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INTRODUCTION

Rodents and other mammals have survival habits, includ-
ing instinctively locating and retrieving food.1 Spatial learn-
ing and memory are necessary for recording information 
regarding spatial orientation and the environment. Spatial 
memory, including episodic memory, is important in habits, 
and the hippocampus is implicated as an essential region for 
creating and maintaining spatial and cognitive maps.2 The 
prefrontal cortex, which is crucial for studying complex, goal-
directed human behavior, is involved in working memory ac-
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cording to neuroimaging and neurobehavioral studies.3 Neu-
robehavioral studies commonly show that hippocampal damage 
disrupts spatial learning and memory processing in mammals,4 
including humans.5 Patients with hippocampal damage also 
show impairments in spatial navigation,6 spatial orientation,7 
and visuospatial memory.8 These impairments are highly re-
lated with mental disorders, including amnestic mild cogni-
tive impairment (aMCI) and Alzheimer’s disease (AD).9

According to previous studies, the prefrontal cortex and 
hippocampus of rodents and humans are involved in spatial 
learning and memory.10,11 Spatial working and reference mem-
ory associated with spatial learning and memory are con-
nected to different neuronal networks.12 The prefrontal cortex 
and premotor cortex are involved in spatial working memory, 
whereas the hippocampal region and posterior parietal cor-
tex are involved in spatial reference memory.13 

The radial arm maze (RAM) was pioneered by Olton & 
Samuelson.1 RAMs has been commonly used by researchers 
for measuring spatial learning and memory in rodents; it al-
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lows for the evaluation of spatial working and reference mem-
ory. A RAM typically has a center area with eight arms radi-
ating outward. Each arm has food sites at the end that are 
not visible from the central area; four arms have food at the 
distal end, and the other four arms do not have any. During a 
trial of the RAM, an animal must acquire food from all four 
areas of the maze. For each trial, the same configuration is 
used so that rodents can learn to acquire food from all areas 
without entering the arms that do not have food at the end. 
Two types of memories, i.e., working and reference, are as-
sessed during the maze task. Assessment of working memory 
(WM) involves rodents re-entering previously entered arms 
during the same trial, whereas that of reference memory (RM) 
involves rodents entering the nonrewarding arms in each 
trial. Previous studies using RAMs observed that working 
and reference memory decreased as the trials progressed in 
animal studies.1,14 

Although a RAM is extensively used to evaluate spatial abil-
ity, including working and reference memory, it has several 
restrictions on its adaptation to humans.1 Tools intended for 
rats are small so that rats can walk around them, whereas tools 
for experiments with people must be proportionally larger. A 
RAM tool for humans must be large, making it difficult to 
manufacture and manipulate. Therefore, memory in humans 
is commonly measured by simple neuropsychological assess-
ments using paper-and-pencil tasks. These tasks require par-
ticipants to carry out imaginary manipulations of geometric 
objects or figures or otherwise accomplish a visual transfor-
mation of the stimuli shown on paper.15-18 Animal RAMs as-
sess spatial learning and memory by quantifying the perfor-
mances of the animals as they navigate and remember paths 
in the real world. Tools for spatial memory for humans and 
animals differ from traditional psychometric measures and 
navigational route-finding measures of spatial ability. In par-
ticular, animal tasks require physically moving through the 
environment, whereas neuropsychological assessments re-
quire no such translocations by humans.

To adapt RAM tasks to humans, researchers developed a 
monitor-based radial arm maze (M-RAM) with a flat moni-
tor.13,18-23 Participants used the monitor to conduct the RAM 
tasks. These tools led to evaluations of behavioral spatial 
learning and memory in humans, which found that humans 
use spatial strategies similar to those of rodents to manipu-
late RAM tasks. Dependent measures including WM error 
and RM error decreased as the trials proceeded. However, pre-
vious RAM studies for humans used only a flat monitor and 
did not have sufficient ecological validity related physical 
movements, including head/body coordination.

