electro-Oculogram (EOG).  

2.3.4 Retinal vessel density and perfusion. Optical coherence tomography angi-

ography (OCTA) was used to measure retinal vessel density (area occupied by vessel lumens 

after binary reconstruction of images, such as blood vessel density in the nasal area) and per-

fusion (retinal blood flow rate, such as perfusion in the nasal retinal area) in both eyes of the 

participants. OCTA is a non-invasive technique using the laser reflectance principle to detect 

the movement of red blood cells representing blood flow at the back of the eye [50]. It can 

visualise the blood vessels in the retina down to the capillary level to show structural and 

blood flow information [e.g. 50, 51]. In comparison with other non-invasive retinal imaging 

techniques such as Fluorescein angiography (FA) and indocyanine green angiography 

(ICGA), OCTA provides precise segmentation of different layers in the fundus with angio-

gram. This technique was reported to identify the retinal vascular pathologies in AD [52]. 

2.4 Data analysis 

 All data analyses were interpreted with the significance level at 0.05. The mean accu-

racy rate and reaction time of all three experimental blocks in the two- back memory tasks 

were computed. Participants’ performance in the two-back task was examined with the inde-

pendent sample t-test analysis with group (MCI group vs control group) as a between-subject 

factor. For EEG data analysis, ERP data collected from the fronto-central, temporal-parietal 

areas, and parietal regions were pre-processed with Neuroimaging Suite software Curry 7. 

Since P300 is responsible for cognitive aging [17], this latency was extracted from the ERP 

components of interest for further analysis in this study. These EPR data along with the 

OCTA data were then exported to IBM SPSS Statistics 24 for further analysis. Specifically, 
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Pearson’s correlation and multiple regression analyses were conducted to examine the rela-

tionship of the ERP components of interest (fronto-central, temporal-parietal, and parietal re-

gions), OCTA data (retinal vessel density and perfusion) and WM performance. 

3. Results 

3.1 Two-back working memory task 

 The mean reaction time (RT) (t(38) = 1.87, p = 0.07) and mean accuracy (number of 

correct responses) (t(38) = 0.41, p = 0.69) in the two-back memory task were not signifi-

cantly different between the MCI and healthy control groups.  

3.2 Relationship between behavioural and ERP results in relation to WM 

 Pearson correlation analysis indicated significant relationships between behavioural 

results and ERP neural activities in relation to two-back WM task. Specifically, in the MCI 

group, the mean accuracy (number of correct responses) was moderately correlated with the 

latency in FC1 (r = 0.62, p = 0.04), CPZ (r = -0.65, p = 0.03), CP2 (r = -0.64, p = 0.03), CP4 

(r = -0.77, p = 0.01), CP6 (r = -0.69, p = 0.02), CP8 (r = -0.70, p = 0.02), P1 (r = -0.65, p = 

0.03), P4 (r = -0.62, p = 0.04), P6 (r = -0.63, p = 0.04), P8 (r = -0.64, p = 0.04), POZ (r = -

0.64, p = 0.04) and PO6 (r = -0.60, p = 0.05)* in the MCI group (Table 2). The mean RT for 

correct responses was also moderately correlated with FP2 (r = 0.63, p = 0.04) and CP5 (r = -

0.66, p = 0.03) in MCI group (Table 3). These significant relationships were not found in the 

healthy control group (ps > 0.05). [*: C, Central; F, Frontal; P, Parietal; O, Occipital; Z, Mid-

line; Odd number, Left hemisphere; Even number, Right hemisphere.] 

3.3. Relationship between WM performances and retinal characteristics  

 Pearson correlation analysis indicated significant relationships between behavioural 

results in the two-back WM task and retinal characteristics in the MCI group but not the 

healthy controls. Specifically, the mean accuracy (number of correct responses) was moder-

ately correlated with left 3mm nasal vessel density (r = 0.60, p = 0.05), left 3mm superior 
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vessel density (r = 0.63, p = 0.04), left 3mm superior perfusion density (r = 0.72, p = 0.01), 

and left 6mm nasal perfusion density (r = 0.62, p = 0.04).  Furthermore, no significant corre-

lations between mean accuracy and right 3mm nasal vessel density (r = -0.23, p = 0.23), right 

3mm superior vessel density (r = 0.39, p = 0.24), right 3mm superior perfusion density (r = 

0.37, p = 0.26), and right 6mm nasal perfusion density (r = -0.02, p = 0.95) were found (Ta-

ble 2). There were no significant correlations between mean RT during the two-back WM 

task and retinal characteristics in either group (ps > 0.05).  

