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VR has become an especially popular research modality in 
experimental psychology, due to the almost limitless pos-
sibilities for creating complex and realistic scenarios with a 
high degree of experimental control while, supposedly, pro-
viding higher ecological validity than laboratory settings. 
Indeed, research has assumed that VR and reality are some-
what comparable, as long as certain conditions are met. In 
the early implementation of VR research designs, it was 
hypothesized that the similarity of users’ responses between 
real-world and VR environments would be proportional to 
the degree to which the VR setting simulated “naturalistic” 
experiences (Bell et al. 2001)—in other words, its degree of 
realism (i.e., how faithfully it represented real-world input 
on all sensory channels and the fidelity of its environmental 
responses; Freeman et al. 2000). To this end, research has 
highlighted the role of a series of constructs in determining 
users’ perception of VR environments. Among these, two 
closely related concepts—presence and immersion—seem 
significant. Presence indicates the subjective “sense of being 
there” (Freeman et al. 1999), while immersion is related to 
the objective properties of a system (Slater 2009), in terms 
of its replication of vivid, multisensory perceptions. On 
this point, it should be noted that the umbrella term “VR” 
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Abstract
In recent years, there has been a growing trend in cognitive psychology research towards recreating experimental situ-
ations in virtual reality (VR). VR settings are thought to have higher ecological validity than laboratory settings using 
digital, two-dimensional (2D) pictures. Some studies have shown cognitive performance in VR settings to follow that of 
the real world. However, other studies obtained controversial results. The present study tested the memory performance 
of three groups of participants who were exposed to the same environment (a room) through different modalities: in real 
life, in VR, and through 2D pictures. The results highlighted that participants who were exposed to the target room in real 
life had an overall better memory performance, compared to participants who saw the room in VR or through 2D pictures. 
On the other hand, no differences in memory performance emerged between the VR and 2D picture groups, except for 
the non-suggestive verbal task. The results suggest that future research should be careful in assuming that performance in 
VR settings is comparable to real life and that VR is more ecological than traditional 2D media.
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may apply to a variety of devices (e.g., flat screen three-
dimensional [3D] environments, head-mounted displays 
[HDM], room-based systems such as the Cave Automatic 
Virtual Environment [CAVE]) offering different levels of 
immersion. It has been suggested that VR can elicit a sense 
of presence that is akin to being present in real life, and 
thus greater than the sense of presence that can be achieved 
through interaction with traditional 2D media (e.g., Wagler 
and Hanus 2018).

While the literature seems to agree on this high sense of 
subjective presence in VR settings, the implications of this 
are debated. For instance, some researchers (e.g., Hodges et 
al. 1994; North et al. 1998) have linked the sense of pres-
ence in VR settings with increased emotional arousal, but 
not to improved task performance. Mania and Chalmers 
(2001) compared recollection performance of a 15-minute 
seminar delivered across four different conditions (i.e., in 
person, on a 3D desktop, through a 3D HMD, via audio), 
finding that level of presence was not associated with accu-
rate memory recall, and that recall was significantly higher 
in the real-life condition, compared to the VR condition. 
Similarly, Slater et al. (1996) found that immersion—but 
not presence—increased task performance, which involved 
comprehension and memory of a complex 3D object. How-
ever, other studies investigating performance differences 
between VR and real-life environments have found contra-
dictory results. For instance, Hu-Au and Okita (2021), in 
a study assessing environmentally-related learning differ-
ences, found comparable learning of general content knowl-
edge in VR and real-life conditions. Conversely, Taylor and 
Dando (2018) compared episodic retrieval performance 
during interviews in a virtual avatar-to-avatar environment 
(i.e., with both interviewer and interviewee represented by 
avatars) and a traditional face-to-face environment, finding 
that participants in the avatar-to-avatar interview had sig-
nificantly better recall.

Research has also investigated user experience and 
performance differences between two-dimensional (2D) 
display environments and 3D virtual environments, find-
ing that: at the lowest level, the main difference between 
these environments is that VR provides users with a sense 
of depth and proportion that is lacking in traditional 2D 
media; and at higher levels, VR generally induces a stron-
ger sense of presence and engagement (e.g., Radianti et al. 
2020). Indeed, the international literature highlights that 
VR movies generate different EEGs and greater emotional 
arousal in viewers compared to 2D movies (Tian & Whang, 
2021). Similarly, men (but not women) find VR pornogra-
phy more sexually arousing than its 2D counterpart (Elsey 
et al. 2019). Some authors (see, e.g., Elmquaddem 2019) 
advocate for the use of VR as a learning tool, positing that 
VR “can improve and facilitate learning, increase memory 