In this study, to assess spatial learning and memory in hu-
mans to overcome the limitations of neuropsychological as-

sessments and M-RAM programs, we designed a head-mount-
ed display-radial arm maze (HMD-RAM) program in which 
a RAM tool was operated in virtual reality (VR) with a head-
mounted display (HMD), which is a video display device. VR 
platforms provide immersive experiences for humans in three-
dimensional (3D) worlds using computer-generated environ-
ments,24 and there are numerous research studies on the ad-
vantages of VR technologies for spatial ability.25-29 To experience 
the simulated space, participants put on the HMD. When par-
ticipants move their heads, computer-generated images are 
translated or rotated as they move in the virtual world. Previ-
ous studies suggested that participants experienced signifi-
cantly more presence, immersion, and simulator sickness using 
an HMD device, which provides depth perception by employ-
ing a stereoscopic view, than when using a flat monitor dis-
play.30-32

Consequently, we designed an HMD-RAM program with 
a RAM tool operated in VR with an HMD. The RAM pro-
gram created in a virtual world had eight arms and four re-
wards, similar to a standard RAM. The behavioral-dependent 
measures in this study were WM error, RM error, detection 
time, travel distance, and participant’s head movements and 
included traditional RAM and new VR-dependent measures. 
Our specific hypotheses were as follows:

1) The behavioral-dependent measures of humans would 
decrease as the blocks progressed, similar to the results of pre-
vious animal RAM studies.1,14

2) Neuropsychological assessments would be associated 
with current measures of spatial learning and memory.

3) HMDs and flat monitors would have common points 
in behavioral- and subjective-dependent measures.

Study 1 (HMD-RAM)

Materials and methods

Participants
The protocol was approved by the university’s Institutional 

Review Board (IRB) before beginning the recruitment (HYI-
14-100-1). Twenty participants (30% female, n=6) were re-
cruited through advertisements placed on the Hanyang Uni-
versity campus. All participants provided their consent (age: 
M=23.0 years, SD= 2.1) (Table 1). No participants reported 
currently being prescribed any psychiatric medications.

Hardware and software
We created a RAM program in a virtual world using a 3D 

development platform (Vizard 5.2; WorldViz, Santa Barbara, 
CA, USA). We used a desktop workstation running Micro-
soft Windows 7 (Microsoft Corporation, Redmond, WA, USA) 
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and equipped with a high-end graphics card (nVidia GeForce, 
nVidia, CA, USA). In the HMD-RAM task, the program was 
implemented with an HMD (Oculus DK2, Oculus VR, Irvine, 
CA, USA) that collected head movement data with three de-
grees of freedom (yaw, pitch, and roll) with a 100° field-of-view 
system and high resolution (960×1,080 pixels per eye). For 
comfort, adjustable headbands were used to fit the HMD dur-
ing the experiments. A one-handed joystick (PlayStation navi-
gation controller, Sony, Tokyo, Japan) was also used to navi-
gate the virtual world. A stereo speaker was connected to a 
computer for auditory feedback in conjunction with the visual 
stimuli when participants found treasures. All tasks were ob-
served by an experimenter through a 24-inch LED flat monitor 
that showed the progress of the program.

Radial arm maze program for humans
For this study, we developed a RAM program for humans. 

The participants navigated a virtual room as a first-person 
viewer using an HMD and a joystick. For landmark cues, the 
virtual room had different colored wallpapers, and pieces of 
furniture (e.g., sofa, table, chair, etc.) were located between 
paths (Figure 1). Participants could use those landmarks to 
remember their spatial position and orientation, and their 
viewpoint was changed according to their head movements.

The RAM had eight paths extending out of a middle area 
with a reward or nonreward chest at the end of each path. Par-
ticipants were required to discover the four treasures as quick-
ly as possible. Upon finding a treasure, they received posi-

tive auditory feedback. The task had five blocks, and each 
block was allocated a time of up to 5 min. When the partici-
pants found the four treasures or 5 min had elapsed, the block 
was terminated. The same configuration of the environment 
of the virtual room and rewarded paths was used for all blocks 
so that the participants could remember the locations of the 
treasures as the blocks progressed.

