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Objective: This study aims to apply the virtual radial arm maze (VRAM) task to find spatial 

working memory and reference memory impairments in patients of amnestic mild cognitive 

impairment (aMCI) and Alzheimer’s disease (AD). Spatial memory functions between aMCI 

converters and nonconverters are also compared using VRAM results.

Methods: We assessed the spatial memory in 20 normal controls, 20 aMCI, and 20 mild AD 

subjects using VRAM. The Mini-Mental State Examination, Clinical Dementia Rating scale, 

and other neuropsychological tests were given to the subjects in conjunction with the VRAM 

test. Scores in working memory errors and reference memory errors were compared among 

the three groups using repeated measures analysis of variance. In addition, aMCI patients were 

followed-up after 5 years and surveyed for AD conversion rate.

Results: In AD patients, both spatial working and reference memory were impaired. However, 

in aMCI subjects, only spatial reference memory was impaired. Significant spatial reference 

memory impairment was found in the aMCI converter group when compared to the noncon-

verter group.

Conclusion: Spatial working memory is less impaired in aMCI while reference memory is 

similarly damaged in AD. In aMCI patients, more severe spatial reference memory deficit is a 

neuropsychological marker for AD conversion. VRAM may be well utilized in humans to assess 

spatial memory in normal aging, in aMCI, and in AD.

Keywords: spatial behavior, Alzheimer’s disease, user computer interface, cognition

Introduction
In most cases, Alzheimer’s disease (AD) is preceded by a prodromal stage and amnes-

tic mild cognitive impairment (aMCI) in which an individual’s memory is impaired 

to a greater degree than expected given the individual’s age, sex, and educational 

background, while the individual’s ability to perform the activities of daily living is 

preserved and the criteria for dementia are not met. A previous study reported that the 

conversion rate of aMCI to AD is 10%–15% annually, compared with 1%–2% among 

normal elderly individuals.1

Structural and functional abnormalities in the hippocampus have been documented 

in patients with aMCI and AD.2,3 Atrophy of hippocampal formation is a strong risk 

factor of AD progress.4 As the hippocampus plays a crucial role in spatial memory and 

navigation,5 it is generally accepted that patients with aMCI or AD show impairments 

in spatial orientation,6 navigation,7 and visuospatial short-term memory.8 Such deficits 

may lead to failure in navigating and remembering places.
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However, it is difficult to measure spatial memory deficits 

in real situations with a classic neuropsychological battery. 