capacity and make better decisions while working in enter-
taining and stimulating conditions” (p. 237). There is some 
corroboration for this claim. For instance, Schöne et al. 
(2017) reported that participants who watched a motorcycle 
ride via VR not only rated their experience as more realis-
tic but also performed twice as well in a memory task than 
participants who experienced the same motorcycle ride via 
2D video. Likewise, Krokos et al. (2019) found superior 
memory recall with an HMD compared to a traditional 2D 
desktop computer. Similarly, Norman et al. (2020) found a 
greater skin conductance response (taken to indicate recog-
nition) to a mock crime scene presented in VR compared to 
2D. Surprisingly, most studies investigating recall follow-
ing exposure in VR in comparison to other modalities have 
not examined suggestibility. From a forensic perspective, 
interrogative suggestibility (i.e., the extent to which, within 
a closed social interaction, messages communicated during 
formal questioning are accepted, with a subsequent effect on 
behavioural responses; Gudjonsson and Clark 1986) could 
be an interesting variable to consider, as insight into this 
factor might contribute to the development of ecological 
mock crime scenarios.

However, two main problems arise: on the one hand, VR 
results are not consistent, as there are reports of both simi-
lar and worse memory performance based on interaction 
with VR, compared to 2D media (e.g., Ernstsen et al. 2019; 
Makransky et al. 2019; Kisker et al. 2021). Furthermore, 
an important caveat of research applying VR to learning 
is that, for VR to be effective, it must leverage its unique 
advantages, which include both presence and immersivity 
and embodiment and agency (e.g., Johnson-Glenberg 2019; 
Johnson-Glenberg et al. 2021). Indeed, research has con-
firmed that the utility of VR is dependent on a high degree 
of presence, immersion, and interactivity (e.g., Sutcliffe et 
al. 2005).

In light of this observation and the inconsistent findings 
on the differences between VR versus other media, the pres-
ent study aimed at gaining an understanding of how the 
modality through which stimuli are presented (i.e., 2D vs. 
VR vs. real life) impacts memory recollection and suggest-
ibility. For this purpose, three groups of participants were 
exposed to, respectively, a room in real-life, the same room 
in VR, and 2D pictures of the same room captured from dif-
ferent angles. The following hypotheses were formulated: 
(a) participants in the VR condition would perform similarly 
to participants in real life condition on free recall, visual rec-
ognition, non-suggestive visual and verbal questions, and 
resistance to suggestibility (verbal and visual questions) 
tasks; and (b) participants in the VR condition would per-
form significantly better than participants in the 2D picture 
condition on free recall, visual recognition, non-suggestive 
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visual and verbal questions, and resistance to suggestibility 
(verbal and visual questions) tasks.

2 Materials and methods

2.1 Participants

A total of 123 participants were volunteers who responded to 
a social media advertisement or were located near Sapienza. 
The inclusion criteria were: (a) aged at least 18 years; and 
(b) excellent comprehension of the Italian language. Four 
participants (3.25%) were excluded due to set-up issues 
related to the Meta Quest 2 device used in the study, which 
invalidated the procedure. The final sample comprised 119 
participants, of whom 62 were male (52.1%) and 57 were 
female (47.9%), aged 18–35 years (M = 24.20, SD = 4.130). 
The majority of the sample were students (N = 77, 64.7%), 
educated to a high school level (N = 67, 56.3%), Italian 
citizens (N = 118, 99.2%), living in central Italy (N = 107, 
89.9%), and experiencing no visual impairments (N = 61, 
51.3%). A post hoc power analysis was computed using 
G*Power (Faul et al. 2007): a sample size of 119 resulted 
to be sufficiently large to achieve a statistical power (1-β) 
of at least 0.90 in a testing involving three groups, given a 
significance level of 0.05 and a large effect size (0.40).

Participants were randomly assigned to three groups 
using the Excel RAND function, according to a manipulated 
variable (i.e., the modality in which they visited the target 
room; see the “Measures” section for detailed information):

 ● - Group 1 (G1) (Mage = 26.53, SD = 3.602) was com-
posed of 40 participants who visited the target room in 
real life.

 ● - Group 2 (G2) (Mage = 23.8, SD = 3.556) was composed 
of 40 participants who visited the target room in VR, us-
ing a Meta Quest 2 device.

 ● - Group 3 (G3) (Mage = 22.79, SD = 3.600) was com-
posed of 39 participants who observed 2D pictures of 
the target room (captured from different angles) on a 
computer.