3.4 Relationship between ERP results in relation to WM and retinal characteristics 

Pearson correlation analysis indicated that retinal characteristics (left 3mm nasal ves-

sel density and left 6mm nasal perfusion density) were significantly correlated with ERP neu-

ral activities in the MCI group. Left 3mm nasal vessel density was found to moderately corre-

late to the latency in *FC1 (r = 0.73, p = 0.01), CP6 (r = -0.63, p = 0.04), and CP8 (r = -0.70, 

p = 0.02; Table 4), and marginally negatively correlate to CP2 (r = -0.60, p = 0.05) in the 

MCI group. However, right 3mm nasal vessel density did not correlate with any EEG loca-

tions of interest in the MCI and healthy control groups (ps > 0.05). Furthermore, left 6mm 

nasal perfusion density was found to significantly correlate to the latency in CP8 (r = -0.64, p 

= 0.03; Table 5), and marginally correlated to the one in CP6 (r = -0.59, p = 0.05) in the MCI 

group. The latencies of the significant EE locations of interest were entered as the independ-

ent variables in predicting the retinal characteristics in the multiple linear regression analyses. 

After controlling for participants’ age, multiple linear regression analysis showed that the left 

6mm nasal perfusion density was significantly predicted by the latency in CP6 and CP8 (F3,7 

= 4.24, p = 0.05); and that the left 3mm nasal vessel density was significantly predicted by 

the latency in CP8, CP6 and FC1 (F4,6 = 4.71, p = 0.05). No significant correlations and re-

gression results were found for right 6mm nasal perfusion density, left and right 3mm supe-

rior vessel density, left and right 3mm superior perfusion density in either group (ps > 0.05). 
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[*: C, Central; F, Frontal; P, Parietal; O, Occipital; Z, Midline; Odd number, Left hemi-

sphere; Even number, Right hemisphere.] 

4. Discussion 

The current study was the first to examine the neural and retinal characteristics in re-

lation to WM in older adults with MCI. Two main findings were observed which were gener-

ally consistent with the hypotheses. First, our results showed that WM performances in older 

adults with MCI were poorer than those in the healthy control group. Second, the relation-

ships between WM performances, the latencies in two specific central parietal regions (CP6 

and CP8), and retinal characteristics (left 3mm nasal vessel density and left 6mm nasal perfu-

sion density) were different in those with MCI compared to those in healthy older adults. 

Specifically, the correlations between WM accuracy and EEG were only found in MCI but 

not healthy controls while similar differential results were found for the correlation between 

WM accuracy and retinal density. The differential correlations between WM performance, 

brain activity in the central parietal regions as well as the left retinal nasal vessel, and perfu-

sion density found in the MCI and healthy individuals informs us about the neural and retinal 

underpinnings of WM in MCI.  

The present findings were consistent with previous studies regarding the two-back 

WM performances in older adults with MCI [e.g. 14]. In terms of reaction time and accuracy, 

those with MCI reacted slower and less accurately to the WM stimuli when compared with 

healthy older adults. Although there was difference between two groups, it was not signifi-

cant, possibly because the WM task adopted in the present study was different from those in 

previous studies. Nonetheless, these WM deficits in MCI individuals may be due to impair-

ment in the central executive system of WM (e.g., visuospatial sketchpad) involved in the 

processing of the incoming information [53].  
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In terms of the neural underpinnings of WM, latencies in the central parietal, frontal 

central and parietal regions were negatively associated with WM performance in MCI indi-

viduals, which is consistent with prior findings [e.g. 14; 19]. These findings suggest that 

poorer WM were reflected by higher values of latencies in these brain regions. The relation-

ship between abnormality in these brain regions and WM deficits might be due to the fact 

that the parietal cortex and prefrontal cortex (PFC) are responsible for WM performance [54-

56] and those with MCI and AD are characterised by thinning in the temporo-parietal cortex 

[57]. Jiang (2005) [58] also reported higher values of EEG power in bilateral parietal lobes 

during WM tasks among those when compared to healthy older adults. The relationship be-

tween abnormality in the central parietal, parietal and frontal central regions and WM deficits 

in MCI in this study supported the conclusion that WM deficits might be explained by func-

tional abnormality in those brain regions.  