Several studies utilized virtual reality systems to assess cogni-

tive impairments related to degenerative changes to improve 

ecological validity.7,9–12 Previous studies reported that virtual 

navigation performance was impaired in aMCI and AD 

and that virtual environments provide valid assessments of 

navigation skills that are comparable to those required in 

real world navigation.9,13 Moreover, examination of spatial 

memory can be effectively performed using virtual systems, 

resulting in enhanced diagnostic power compared with classic 

neuropsychological testing.14

The virtual radial arm maze (VRAM), virtual Morris 

water maze, and virtual route learning are tools commonly 

used in assessments of spatial memory.15–17 The VRAM, a 

human analogue of the radial arm maze (RAM) test used 

extensively to test spatial memory in small animals such 

as rodents,18,19 has two merits to examine spatial working 

memory and reference memory simultaneously when com-

pared to the virtual Morris water maze and virtual route 

learning. The current VRAM design uses a computer–human 

interface, and human subjects use monitors and joysticks to 

control their movements inside the virtual reality in which 

the classic design of RAM is implemented. The VRAM has 

been successfully used in human studies on sex differences 

in these two types of spatial memory,20 on working memory 

load in elderly patients,21 and on hippocampal activity.22

The hippocampus and prefrontal cortex of rodents and 

humans are involved in spatial navigation.22,23 Evidence from 

experiments with rodents indicates that memory functions 

involve information processing in the hippocampus and 

prefrontal cortex.24,25 However, spatial reference and work-

ing memory systems use different neuronal networks;26 the 

prefrontal cortex is involved in working memory, whereas 

the hippocampal region is involved in reference memory.12 

A study in rodents also reported that deficits in the two types 

of spatial function have different patterns; reference memory 

deficits are common as a function of aging, but working 

memory deficits are not.27 As in rodents, spatial reference 

memory in humans is mediated by the hippocampus,28 

whereas spatial working memory is more closely related to 

the frontal cortex.29,30

This study aimed to identify spatial memory impairment in 

patients with aMCI and AD using the VRAM and to determine 

whether the VRAM can differentiate between the two types of 

memory deficits. Beginning with the onset of aMCI, patients 

with AD typically show early changes in the hippocampus.31 

Thus, we expected that both aMCI and AD patients would 

have reference memory deficits attributable to hippocampal 

atrophy.32 AD pathology is also associated with spatial working 

memory problems as measured by the Spatial Span Backward 

test.31 This may be related to the fact that prefrontal cortical 

atrophy is more prominent in AD than in aMCI.33 Therefore, we 

expected that spatial reference memory deficits would appear 

in both aMCI and AD patients and working memory loss would 

be found only in patients with AD. We also followed aMCI 

participants for 5 years to find a virtual navigation predictor 

of progression from aMCI to AD.1

Methods
Subjects
Sixty older adults were recruited from the local community. 

The Institutional Review Board at Boramae Hospital 

approved the study protocol. All procedures in this study 

were in accordance with the ethical standards of the respon-

sible committee on human experimentation and with the 

Helsinki Declaration of 1975, as revised in 1983. Eligibility 

criteria for participation were 1) age 60 years or older and 

2) no known history of head trauma, brain tumor, stroke, 

mental retardation, or any severe medical, neurological, or 

psychiatric illness affecting cognitive functioning other than 

AD. Patients with mild depression were included only if their 

scores on the short form of the Geriatric Depression Scale 

were lower than 10.34 All participants were assigned to one 

of three groups: normal control (NC) (n=20), aMCI (n=20), 

or mild AD (n=20). The demographic characteristics of each 

group are presented in Table 1.

The NC group had no memory complaints, scored in the 

normal range on standardized neuropsychological tests, and 

had no neurological abnormalities. aMCI patients met the 

criteria for aMCI initially proposed by Petersen:1 1) memory 

complaints, preferably corroborated by an informant; 2) 

memory impairment relative to age- and education-matched 

Table 1 Mean demographic data and scores (SD) of the Mini-
Mental State Examination of the normal control, amnestic mild 
cognitive impairment, and Alzheimer’s disease groups

NC 
(n=20)

aMCI 
(n=20)

AD 
(n=20)

Age, years (SD) 70.8 (5.2) 70.7 (5.0) 72.4 (5.6)
Female, n (%) 11 (55%) 9 (45%) 10 (50%)
Years of education (SD) 11.2 (4.7) 11.0 (4.2) 7.0 (4.2)*
MMSE scores (SD) 27.6 (2.0) 25.6 (2.4) 20.5 (3.4)*
MMSE range (min, max) 23, 30 20, 29 13, 24

Note: *P,0.05, significantly different from normal controls and amnestic mild 
cognitive impaired patients in Bonferroni post hoc analysis.
Abbreviations: AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; 
NC, normal control; MMSE, Mini-Mental State Examination; min, minimum; max, 
maximum; SD, standard deviation.
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healthy individuals (below 1.0 standard deviation); 3) intact 

general cognitive functioning; 4) largely intact activities of 

daily living; and 5) absence of dementia. AD was diagnosed 

according to the National Institute of Neurological and Com-

municative Diseases and Stroke/Alzheimer’s Disease and 

Related Disorders Association criteria for probable AD,35 

and subjects were mildly demented, scoring 0.5 or 1 on the 

Clinical Dementia Rating (CDR) global scale.36

After 5 years, in eleven of the 20 aMCI patients, AD was 

newly developed (aMCI converters), seven still had aMCI 

(aMCI nonconverters), and two were lost to follow-up.