The mean age was statistically different between the three 
groups (F2,116=11.344; p < 0.001).

Table 1 reports the descriptive statistics for all of the 
characteristics considered, for each group and for the entire 
sample. 

2.2 Measures

The following measures and instruments were used:

2.2.1 Measures used in phase 1 (see “Experimental 
Procedure” section)

Sociodemographic Questionnaire. Participants were 
administered a questionnaire to collect personal sociode-
mographic information on biological sex, age, education, 
occupational status, region of residence, citizenship, medi-
cal diagnoses, visual impairments, and prior experience 
with VR.

Rivermead Behavioural Memory Test (RBMT-III), 
“Figure Recognition” Subtest. The Rivermead Behav-
ioural Memory Test (Wilson et al. 1985; Italian validation: 
Beschin et al. 2013) is an ecological assessment instru-
ment that evaluates respondents’ ability to use memory in 
everyday situations. Showing good ecological validity, it 
has great value in predicting real-life behavior and deficits 
outside the evaluation situation. The measure is composed 
of 14 subtests, aimed at evaluating visual memory, verbal 
memory, and recall memory aspects, both immediate and 
delayed. The present study administered the “Figure Recog-
nition” subtest, which aims at testing respondents’ ability to 
recall previously displayed images from a larger set.

Corsi Block-Tapping Test. The Corsi block-tapping test 
(De Renzi and Nichelli 1975; Spinnler and Tognoni 1987) is 
one of the most popular and widely used tests for measuring 
the quantity of information that can be held in short-term 
memory, otherwise known as visuospatial memory span. 
The stimulus is a board (32 × 25 cm) on which nine black 
cubes (4.5 × 4.5 × 4.5 cm) are attached asymmetrically. The 
cubes are progressively numbered on the face displayed to 
the examiner, who sits opposite the participant. The exam-
iner taps the cubes in a prearranged sequence of increas-
ing length (tapping a cube every 2 s). Immediately after 
the examiner finishes the sequence, the participant is asked 
to reproduce it, touching the cubes in the same order. The 
length of the sequence varies from 3 (the shortest) to 10 
(the longest), and for each length, there are two prearranged 
sequences. If the participant correctly reproduces one of 
the sequences shown, the examiner progresses to a longer 
sequence. The participant’s visuospatial memory span is 
reflected by the number of cubes related to the longest series 
correctly reproduced. The average visuo-spatial memory 
span is five (Spinnler and Tognoni 1987).

2.2.2 Measures used in phase 3 (see “Experimental 
Procedure” section)

Free Recall Task. Participants were asked to write down all 
of the objects they remembered seeing in the target room. 
Specifically, the instructions were: “You have just seen a 
room. Please list in writing (without describing) all of the 
objects in the room. Let the examiner know when you have 
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the question was as follows: “Was the object / furni-
ture item / painting in the room?” Participants were 
allowed to write their answer, and they did not neces-
sarily have to answer “Yes” or “No.” Fig. 1 displays 
two items included in the visual recognition task.
Section 2, Suggestibility Task. The suggestibility task 
of the present study mimicked the structure of the 
Gudjonsson Suggestibility Scale-2 (GSS-2; Gudjons-
son 1997) – adapting it to the research purpose and 
including a visual task – and presented participants 
with suggestive and non-suggestive (verbal and visual) 
questions related to the target room. The GSS-2 is a 
tool designed to measure interrogative suggestibility, 
which represents a person’s propensity to accept infor-
mation communicated during formal questioning with 
a subsequent influence on their responses. Specifically, 
the suggestibility task employed in the present study 
comprised: (a) 10 non-suggestive verbal questions, (b) 
5 non-suggestive visual questions; (c) 15 suggestive 

finished”. Subsequently, participants were given 1 point for 
each object (out of 50) they were able to recall. The free 
recall task total score was based on how many objects of the 
target room participants were able to recall. The 50 items 
are listed in the Supplementary Materials.