Dependent measures
The main dependent measures in the HMD-RAM task were 

WM error, RM error, detection time, travel distance, and par-
ticipant’s head movements. WM error was defined as the num-
ber of times a participant discovered a path that he/she had 
previously entered in the same block, regardless of whether 
that path was rewarded. RM error was defined as the num-
ber of times a participant reentered paths that were not re-
warded. Detection time and travel distance were recorded ev-
ery 1/60 s during each block. To measure the travel distance 
in the virtual room, we used a virtual distance (quant),33 
which is a distance measure in the virtual world. We also an-
alyzed head movements every 1/60 s, which were collected 
as head movement data with the HMD during the tasks. All 
measures were recorded for each block separately.

Neuropsychological assessments and self-reported 
questionnaires

To validate the program, we conducted memory-related 
neuropsychological assessments. Participants took the Rey-

Table 1. Participants’ demographic data

HMD-RAM (N=20) M-RAM (N=20)
Age (SD), years 23.0 (2.1) 23.2 (2.4)
Female, N (%) 6 (30) 4 (25)
Average time (h) of gaming per week, time (SD) 6.1 (7.8) 8.5 (7.6)
Experience with a virtual world, N (%) 5 (25) 7 (35)
Experience with a joystick, N (%) 15 (75) 13 (65)
SD: standard deviation, HMD-RAM: head-mounted display-radial arm maze, M-RAM: monitor-based radial arm maze

Figure 1. Head-mounted display-radial arm maze (HMD-RAM). A: HMD-RAM with eight arms in a virtual environment. B: A view of the HMD-
RAM.

A   B  
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Osterrieth Complex Figure Test (ROCFT; copying, immedi-
ate, and 20-min delayed recall), which measures visuospatial 
construction and memory.15,17 This test assesses immediate 
and delayed memory by copying a complex picture and then 
drawing it from memory. ROCFT immediate was conducted 
to assess the performance of WM. ROCFT delayed was con-
ducted to assess the performance of RM. Participants also 
did the Seoul Verbal Learning Test (SVLT; three immediate 
trials of 12 words and 20-min delayed recall trial for the words) 
of the Samsung Neuropsychological Screening Battery,34 
which tests verbal learning and memory. SVLT immediate was 
conducted to assess the performance of WM. SVLT delayed 
was conducted to assess RM performance.

To assess presence, the degree to which the participant feels 
immersed in the virtual environment, we used the Presence 
Questionnaire (PQ).35 The PQ has 33 items and uses a 7-point 
Likert scale (1=not at all, 7=completely). To assess the degree 
of simulator sickness, we used the Simulator Sickness Ques-
tionnaire (SSQ).36 The SSQ is a 16-item symptom checklist 
that uses a 4-point Likert scale (0=not at all, 3=severe). To 
assess the immersion of the RAM program, we modified the 
Immersive Experience Questionnaire37 and the Flow State 
Scale.38 Our Immersive Questionnaire (IMQ) had three ques-
tions and used an 11-point Likert scale. The questions we 
modified were as follows: “Did you feel that you and the things 
were in the same place?” “Did you feel that you got around in 
the room?” and “My attention was focused entirely on what I 
was doing.” Because humans can explain their navigation strat-
egies, we asked the participants about their navigation strategy 
for the RAM task after the completion of all blocks. To veri-
fy the navigation strategies, we used the following post-exper-
iment instruction on navigation strategy: “Please describe how 
you remembered the position of the treasure chest.” 

Procedure
This research was conducted in accordance with the ap-

propriate university IRB protocol. Written consent and as-
sent were obtained from the participants upon arrival at the 
research area. The participants were asked to complete a brief 
questionnaire to gather data on age, gender, average time of 
gaming per week, prior virtual world experience, and prior 
joystick experience. They were given neuropsychological as-
sessments (ROCFT and SVLT). The experimenters de-
scribed the progress of the task to the participants and as-
sisted them with the HMD head placement. The participants 
completed a practice block of the RAM task for approximate-
ly 5 min, during which they practiced manipulating their 
viewpoint, using the joystick, and performing head rotations, 
and understand how they would conduct the task. After the 
practice block, the participants carried out five main blocks 

that required finding the four treasures as soon as possible. 
They rested for approximately 1 min after each block to pre-
vent fatigue effects. Immediately after the completion of all 
blocks, the participants filled in the PQ, SSQ, IMQ, and Nav-
igation Strategy Questionnaire. They were debriefed regard-
ing the purpose of the study and received a class credit for par-
ticipation.