 In terms of the retinal underpinnings of WM, a number of characteristics were posi-

tively related to WM performance, including left 3mm nasal vessel density, left 3mm supe-

rior vessel density, left 3mm superior perfusion density, and left 6mm nasal perfusion den-

sity. However, left 3mm nasal vessel density and left 6mmm nasal perfusion density were 

negatively related to latencies in the central parietal regions (specifically CP6 and CP8) only 

in those with MCI. These findings were consistent with the hypothesis that abnormality in the 

central parietal region and lower left nasal vessel and perfusion densities might underlie WM 

deficits in MCI. Specifically, left nasal and perfusion densities decreased with WM perfor-

mance in MCI, which is consistent with prior research revealing a decrease in retinal vascula-

ture in individuals with MCI and AD who had cognitive dysfunction [59]. In addition, the al-

teration of the retina such as macular region, retinal vasculature, optic disc, and retinal fiber 

layer were found in MCI [24, 28] and the decline in those retinal structures was also associ-

ated with WM deficits [60].  Furthermore, retinal vasculature that was closely related to the 
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neural correlates of WM [e.g. 61] was an index of cognitive ability in older adults [62, 63]. 

Although the literature regarding the present finding is yet to be established, the current find-

ings are in line with previous studies regarding the relationship between retinal and neural 

characteristics and WM.  

With regard to the relationship between WM deficits and associated neural activities 

and retinal characteristics in older adults with MCI, this is the first study to reveal that left 

retinal nasal vessel density and nasal perfusion density were both negatively related to the 

central parietal latencies which can be explained by the common characteristics shared by 

both [24]. Specifically, retinal structures, such as blood vessel density and perfusion were 

suggested as indexes of AD because they shared histological, physiological and embryologi-

cal aspects with the brain [e.g. 24]. Additionally, several layers of neural cells extend to the 

eye’s nerve fibers and vasculature, which suggests that retinal structures reflects neural activ-

ities in AD [64]. Furthermore, Jorge, Canário, Quental, Bernardes, and Castelo-Branco 

(2020) [65] found that retinal thickness was associated with brain cortical thickness in the 

frontal, parietal and temporal lobes, while den Haan et al. (2018) [66] revealed that parietal 

cortex atrophy was correlated with retinal thickness in early-onset AD individuals. These 

findings regarding retinal characteristics and brain regions that contribute to WM suggest that 

decreased left retinal nasal vessel density and left nasal perfusion density along with central 

parietal functional abnormality might both underlie WM impairment in MCI. Taking these 

findings together, it is noteworthy to target both neural and retinal characteristics related to 

WM while assessing and treating MCI in future studies.  

Despite being the first study to investigate the relationship between neural and retinal 

characteristics and WM deficits in MCI, a number of limitations should be identified. First, 

because of the relatively small overall sample size, only 11 individuals were categorised as 

MCI, and the gender effect of WM processing [67] was not examined in the present study. 
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Future studies with shorter duration of assessments and larger sample sizes should examine if 

there are gender differences in the retinal and neural underpinnings of WM in MCI. Second, 

since this is a cross-sectional study, the causal relationship between neural activities, retinal 

structures and WM performance remains unexamined. A longitudinal design could be 

adopted in future studies to observe the trajectory of neural and retinal changes, which may 

inform a better understanding of their relationship with WM deficits in MCI. In addition, par-

ticipants in the MCI group were only defined with the HK-MoCA but in absence of any bio-

logical marker of disease. Future study should include the test of biological marker with beta-

amyloid or tau protein and broader neuropsychological battery. Moreover, no correction for 

multiple comparisons were computed due to the small sample size and each correlation was 

performed separately from each other. The correlations in the present study were not ana-

lysed in one single analysis model. Future study should correct for multiple comparisons if all 

correlations are to be analysed in one single analysis model. Last but not least, participants 

had not been evaluated for prodromal AD diagnosis by Aβ/tau PET/CSF and FD6-PET was 

not obtained to establish the correlates with the topographic retinal findings because of equip-

ment and resources constraint in the present study. This should be addressed in future study 

for better understanding of prodromal AD diagnosis and topographic retinal findings.  