Ad-hoc Questionnaire. An ad-hoc questionnaire was 
created and administered through the online software Qual-
trics. The questionnaire included 60 questions related to the 
target room, meant to detect visual recognition, non-sugges-
tive verbal and visual questions, and suggestibility (through 
verbal and visual suggestive questions). The questionnaire 
comprised two sections:

Section 1, Visual Recognition Task. Participants were 
shown a picture of an object / furniture item / painting 
and asked if they previously saw it in the room. Ten 
pictures represented items that were actually in the 
target room, while an additional 10 pictures depicted 
items that were not in the target room. Specifically, 

Table 1 Descriptive statistics of the sample and each group
G1 G2 G3 TOTAL χ² p
n(%) n(%) n (%) N (%)

Biological sex 1.233 .540
 Female 22 (55.0) 18 (45.0) 17 (43.6) 57 (47.9)
 Male 18 (45.0) 22 (55.0) 22 (56.4) 62 (52.1)
Citizenship 1.992 .369
 Italian 39 (97.5) 40 (100) 39 (100) 118 (99.2)
 Other 1 (2.5) 0 (0) 0 (0) 1 (0.8)
Region 2.646 .619
 North 0 (0) 2 (5) 1 (2.6) 3 (2.5)
 Central 36 (90) 36 (90) 35 (89.7) 107 (89.9)
 South 4 (10) 2 (5) 3 (7.7) 9 (7.6)
Educational level 26.169 < .001
 Middle school diploma 1 (2.5) 0 (0) 0 (0) 1 (0.8)
 High school diploma 11 (27.5) 27 (67.5) 29 (74.4) 67 (56.3)
 Degree 24 (60) 13 (32.5) 6 (15.4) 43 (36.1)
 Post-graduate 4 (10) 0 (0) 4 (10.3) 8 (6.7)
Occupation 15.31 .004
 Unemployed 1 (2.5) 1 (2.5) 2 (5.1) 4 (3.4)
 Student 17 (42.5) 30 (75) 30(76.9) 77 (64.7)
 Employed 22 (55) 9 (22.5) 7 (17.9) 38 (31.9)
Vision impairment .666 .717
 No 19 (47.5) 20 (50) 22 (56.4) 61 (51.3)
 Yes 21 (52.5) 20 (50) 17 (43.6) 58 (48.7)
Use of glasses / contact lenses .224 .894
 No 23 (57.5) 21 (52.5) 22 (56.4) 66 (55.5)
 Yes 17 (42.5) 19 (47.5) 17 (43.6) 53 (44.5)
Medical/psychological/psychiatric diagnosis 2.097 .351
 No 38 (95) 40 (100) 37 (94.9) 115 (96.6)
 Yes 2 (5) 0 (0) 2 (5.1) 4 (3.4)
Prior experience of VR 1.069 .586
 No 30 (75) 26 (65) 26 (66.7) 82 (68.9)
 Yes 10 (25) 14 (35) 13 (33.3) 37 (31.1)
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mode was open (i.e., participants were not forced to 
answer “Yes” or “No” or “True” or “False”, as in the 
GSS-2).

2.3 Experimental procedure

Data were collected in October 2021. The experimental pro-
cedure was conducted during working hours (9:00–17:00) 
to ensure adequate lighting conditions and took place in a 
neutral room and a target room of the Department of Human 
Neuroscience, “Sapienza” University of Rome. The experi-
ment was designed in accordance with the Declaration of 
Helsinki and approved by the local ethics committee (Board 
of the Department of Human Neuroscience, Faculty of 
Medicine and Dentistry, Sapienza University of Rome). The 
experimental procedure lasted approximately 30 min and 
consisted of three phases: (1) assessment of participants’ 
visual-spatial memory through neuropsychological tests, (2) 
exposure to the target room (real life vs. in VR vs. through 
2D pictures), and (3) completion of the free recall, visual 

verbal questions; and (d) 10 suggestive visual ques-
tions. The non-suggestive verbal questions included 
five questions concerning true details of the target 
room (e.g., “Was there a calendar in the closet?”) and 
five questions concerning false details (e.g., “Was the 
mini fridge green?”; note that there was a fridge in 
the room, but it was blue). The non-suggestive visual 
questions showed five pairs of photographs in which 
only one of each paired alternative represented reality 
(see Fig. 2 for an example question). The suggestive 
verbal questions asked about objects / furniture items 
/ details that were not present in the target room (e.g., 
“Was the backpack on the chair broken?”; “Was the 
carpet red or green?”; note that there were no broken 
chairs or carpets in the room). Finally, the suggestive 
visual questions presented 10 pairs of photographs, 
both depicting in different locations an object that was 
not in the target room. Participants were, then, asked 
which of the two photographs represented the object’s 
actual position, despite neither alternative was correct 
(see Fig. 3 for an example question). For this task and 
to allow participants to choose neither, the response 

Fig. 2 One pair of alternatives 
presented in the non-suggestive 
visual section Note. the question 
related to this stimulus was: “was 
the bottle near the trumpet or 
near the flower pot?”. note that 
the correct answer was “near the 
flower pot”

 

Fig. 1 Two Items from the Visual 
Recognition Task Note. The 
image on the left was on the wall 
in the target room, while the 
image on the right was not pres-
ent in the target room
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2.3.2 Phase 2

Participants were randomly assigned to one of three experi-
mental conditions: real life, VR, and 2D pictures.