Neuropsychological assessments
A trained psychologist administered the Korean Mini-Mental 

State Examination (MMSE),37,38 CDR, and neuropsychologi-

cal memory and visuospatial tests to the subjects. Visuospatial 

construction and memory were assessed with the simplified 

Rey figure test (SRFT).39 Working memory was examined 

using the Spatial Span Forward and Backward tasks to validate 

the VRAM. A trained psychiatrist made the clinical diagnoses 

in consultation with a consensus conference at which the clini-

cal and neuropsychological data were reviewed.

VRAM task
An original virtual maze program, which included a maze 

with six arms and “treasures” at the distal end of three arms, 

was used as the VRAM test tool (Figure 1). Participants 

were told that they were in a virtual room with six arms 

extending from a middle area. The virtual room had various 

colored objects and visual cues to indicate the relative direc-

tions, and the room remained unchanged throughout each 

trial. Although participants were instructed to find the three 

treasures as quickly as possible, no time limit was imposed. 

After discovering all three treasures, the trial ended, and par-

ticipants returned to the center of the maze to begin the next 

trial. Five trials were conducted, and the intertrial interval 

was 10 seconds. The same configuration of rewarded arms 

was used for all participants. This test measured working 

memory errors by the number of times a subject reentered 

the same arm; reference memory errors were measured by 

the number of times a subject reentered the arms with no 

rewards.22 Distance traveled and time required to find all 

rewards during each trial were also recorded.

Test administration
All subjects were visually and verbally informed that the test 

would occur in a virtual room. The apparatus for the VRAM 

consisted of a desktop computer with a color monitor and a 

joystick. All participants were instructed to use the joystick 

to navigate the virtual environment.

All subjects participated in pretrial training before the 

task. Trained psychologists who did not participate in neu-

ropsychological tests guided the subjects to ensure they were 

completely familiar with the virtual environment, the rules 

of the game, and the manipulation of joysticks. Irrespective 

of disease severity, all subjects were clearly able to perform 

the tasks without any problems. The total length of training 

differed across individuals.

Five years after the VRAM test, the aMCI participants 

were surveyed and categorized into aMCI converters and 

aMCI nonconverters. The original VRAM trial results previ-

ously gathered were compared between the two groups for 

any significant group effect.

Statistical analysis
Differences in sex in the three groups were analyzed with chi-

square tests. The mean age, years of education, and MMSE 

scores were compared using analysis of variance (ANOVA) 

of the three groups. Time latency, distance, number of work-

ing memory errors, and number of reference memory errors 

in the five trials of the VRAM test were compared using 

repeated measures ANOVA with the Bonferroni adjustment 

for multiple testing. We used Kendall’s tau-b to analyze the 

correlation between the VRAM results (working and refer-

ence memory errors, time, and distance traveled) and other 

neuropsychological memory tests to examine the concurrent 

validity of the VRAM. SPSS for Windows, version 16 (SPSS 

Inc., Chicago, IL, USA) was used for data analyses. P-values 

below 0.05 were considered statistically significant.

Results
Subjects
The sample consisted of 60 elderly individuals: 20 with 

AD, 20 with aMCI, and 20 NC subjects. Demographic 

Figure 1 Virtual radial arm maze test.
Notes: (A) Virtual radial arm maze with six arms in virtual environment. (B) View 
of virtual radial arm maze from above.
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data and mean MMSE scores are presented in Table 1. 

The groups had similar mean ages (F=0.6, P=0.53) and 

sex distributions (P=0.81), but they differed significantly 

in years of education (F=5.8, P,0.05) and MMSE scores 

(F=38.6, P,0.05). Post hoc analysis revealed that those 

in the AD group were less educated and had lower MMSE 

scores compared with those in the NC and aMCI groups 

(P,0.05).