Results

WM error, RM error, detection time, travel distance, 
and head movement

We conducted a repeated measures analysis of variance 
(ANOVA) to test for differences in dependent measures in 
block progress (Figure 2). WM error showed a significant 
main effect as the blocks increased [F(4, 76)=2.521, p<0.05, 
η2=0.117). We also found a significant main effect in RM error 
as the blocks progressed [F(4, 76)=7.107, p<.001, η2= 0.272). 
The participants committed fewer WM and RM errors as the 
blocks proceeded. We observed a significant main effect as 
the blocks increased, indicating that the participants manip-
ulated for shorter detection time [F(4, 76)=9.100, p<0.001, 
η2=0.324) and shorter travel distance [F(4, 76)=7.586, p< 
0.001, η2=0.285) to discover the treasures. We also found a sig-
nificant main effect as the blocks increased, indicating that the 
participants used fewer head movements [F(4, 76)=7.588, 
p<0.001, η2=0.285) to see their viewpoint as the blocks pro-
ceeded.

Relationship between neuropsychological 
assessments and RAM behavioral measures

Correlation analysis determined whether the previous neu-
ropsychological assessments were related to HMD-RAM per-
formance (Table 2). We compared four neuropsychological 
assessment measures (i.e., ROCFT immediate, ROCFT de-
layed, SVLT immediate, and SVLT delayed) and five behav-
ior-dependent measures for HMD-RAM (i.e., RM error, WM 
error, detection time, travel distance, and head movement). 
Several significant relationships between task performance and 
neuropsychological measures were discovered.

In the correlation analysis, ROCFT immediate was signifi-
cantly negatively correlated with RM errors [r(20)=-0.498, p< 
0.05), WM errors [r(20)=-0.513, p<0.05], detection time 
[r(20)=-0.456, p<0.05], and travel distance [r(20)=-0.499, p< 
0.05]. However, no significant correlations were observed with 
head movements (p>0.521). The performance on ROCFT de-
layed was significantly positively correlated with RM errors 
[r(20)=-0.526, p<0.05], WM errors [r(20)=-0.515, p<0.05], 
detection time [r(20)=-0.447, p<0.05], and travel distance 
[r(20)=-0.508, p<0.05]. However, no significant correlation 
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was observed between ROCFT delayed and head movements 
(p>0.454).

In the correlation analysis, the performance on SVLT im-

mediate was not significantly correlated with WM error, RM 
error, detection time, travel distance, or head movement (all 
ps>0.092). SVLT delayed also showed no significant correla-

Figure 2. Mean results for the HMD-RAM test for humans. (A) Number of RM errors. (B) Number of WM errors. (C) Average time. (D) Dis-
tance. (E) Sum of head movement. RM: reference memory, WM: working memory, HMD-RAM: head mounted display-radial arm maze.

Table 2. Correlations between dependent measures and neuropsychological measures

Detection time RM error WM error Travel distance Head movement
ROCFT

Immediate -0.456*
0.043

-0.498*
0.025

-0.513*
0.021

-0.499*
0.025

-0.188
0.428

Delayed -0.447*
0.048

-0.526*
0.017

-0.515*
0.020

-0.508*
0.022

-0.204
0.389

SVLT
Immediate -0.161

0.497
-0.349
0.131

-0.205
0.386

-0.387
0.092

-0.047
0.845

Delayed -0.051
0.832

-0.073
0.761

-0.420
0.065

-0.131
0.583

-0.266
0.258

*the correlation was significant at the 0.05 level. RM: reference memory, WM: working memory, ROCFT: Rey-Osterrieth Complex Figure 
Test, SVLT: Seoul Verbal Learning Test
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tion with WM error, RM error, detection time, travel distance, 
or head movement (all ps>0.065).