Group 1 (G1): Real life Condition. Participants were 
taken into a target room of the Department of Human Neu-
roscience and positioned in the middle of the room. They 
were asked to memorize as many objects as possible over a 
period of 2 min, after which they were called by the experi-
menter. Participants had to stay in the middle of the room 
and could only rotate their body. Specifically, the instruc-
tions were as follows: “We will now get you into a room. 
Your task is to observe the room carefully for 2 minutes, 
trying to memorize as many details as possible. We ask you 
to stand still at this point. You can turn your head in all 
directions and rotate around yourself.” Fig. 4 presents an 
image of the target room.

Group 2 (G2): VR Condition Using a Meta Quest 
2. Participants were accompanied into a neutral room and 
asked to wear a Meta Quest 2 visor in order to visit the target 
room in VR. The Meta device has a 72 Hz LCD screen with 
a resolution of 1832 × 1920 pixels per eye. The visor is worn 
in front of the eyes and covers the entire field of vision. It 
also comprises two hand-held knobs that simulate hands. In 
the present study, only one knob was used, in order to per-
mit participants to virtually access the room. Through the 
Meta Quest 2, participants were shown a panorama 360° 
picture of the target room, taken by a professional photog-
rapher with a Lapbano Pilot One EE. The 360° picture was 
taken from the same point where participants in Group 1 
were standing.

recognition, and suggestibility tasks in relation to the target 
room.

2.3.1 Phase 1

After providing written informed consent, participants com-
pleted the sociodemographic questionnaire and underwent 
a visual-spatial memory assessment through the Rivermead 
Behavioural Memory Test III “Figure Recognition” subtest 
and the Corsi block-tapping test (see the “Measures” sec-
tion). These tests were useful to check the cognitive abilities 
of the participants, making sure that they had no visual-spa-
tial memory deficits that could interfere with performance 
in the experimental task (phases 2 and 3).

Fig. 4 Picture of the target room

 

Fig. 3 One pair of alternatives 
shown in the suggestive visual 
section Note. the question related 
to this stimulus was: “was the 
backpack on the floor or on the 
chair?” note that there was no 
backpack in the target room
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Group 3 (G3): 2D picture condition. Participants were 
accompanied into a neutral room with a computer. They 
were asked to sit in front of the computer and look at some 
2D pictures of the target room on the computer screen. 
Participants had 2 minutes to look at these pictures and 
memorize as many objects as possible. The eight pictures 
(2048 × 1537 pixels; see Supplementary Materials) showed 
different parts of the target room from the same point of 
view of participants in the real life and VR conditions. The 
pictures were sequentially shown on a 27” computer moni-
tor, and participants could scroll across them as they wanted 
(see for example Fig. 5). Specifically, the instructions were 
as follows: “Now you will be shown some pictures of a 
room. Your task is to observe the room carefully for 2 min-
utes, trying to memorize as many details as possible.”

2.3.3 Phase 3

After exposure to the target room, all participants were 
taken into a neutral room and administered the free recall 
task (see the “Free Recall Task” section).

Then, they completed an ad-hoc questionnaire about the 
room they observed on a 27” personal computer, with no 
time limit (see the “Ad-hoc Questionnaire” section). It was 
underlined that participants could answer according to their 
preference, and did not need to indicate “Yes” or “No.”

3 Analysis and results

3.1 Data analysis

One-way independent ANOVA models were run to test 
performance differences between the three experimental 
groups (i.e., G1, G2, G3) in free recall, visual recognition, 
non-suggestive verbal questions, non suggestive visual 
questions, suggestive verbal questions, and suggestive 
visual questions. The effect sizes of the score differences 
between groups were reported; with respect to magnitude, 
η² = 0.01 was considered indicative of a small effect, η² = 
0.06 a medium effect, and η² = 0.14 a large effect (Cohen 
1988). To address the problem of multiple testing, Bonfer-
roni correction was applied, dividing the p value by the 
number of tested variables (n = 6) and setting the signifi-
cance level to 0.008 (Shaffer 1995). ANCOVA models were 
also run to test performance differences between the three 
experimental groups in free recall, visual recognition, verbal 
memory, visual memory, verbal suggestibility, and visual 
suggestibility; age, educational level and occupational sta-
tus were entered as covariates, since these variables resulted 
statistically different between the three groups. Results are 
reported in Supplementary Materials.