VRAM results
Repeated measures ANOVAs (Figure 2) revealed a sig-

nificant main effect of number of trials on working (F=8.0, 

df=4, partial η2=0.37, P,0.05) and reference (F=20.0, df=4, 

partial η2=0.60, P,0.05) memory errors. All three groups 

committed fewer working and reference memory errors as 

the trials proceeded. Additionally, we found a significant 

effect of group on working (F=12.0, df=2, partial η2=0.30, 

P,0.05) and reference (F=17.7, df=2, partial η2=0.38, 

P,0.05) memory errors. According to the post hoc analysis, 

aMCI and NC participants committed a comparable number 

of working memory errors (P=0.1), but both groups commit-

ted fewer working memory errors (P,0.05) than the AD 

subjects. aMCI subjects committed more reference memory 

errors than NC subjects (P,0.05) and committed a similar 

number of reference memory errors (P=0.4) to AD subjects. 

We observed a significant main effect of trial on distance 

traveled to find the rewards (F=20.3, df=4, partial η2=0.60, 

P,0.05); hence, all three groups traveled shorter distances 

to find the rewards as the trials progressed. A significant 

main effect of group on distance traveled to find the rewards 

(F=17.8, df=2, partial η2=0.39, P,0.05) was also observed. 

Specifically, NC subjects found the rewards after traveling 

shorter distances than aMCI subjects (P,0.05), and aMCI 

subjects found the rewards after traveling shorter distances 

than AD subjects (P,0.05).

Finally, the data reflected a significant main effect of 

trial on time latency to find the rewards (F=20.0, df=4, 

partial η2=0.60, P,0.05). All participants spent less time 

finding the rewards as the trials proceeded. Moreover, we 

found a significant group effect of latency (F=15.8, df=2, 

partial η2=0.36, P,0.05), revealing that NC subjects found 

the rewards more quickly than aMCI subjects (P,0.05), 

whereas the time to find the rewards did not differ between 

aMCI and AD subjects (P=0.18).
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Figure 2 Results of virtual radial arm maze test for the normal control, amnestic mild cognitive impairment, and Alzheimer’s disease groups.
Notes: (A) Mean working memory errors ± standard error (SE); (B) mean reference memory errors ± SE; (C) mean distance ± SE; and (D) mean time latency ± SE to find 
the hidden rewards across trials in the normal control, amnestic mild cognitive impaired, and Alzheimer’s disease groups for five trials.
Abbreviations: AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; NC, normal control; sec, seconds.
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VRAM results in the aMCI groups
After following patients who were tested 5 years ago, val-

ues of the latency, travel distance, and number of working 

and reference memory errors were compared between the 

aMCI converter and aMCI nonconverter groups. Despite 

the small sample, the aMCI converter group made signifi-

cantly more reference memory errors on the VRAM than 

the aMCI nonconverter group (Figure 3, P,0.05). However, 

the groups did not significantly differ regarding latency 

(P=0.08), travel distance (P=0.53), and working memory 

errors (P=0.1).

Average group differences  
and relationships to other 
neuropsychological tests
Table 2 shows the correlations between number of working 

and reference memory errors in VRAM trials, and neu-

ropsychological test results of Spatial Span Forward and 

Backward, SRFT copy, SRFT immediate recall, and SRFT 

delayed recall. The numbers of working and reference mem-

ory errors on the VRAM had significant linear correlations 

with each other and with scores on all neuropsychological 

tests except the Spatial Span Forward.

Discussion
The present study found differences in the spatial memory 

abilities of NC, aMCI, and AD groups. Participants with 

aMCI made more spatial reference memory errors than NC 

subjects, but their spatial working memory seemed intact. AD 

subjects made more errors in both spatial working and refer-

ence memory than did NC subjects. The 5-year follow-up 

analysis showed that the aMCI converter group made more 

spatial reference memory errors before developing dementia 

than the aMCI nonconverter group.

aMCI subjects traveled shorter distances on the VRAM 

to find the rewards than AD subjects, and were as slow as 

AD subjects in finding the rewards. Table 2 presents the 

results of the VRAM.