4.1 Conclusion 

In conclusion, the novel finding of this study is that brain abnormality (increased cen-

tral parietal latencies) and reduced retinal densities (retinal left nasal vessel density and left 

nasal perfusion density) were both associated with WM deficits in MCI individuals while this 

relationship was not found in the healthy control group. This suggests that WM deficits in 

MCI might be underpinned by both retinal and neural abnormalities, which in turn leads to 

the possibility that retinal abnormalities can be a biomarker of MCI or AD. Since WM de-

cline is one MCI marker and the early identification of MCI is of much importance to prevent 
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or slow down further development of AD, both retinal and neural abnormalities associated 

with WM deficits can be used as the indexes to detect MCI. Therefore, the current findings 

have clinical implications, providing knowledge for the development of identification and 

prevention measures in relation to MCI. 
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Table 1. Demographic information of MCI and healthy participants. 

 MCI Healthy controls All participants 
t-test statistics 

(p-values)  

Number of par-

ticipants 
11 29 40 - 

Mean age (SD) 
64.91 years 

(3.94) 

64.48 years 

(3.87) 

64.69 years 

(3.84) 

t(38) =  -0.31 

(0.76) 

Age range 60 to 73 years 60 to 73 years 60 to 73 years - 

Mean MoCA 

scores (SD) 
22.82 (1.17) 26.9 (1.74) 25.78 (2.43) 

t(38) = 7.160 

(0.00**) 

Mean years of 

education (SD) 

12.95 years 

(4.17) 

12.45 years 

(3.64) 

12.59 years 

(3.75) 

t(38) = -0.377 

(0.71) 

Mean TONI-3 

scores (SD) 
18.55 (4.01) 23.72 (8.87) 22.3 (8.13) 

t(38) = 2.535 

(0.02*) 

Range of mean 

income 

20,001-25,000 

HKD 

10,001-15000 

HKD 

15,001-20,000 

HKD 

t(38) = -1.025 

(0.33) 

 

Note: HKD, Hong Kong dollar; MCI, Mild cognitive impairment; MoCA, Montreal Cognitive As-

sessment; SD, Standard deviation; TONI-3, Test of Nonverbal Intelligence - Third Edition. *p <  

0.05; **p < 0.01. 
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Table 2a. Correlations between the mean accuracy and EEG latency during the WM task.  

EEG locations  
Correlation coefficient in MCI 

participants (p-values) 

Correlation coefficient in healthy 

control participants (p-values) 

FP2 0.57 (0.07^) -0.11 (0.59) 

FC1 0.62 (0.04*) 0.15 (0.45) 

CPZ -0.65 (0.03*) -0.08 (0.70) 

CP5 -0.50 (0.12) 0.02 (0.92) 

CP2 -0.64 (0.03*) -0.26 (0.17) 

CP4 -0.77 (0.01**) -0.21 (0.26) 

CP6 -0.69 (0.02*) -0.13 (0.49) 

CP8 -0.70 (0.02*) 0.13 (0.49) 

P1 -0.65 (0.03*) 0.02 (0.91) 

P4 -0.62 (0.04*) 0.02 (0.91) 

P6 -0.63 (0.04*) 0.19 (0.34) 

P8 -0.64 (0.04*) 0.07 (0.73) 

POZ -0.64 (0.04*) -0.05 (0.80) 

PO6 -0.60 (0.05*) 0.05 (0.82) 
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Note: *p <  0.05; **p< 0.01. F, Frontal; P, Parietal; O, Occipital; Z, Midline; Odd number, Left hemi-

sphere; Even number, Right hemisphere. 

 

Table 2b. Correlations between the mean accuracy during WM task and retinal density. 

Retinal structures 
Correlation coefficient in MCI 

participants (p-values) 

Correlation coefficient in healthy 

control participants (p-values) 

Left 3mm nasal 

vessel density 

0.60 (0.05*) -0.12 (0.55) 

Right 3mm nasal 

vessel density 

0.29 (0.39) -0.23 (0.23) 

Left 3mm superior 

vessel density 

0.63 (0.49*) -0.23 (0.23) 

Right 3mm supe-

rior vessel density 
0.39 (0.24) -0.16 (0.42) 

Left 3mm superior 

perfusion density 

0.72 (0.01*) -0.26 (0.18) 

Right 3mm supe-

rior perfusion den-

sity  

0.37 (0.26) -0.17 (0.38) 

Left 6mm nasal 

perfusion density 

0.62 (0.04*) 0.02 (0.91) 
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Right 6mm nasal 

perfusion density 

-0.02 (0.95) -0.15 (0.43) 

 
Note: *p <  0.05. 