The target room was the same as the room Group 1 
explored in real life. After receiving guidance on the use 
of the Meta Quest 2 (e.g., that they should not move out-
side the planned area, and that they had to physically turn 
their head and body to see all parts of the room), partici-
pants were asked to memorize as many objects as possible 
over a period of 2 min, after which they removed the visor. 
Specifically, the instructions were as follows: “Now we are 
going to give you a virtual reality experience. You will be in 
a room that you can visually explore in 360°. You will use 
this visor. Your task is to observe the room carefully for 2 
minutes, trying to memorize as many details as possible. We 
ask you to stand still at this point. You can turn your head in 
all directions and rotate around.”

Following this step, participants were asked to answer 
two questions to assess their sense of presence inside the 
virtual environment. The first question (i.e., “I felt com-
pletely immersed”) was adapted from Jennett et al.’s (2008) 
scale, as previously applied in other studies (e.g., Hudson 
et al. 2019); participants responded using a 7-point Likert 
scale ranging from 1 (not at all) to 7 (very strongly). The 
second question (i.e., “I felt like I was inside the room”) was 
adapted from Wagler and Hanus’s (2018) scale of spatial 
presence, and was measured on a 7-point Likert scale rang-
ing from 1 (not at all) to 7 (a lot).

Fig. 5 Picture of the target room used in the 2D picture condition
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the significance level to 0.008. Results from ANCOVAs are 
also reported in Supplementary Materials.

Results using the matching approach, which considers 
the differences in covariates across groups in age, educa-
tional level, and occupation, are mainly consistent with 
the ANOVAs results (without considering any covariate). 
Table 3 reports the difference in mean outcomes (average 
effect of the experimental condition) between the partici-
pants assigned to the different groups, after applying the 
coarsened exact matching. To address the problem of mul-
tiple testing, the Bonferroni correction was applied, divid-
ing the p-value by the number of tested variables (n = 6) and 
setting the significance level to 0.008. The main results are 
the following.

Free Recall Task it emerged a statistically significant dif-
ference between G1 and G2 and between G1 and G3. In 
contrast, no differences emerged between G2 and G3. This 
indicates that participants who saw the room in real life had 
better recall of the room details compared to participants 
who explored the same room in VR or through 2D pictures.

Visual Recognition Task the analysis revealed a statistically 
significant difference between G1 and G2 and between G1 
and G3. In other words, participants who were exposed to 
the room in real life performed better on the visual recogni-
tion task than participants who saw the same room in VR 
or through 2D pictures. No significant differences emerged 
between G2 and G3.

Suggestibility Task:

 ● Non-suggestive verbal questions: there was a statisti-
cally significant difference between G1 and G3 and be-
tween G2 and G3. In contrast, no difference emerged 
between G1 and G2. These results indicate that partici-
pants who were exposed to the target room in real life 
had more accurate verbal recall than participants who 
were exposed to the same room through 2D pictures 

As the three groups differed for age, educational level, 
and occupational status, to minimize any bias coming from 
the differences in covariates across groups, we employed 
two matching algorithms (i.e., the nearest neighbor match-
ing and the coarsened exact matching) able to balance cova-
riance discrepancies across groups through weights. We 
evaluated the performance of both algorithms and given the 
poor performance of nearest neighbor matching, we reported 
results using the coarsened exact matching (Iacus et al. 
2012). The descriptive statistics and the density plots of the 
covariates before (pre-) and after (post-) matching proce-
dure are reported in Supplementary Materials. We then used 
regressions of each outcome on the experimental condition 
and covariates including the matching weights to estimate 
the average effects of the experimental manipulation and 
tested the null hypothesis of no effect of the experimental 
manipulation. We included the covariates in the final regres-
sion as they can provide additional robustness to imbalances 
remaining after matching and can augment precision.

All analyses were performed using the SPSS v.28 soft-
ware (IBM, 2021) and R (R Core Team 2021).