Other effects
To evaluate the potential compounding effects of age, av-

erage time of gaming per week, PQ, SSQ, and IMQ, we con-
ducted a correlation analysis with WM error, RM error, de-
tection time, travel distance, and head movement. The SSQ 
was significantly positively correlated with travel distance 
[r(20)=0.451, p<0.05). However, no significant differences by 
age, average time of gaming per week, PQ, or IMQ were ob-
served (all ps>0.521). We conducted independent samples t-
tests according to prior virtual world experience, and prior 
joystick experience with five behavioral measures (i.e., WM 
error, RM error, detection time, travel distance, and head move-
ments). No significant differences were observed for the fol-
lowing components: prior virtual world experience (all ps> 
0.479) and prior joystick experience (all ps>0.261).

Discussion

The results of Study 1 were consistent with the hypothesis 
that behavioral measures in a RAM decrease as the blocks 
progress. We also found that visuospatial memory was asso-
ciated with behavioral measures, whereas verbal memory was 
not. These results were consistent with previous results in rats1,14 
and meaningful because they indicated that a maze tool for 
humans had been developed and increased ecological validi-
ties. The results suggested that the HMD-RAM could be used 
to measure visuospatial memory in humans. However, there 
was another option to employ the RAM for humans. We could, 
for example, conduct a RAM experiment with a flat monitor 
instead of an HMD. Therefore, we conducted a second study 
to compare the HMD and a flat monitor, hypothesizing that 
HMD and flat monitor devices would have common and dif-
ferent points in behavioral- and subjective-dependent mea-
sures.

Study 2 (M-RAM)

Materials and methods

To address the need for control data for the M-RAM, we 
modified the display and control devices used in Study 1. In 
Study 1, the participants conducted the experiments with an 
HMD and a joystick. In Study 2, they conducted the experi-
ments with a 24-inch flat monitor, a keyboard, and a mouse. 
The participants rotated their viewpoint using the mouse 
and translated their position using the arrow keys of the key-
board. To match the tasks between Study 1 and Study 2, we 

kept the location of treasures, arrival distance/time from the 
center position to each chest, and number of blocks the same. 
We also created an equal number of paths that the participants 
could see at once to match the visual field ranges between the 
HMD-RAM and M-RAM.

Participants
A new sample of 20 participants (20% female; n=4; age: M= 

23.2 years, SD=2.4) was recruited for Study 2. All consented 
to participate (Table 1). No participants reported currently 
being prescribed any psychiatric medications. The design 
and procedure for Study 2 were identical to those of Study 1 
except for the different display and control devices.

Results

WM error, RM error, detection time, and 
travel distance

A series of 2×5 ANOVA tests were conducted to test for 
differences in the main dependent measures (WM errors, RM 
errors, detection time, and travel distance) between the two 
groups (HMD-RAM and M-RAM) as the five blocks pro-
gressed. Participant head movement was not analyzed because 
the interaction methods were different between the HMD and 
the flat monitor. We found significant differences in WM er-
ror as the blocks proceeded [F(4, 152)=5.085, p<0.001, η2= 
0.118] and in RM error [F(4, 152)=14.608, p<0.001, η2=0.278]. 
The participants committed fewer WM and RM errors as 
the blocks proceeded. There were significant main effects as 
the blocks proceeded, indicating a shorter detection time [F(4, 
152)=14.976, p<0.001, η2=0.283] and a shorter travel distance 
[F(4, 152)=13.622, p<0.001, η2=0.264]. However, no signifi-
cant differences were observed between the two groups (all 
ps>0.204), and no significant interaction effects were observed 
for behavioral measures (all ps>0.649).

Presence, simulator sickness, and immersion
We compared the HMD-RAM and the M-RAM groups 

for level of presence, simulator sickness, and immersion af-
ter the experiments. Independent samples t-tests analyzed 
the differences in these factors for the two task environments 
(Table 3). The results of the PQ were significantly different 
[t(38)=2.130, p<0.05], and the HMD-RAM group (M=138.3, 
SD=23.6) showed a significantly higher sense of presence than 
the M-RAM group (M=122.4, SD=23.8). The SSQ also sig-
nificantly differed between the two groups [t(38)=2.027, p< 
0.05]. The HMD-RAM group (M=12.2, SD=12.9) showed 
more simulator sickness than the M-RAM group (M=5.4, SD= 
7.7). The results of the IMQ were also significantly different 
[t(38)=2.992, p<0.005].
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Differences in strategy
Because humans can report their navigation strategies, we 