 

Table 3. Correlations between the mean RT and EEG latency during the WM task.  

 EEG locations 
Correlation coefficient in MCI 

participants (p-values) 

Correlation coefficient in healthy 

control participants (p-values) 

FP2 0.63 (0.04*) -0.157 (0.42) 

FC1 -0.20 (0.55) -0.01 (0.97) 

CPZ -0.54 (0.09) -0.07 (0.71) 

CP5 -0.66 (0.03*) 0.159 (0.41) 

CP2 -0.17 (0.63) -0.20 (0.30) 

CP4 -0.26 (0.43) -0.09 (0.66) 

CP6 -0.18 (0.59) -0.05 (0.81) 

CP8 -0.93 (0.79) -0.10 (0.59) 

P1 -0.45 (0.17) 0.16 (0.41) 

P4 -0.19 (0.59) -0.02 (0.91) 

P6 -0.19 (0.57) 0.01 (0.95) 
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P8 -0.22 (0.52) -0.07 (0.73) 

POZ -0.48 (0.14) 0.16 (0.40) 

PO6 -0.17 (0.62) 0.17 (0.38) 

 
Note: *p <  0.05. F, Frontal; P, Parietal; O, Occipital; Z, Midline; Odd number, Left hemisphere; 

Even number, Right hemisphere. 

 

 

Table 4. Correlations between the left 3mm nasal vessel density and the EEG latency.  

EEG locations  
Correlation coefficient in MCI 

participants (p-values) 

Correlation coefficient in healthy 

control participants (p-values) 

FP2 0.20 (0.56) 0.21 (0.27) 

FC1 0.73 (0.01*) -0.10 (0.60) 

CPZ -0.24 (0.47) 0.20 (0.56) 

CP5 -0.22 (0.52) 0.04 (0.85) 

CP2 -0.60 (0.05^) -0.06 (0.74) 

CP4 -0.55 (0.08) -0.15 (0.43) 

CP6 -0.63 (0.04*) -0.13 (0.52) 

CP8 -0.67 (0.02*) -0.13 (0.51) 

P1 -0.53 (0.09) 0.05 (0.82) 

P4 -0.25 (0.46) -0.05 (0.80) 
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P6 -0.33 (0.32) -0.06 (0.76) 

P8 -0.34 (0.30) 0.05 (0.79) 

POZ -0.44 (0.18) -0.02 (0.90) 

PO6 -0.28 (0.41) 0.04 (0.84) 

 
Note: ^p = 0.07; *p <  0.05. F, Frontal; P, Parietal; O, Occipital; Z, Midline; Odd number, Left hemi-

sphere; Even number, Right hemisphere. 

 

Table 5. Correlations between the left 6mm nasal perfusion density and EEG latency.  

EEG locations  
Correlation coefficient in MCI 

participants (p-values) 

Correlation coefficient in healthy 

control participants (p-values) 

FP2 0.25 (0.46) 0.04 (0.83) 

FC1 0.50 (0.12) 0.09 (0.64) 

CPZ -0.17 (0.61) 0.19 (0.32) 

CP5 0.03 (0.93) 0.14 (0.46) 

CP2 -0.57 (0.07^) 0.16 (0.40) 

CP4 -0.571 (0.07^) 0.11 (0.57) 

CP6 -0.59 (0.05*) 0.15 (0.45) 

CP8 -0.64 (0.03*) 0.13 (0.50) 
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P1 -0.28 (0.41) 0.10 (0.59) 

P4 -0.46 (0.16) 0.19 (0.33) 

P6 -0.53 (0.09) 0.19 (0.33) 

P8 -0.51 (0.11) 0.16 (0.40) 

POZ -0.29 (0.40) -0.02 (0.93) 

PO6 -0.51 (0.11) 0.12 (0.53) 

 

 
Note: ^p = 0.07; *p =<  0.05. F, Frontal; P, Parietal; O, Occipital; Z, Midline; Odd number, Left hem-

isphere; Even number, Right hemisphere. 