3.2 Results

3.2.1 Memory performance

Table 2 reports each group’s average scores and standard 
deviations, and the ANOVA results. The ANOVAs gener-
ated significant results with respect to the free recall task, 
and the visual recognition task. Moreover, the ANOVAs 
indicated a significant effect of the experimental manipu-
lation for the non-suggestive verbal questions, suggestive 
verbal questions, and suggestive visual questions. No sig-
nificant results emerged from the ANOVA that explored dif-
ferences between groups in relation to the non-suggestive 
visual questions. To address the problem of multiple test-
ing, the Bonferroni correction was applied, dividing the 
p-value by the number of tested variables (n = 6) and setting 

Table 2 Average Scores (M) and Standard Deviations (SD) for Each Experimental Group (G1, G2, G3) on the Free Recall, Visual Recognition, 
Non-suggestive (Verbal And Visual) and Suggestive (Verbal And Visual) Tasks, and the Results of the One-Way Independent ANOVA Models 
(F-test, p-value, η²)

G1 G2 G3 F p-value η²
M (SD) M (SD) M (SD) (df = 2,116)

Free recall task 17.95 (3.75) 10.95 (3.04) 11.54 (3.48) 50.973 1.301e-16 0.468
Visual recognition task 17.18 (1.57) 14.18 (2.05) 13.80 (2.31) 34.239 2.06e-12 0.371
Non-suggestive questions

Verbal 9.28 (0.82) 8.43 (1.06) 7.85 (1.51) 15.115 1.467e-6 0.207
Visual 4.70 (0.52) 4.48 (0.96) 4.13 (0.98) 4.587 0.012 0.073

Suggestive questions
Verbal 1.75 (1.50) 3.05 (1.96) 4.08 (2.36) 13.916 3.828e-6 0.194
Visual 3.10 (2.59) 6.83 (2.85) 7.21 (2.52) 28.965 6.263e-11 0.333

Note G1: Real life Condition; G2: VR Condition; G3: 2D picture condition

1 3

100 Page 8 of 12



Virtual Reality (2024) 28:100

3.2.2 Cognitive ability

To rule out the possibility that the three groups differed 
for cognitive ability, rather than the experimental condi-
tion, one-way independent ANOVAs were run to compare 
the performance of the three groups (i.e., G1, G2, G3) on 
the visual-spatial memory tests administered in Phase 1 of 
the experimental procedure (i.e., RMBT-III “Figure Rec-
ognition” subtest, Corsi block-tapping test). No significant 
results emerged for either the RMBT-III “Figure Recogni-
tion” subtest (F(2,116) = 0.948, p = 0.390, η² = 0.016) or the 
Corsi block-tapping test (F(2,116) = 0.718, p = 0.490, η² = 
0.012), suggesting that there were no differences between 
groups in terms of basic memory skills (i.e., visual recogni-
tion, visual span).

3.2.3 Sense of presence

From the analysis of the questionnaire, it emerged that par-
ticipants in the VR condition reported an appropriate sense 
of presence in response to both questions (“I felt completely 
immersed”: M = 5.48; SD = 1.43; “I felt like I was inside the 
room”: M = 5.52; SD = 1.71). A single sample t-test found 
that the means of both questions significantly differed from 
the central value of 4 (first question: t30 = 5.759, p < 0.001; 
second question: t30 = 4.936, p < 0.001).

but not than participants who were exposed to the same 
room in VR. Moreover, participants who were exposed 
to the target room in VR had a more accurate perfor-
mance compared to those exposed to 2D pictures.

 ● Non-suggestive visual questions: the analysis revealed 
a statistically significant difference between G1 and G3. 
This indicates that participants who were exposed to the 
target room in real life had more accurate visual recall 
than participants who were exposed to 2D pictures. No 
significant differences emerged between G1 and G2, and 
between G2 and G3.

 ● Suggestive verbal questions: the analysis showed a sta-
tistically significant difference between G1 and G3 sug-
gesting that participants in real life were significantly 
more resistant to verbal suggestions than those in the 2D 
condition. There was no significant difference between 
G2 and G1 and G2 and G3.

 ● Suggestive visual questions: statistically significant dif-
ferences emerged between G1 and G3, and between G1 
and G2, whereas no difference emerged between G2 and 
G3, suggesting that participants in real life condition 
were significantly more resistant to visual suggestions 
than those in the other two experimental conditions.