collected data on participants’ navigation strategies. The par-
ticipants reported the following: “I realized that the treasure 
was located next to the sofa, table, chair, and bed”; “I remem-
bered the classification of the furniture and reward chest be-
cause the shape of the road was the same”; “I just discovered 
the paths by going clockwise”; “I walked along the path in 
one direction”; etc. In the HMD-RAM group, 15 participants 
reported that they remembered the environments (Remen), 
and five participants reported that they did not remember the 
environments (No-Remen). In the M-RAM group, 10 partici-
pants reported that they remembered the environments (Re-
men), and 10 participants reported that they did not (No-Re-
men). We also conducted a series of 2 (Remen vs. No-Remen) 
×2 (HMD-RAM vs. M-RAM) ANOVA tests to compare the 

differences according to navigation strategies for dependent 
measures (WM error, RM error, detection time, and travel 
distance). The quantitative differences on how the four groups 
differed in five consecutive blocks are shown in Figure 3. Sig-
nificant differences in RM error were found for navigation 
strategy [F(4, 76)=15.646, p<0.001, η2=0.303]. The No-Re-
men group showed more RM errors than the Remen group. 
The No-Remen group traveled significantly longer distances 
than the other group [F(4, 76)=10.071, p<0.005, η2=0.219). 
The No-Remen group spent a significantly more time than the 
Remen group [F(4, 76)=4.546, p<0.05, η2=0.112). However, 
significant differences in WM error were not observed (p> 
0.420). Additionally, significant interaction effects were not 
seen for any dependent measures (all ps>0.355).

Table 3. Results of presence, immersion, and simulator sickness

HMD-RAM (N=20) M-RAM (N=20) p value
Presence Questionnaire 138.3 (23.6) 122.4 (23.8) <0.05
Immersion Questionnaire 21.6 (4.0) 17.2 (5.2) <0.005
Simulator Sickness Questionnaire 12.2 (12.9) 5.4 (7.7) <0.05
The values are shown as mean (SD). SD: standard deviation, HMD-RAM: head-mounted display-radial arm maze, M-RAM: monitor-based 
radial arm maze

Figure 3. Results of the differences in strategies between the HMD-RAM and the M-RAM. (A) Number of RM errors. (B) Number of WM 
errors. (C) Average detection time. (D) Travel distance. RM: reference memory, WM: working memory, HMD: head-mounted display, M: 
monitor.
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Other differences between the HMD-RAM and the 
M-RAM groups

To compare the potential differences between the HMD-
RAM and M-RAM groups, we conducted independent sam-
ples t-tests for age and average time of gaming per week. No 
significant differences were found for any measures (all ps> 
0.108). Chi-square tests were performed to compare the dif-
ferences in gender, prior virtual world experience, and prior 
joystick experience. No significant differences were seen for 
any of these measures (all ps>0.716).

Discussion

We had three initial hypotheses. First, WM and RM error 
would decrease as the blocks progressed for the HMD-RAM 
as for an animal RAM, which is consistent with the findings 
of past research on rats.1,14 Second, the neuropsychological 
assessments would be related to the five dependent measures 
for the HMD-RAM, and a visuospatial test would be associ-
ated with the measures, but a verbal test would not be. Last-
ly, the measures of the HMD-RAM would have common 
points behaviorally and subjectively compared to the mea-
sures of the M-RAM and behavioral measures, which showed 
similar characteristics, whereas subjective measures did not.

This research is meaningful because its findings indicate 
that a maze tool for humans had been developed and increased 
the ecological validity, which was the limitation of previous 
studies.13,18-23 We developed a virtual maze task that used head 
movements and a joystick. In ecological conditions, self-gen-
erated movements provide corresponding movements in the 
optical environment. This information of visual field produc-
es dependent measures, including travel distance and head 
movement.39 A kinesthetic connection between the muscles 
and the vestibular system of the inner ear gives crucial cues 
about the direction of distance and heading information.40 
The results of this study suggested that the HMD-RAM would 
be appropriate for measuring spatial learning and memory 
in humans. It may be a useful tool for early detection of defi-
cits in spatial memory, including aging-related disorders. 