Unlike AD, aMCI seems to significantly affect refer-

ence memory, but not working memory. Spatial working 

memory functions have been found to be controlled by the 

prefrontal cortical area, which is damaged in the progress 

of AD,32,33 and that spatial reference memory functions are 

affected by hippocampal atrophy that emerges early in the 

prodromal aMCI stage.28,31 A Y-maze study showed that 

spatial working memory may be preserved longer than 

spatial reference memory in transgenic mice expressing 
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AD pathology.2 Therefore, our results suggest that the loss 

in spatial reference memory may happen earlier during the 

aMCI stage, before the spatial significant working memory 

loss associated with the progress of AD appears. In addition, 

the current results (Figure 2) indicate that spatial reference 

memory is significantly more impaired in aMCI patients 

who develop AD within 5 years than in those who do not. 

VRAM test results may be used to detect aMCI which can 

progress on to AD.

aMCI and AD subjects took significantly longer than NC 

subjects to find the rewards. This impairment in locomotion 

is reportedly caused by a general deterioration in visual atten-

tion and visual processing speed,40 as well as by deficits in 

global cognitive ability and perceptual speed.41 Patients with 

aMCI also show attention deficits and process visual stimuli 

more slowly, although these impairments are less severe in 

aMCI than in AD.42 AD and aMCI patients are unable to 

disengage attention and use a visual cue to produce an alert-

ing effect.43 Consistent with previous studies, aMCI and AD 

subjects showed increased time latency, reflecting a decline in 

visual stimulus processing and attention. Interestingly, aMCI 

subjects traveled shorter distances, but with a similar latency 

when compared to AD patients. This may be indicative of 

intact spatial working memory in aMCI which helped to pre-

vent reentry into previously entered rooms despite decline in 

the ability to process visually the landmarks in the VRAM.

The results of the VRAM had linear correlations with 

those of the Spatial Span Backward and SRFT tests. The 

statistical significance suggests that the VRAM’s ability to 

detect spatial memory deficits may be comparable to that of 

neuropsychological tests.

However, the spatial working and reference memory 

errors in the VRAM tests were not significantly correlated 

with those in the Spatial Span Forward task (P.0.05), 

which assesses passive short-term memory. Whereas the 

Spatial Span Backward test involves more active attention 

processes,44 the Spatial Span Forward test assesses only 

passive attention processes. Previous studies have indicated 

that passive short-term memories are more resilient and are 

less likely to be impaired in aMCI and mild AD,31 which is 

why the Spatial Span Forward test cannot examine spatial 

impairments in aMCI and AD, and it was not correlated with 

the VRAM results.

This study has several limitations. Due to the small 

number of aMCI patients available for follow-up, significant 

differences in other spatial memory functions between AD 

converters and nonconverters may not be observed. In addi-

tion, although statistically significant, the linear correlations 

between VRAM results and the neuropsychological tests 

(Table 2) were not strong. A larger sample size will improve 

the quality of statistical data in future investigations. We 

also assumed that we could completely separate the two dif-

ferent types of spatial memories by counting the number of 

reentries into emptied arms and selections of wrong arms. 

However, to test this hypothesis, future research should pro-

vide brain imaging analyses to find different brain activation 

during the occurrence of reference memory and working 

memory errors.

Conclusion
aMCI subjects differed from AD subjects in their intact 

spatial working memory, whereas both aMCI and 

AD subjects demonstrated impaired spatial reference 

memory, suggesting that the VRAM can help to distinguish 

among deficits associated with normal aging, aMCI, and 

AD. Additionally, the VRAM results regarding reference 

memory errors may be useful as a clinical marker of pos-

sible future development of AD among current aMCI 

subjects, as shown in the 5-year follow-up. Our study 

shows that the VRAM can be used to examine impair-

ments in spatial working and reference memories in the 

early stage of AD.
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