Even in animal RAM experiments, assessing the precise 
value of rat performances in the real world is difficult. Sev-
eral studies could not measure the exact detection time and 
travel distance of tasks.1,14 However, the VR that is controlled 
by a computer system can solve this issue. We also could mea-
sure the head movements, detection time, and travel distance 
of humans every 1/60 s during the whole maze task. Accord-
ing to animal-based RAM studies, spatial memory abilities 
can affect animals differently in the real world.41,42 However, 
previous studies could not verify whether rodents really re-
membered the environments or not. Our study carried out 

experiments on humans rather than on animals so that we 
could measure the participants’ strategies. We found that peo-
ple with better navigation strategies showed smaller RM er-
rors and shorter moving distances and detection time. These 
results and methods could be extended to spatial learning and 
memory performances according to individual navigation 
strategies. 

Although the ROCFT and SVLT tests assess WM and 
RM,15,17,34 only the former test showed a significant correla-
tion with our measures, including RM error, WM error, de-
tection time, and travel distance. Previous studies found that 
ROCFT measures are linked to visuospatial and organiza-
tional skills.15,17,43 Our results showed that the HMD-RAM 
program was more closely associated with visuospatial con-
ceptualization than with verbal abilities. This observation 
was supported by a previous study20 that observed that only 
the ROCFT had a significant linear correlation with a moni-
tor-based maze task. These results suggest that the HMD-
RAM performance for assessing spatial learning and memory 
may correspond to previous neuropsychological assessments 
that are related only to visuospatial skills.

An observation of the differences between the HMD-RAM 
and the M-RAM groups showed that tools for experiencing 
a virtual world were not important for behavioral measures. 
Possibly, the finding of no significant behavioral differences 
might be caused by the very close matching between the HMD-
RAM and the M-RAM devices in the current study. We exten-
sively tried to match the view size and time to find treasures. 
However, the experiments with the HMD evoked greater pres-
ence and immersion according to the participants’ self-reports 
than the experiments with the flat monitor. Like in previous 
VR studies,30-32 we saw increases in presence and immersion as 
the virtual environment technology progressed from the flat 
monitor to the HMD. VR technologies have been developed 
over time to enhance the sense of presence or immersion, and 
our results are in line with those previous VR studies. The sim-
ulator sickness score was also higher with the HMD than with 
the flat monitor, in accordance with previous studies.30-32 Sim-
ulator sickness may be caused by various elements, including 
image quality, frame rate, and field-of-view limitations. The 
travel distance of the current study was positively correlated 
with simulator sickness, allowing for the assumption that, 
when increasing the manipulation in a virtual world, nausea, 
oculomotor inconvenience, and disorientation can increase. 
A previous study also suggested that more rigorous head and 
body tracking technologies,44 like VR motion capture and 
treadmills, can reduce simulator sickness. We may need to con-
sider those technologies to reduce simulator sickness and in-
crease the ecological validity of the HMD-RAM. 

This study had several limitations. First, the power of anal-
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ysis was restricted because of the small number of participants. 
The correlation data were not strong (Table 2), and a larger 
sample size would have resulted in better statistical data. A 
second limitation was the gender ratio, as fewer females than 
males participated in the study. The gender effects of spatial 
learning and memory should be considered18,23 and need to 
be evaluated in subsequent studies. Third, we conducted only 
two neuropsychological batteries (ROCFT and SVLT), and, 
therefore, additional tests are needed on spatial learning and 
memory. Finally, we need to experimentally investigate elder-
ly participants or patients with hippocampal diseases, includ-
ing aMCI and AD. This work would be valuable for assessing 
the spatial learning and memory of patients.

Conclusion
In this study, we suggested a new HMD-RAM program for 

spatial learning and memory, and measured human subjects’ 
patterns using that measure. The results suggested that the 
HMD-RAM program may be capable of human measure-
ments of spatial working and reference memory. We hope that 
these results will contribute to new methods and raise new 
questions, and to renewed enthusiasm for human spatial learn-
ing and memory research. We believe that this work is an im-
portant foundation for the early diagnosis of deficits in spa-
tial learning and memory, and we hope that it will help people 
who have spatial memory handicaps, including aMCI and AD.
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