Table 3 Difference in mean outcomes (average effect of the experimental condition) between the participants assigned to the different groups, after 
applying the coarsened exact matching

Estimate Pr(>|z|) 2.50% 97.50%
Free recall task
G2 vs. G1 -5.9 < 0.001 -7.77 -4.04
G3 vs. G1 -5.71 < 0.001 -7.16 -4.26
G3 vs. G2 0.726 0.299 -0.643 2.09
Visual recognition task
G2 vs. G1 -2.53 < 0.001 -3.29 -1.76
G3 vs. G1 -2.76 < 0.001 -3.19 -2.34
G3 vs. G2 0.0391 0.945 -1.08 1.16
Non-suggestive verbal questions
G2 vs. G1 -0.661 0.0441 -1.31 -0.0176
G3 vs. G1 -1.32 < 0.001 -1.42 -1.21
G3 vs. G2 -0.491 0.00787 -0.853 -0.129
Non-suggestive visual questions
G2 vs. G1 -0.409 0.189 -1.02 0.202
G3 vs. G1 -0.699 < 0.001 -0.86 -0.538
G3 vs. G2 -0.402 0.0509 -0.806 0.00166
Suggestive verbal questions
G2 vs. G1 0.603 0.0568 -0.0175 1.22
G3 vs. G1 2.2 < 0.001 1.8 2.59
G3 vs. G2 0.834 0.0497 0.000931 1.67
Suggestive visual questions
G2 vs. G1 3.09 < 0.001 1.7 4.48
G3 vs. G1 4.52 < 0.001 3.91 5.12
G3 vs. G2 -0.353 0.627 -1.78 1.07
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may be the case that, for VR to be effective, it must leverage 
all of its unique advantages (i.e., embodiment and agency), as 
proposed by Johnson-Glenberg et al. (2021). However, the aim 
of the present study was to assess performance differences in 
memory tasks related to media presentation, net any other vari-
able; thus, the stimuli presented in the three conditions were 
kept as similar as possible. Furthermore, the real life condition 
also lacked interactivity, as the participants were not allowed to 
freely explore the room.

A second hypothesis could explain the lack of performance 
differences on most tasks between the VR and 2D picture 
conditions: the literature indicates that memory performance 
improves when participants recall information in the same con-
text in which the information was originally presented (e.g., 
Godden and Baddeley 1975). Therefore, considering that all 
participants completed the memory tasks on a computer, the 
feature similarity between the context in which participants in 
the 2D picture condition memorized the stimuli and carried out 
the memory tasks might have increased their performance to a 
level that was similar to that of participants in the VR condi-
tion. However, it should be also noted that participants in both 
the VR and real life conditions performed the memory tasks in 
a different environment than the one in which the information 
was learned.

There are three main limitations of the present study. First, 
considering that more than two-thirds of the sample had no 
prior experience with VR, more time could have been spent on 
the participants’ training phase with the Meta Quest 2, in order 
to help participants become accustomed to the virtual envi-
ronment. Second, as already mentioned, some advantages of 
VR (e.g., interactivity) were not leveraged, and this may have 
decreased the performance of participants in the VR condition. 
Finally, the third limit concerns the experimental stimulus, 
which consisted of a single item (i.e., the target room) shown 
in the three experimental conditions, thus the results should be 
interpreted with caution.

In conclusion, future research employing experimental par-
adigms in a VR environment should be careful in assuming 
that performance in a VR setting is comparable to performance 
in real life, and that VR environments are more ecological 
than traditional 2D media. Future research should also inves-
tigate the role of media characteristics on suggestibility. More 
research is needed to guide researchers in building VR environ-
ments with the aim of simulating real settings and measuring 
performance with high ecological validity. For example, future 
studies should investigate whether interactivity and multisen-
soriality are essential for VR environments to facilitate cogni-
tive performance at real-life levels.

Supplementary Information The online version contains 
supplementary material available at https://doi.org/10.1007/s10055-
024-00999-w.

4 Discussion

The present study aimed to examine how memory and sug-
gestibility are affected by the media in which stimuli are 
presented. In more detail, three experimental groups were 
asked to memorize as many objects contained in a target 
room, shown respectively in real life, through a Meta Quest 
2 HMD, and on a 2D desktop computer. Memory was 
assessed using free recall and visual recognition tasks, while 
suggestibility via verbal and visual tasks.

Compared to 2D, participants in the real life condition 
remembered significantly more details during free recall, 
made fewer errors in visual recognition and in both the non-
suggestive verbal and visual tasks, and were more resistant 
to suggestive verbal and visual questions. These results 
highlight that viewing the stimuli in real life or in 2D might 
yield different performances in both memory and suggest-
ibility tasks.

Similarly, compared to VR, participants in the real life 
condition remembered significantly more details during free 
recall and made fewer errors in visual recognition, hinting 
at the possibility that the memory performance in these two 
conditions is not comparable. Conversely, in relation to sug-
gestibility, the performance between real life and VR did not 
significantly differed, except for the suggestive visual ques-
tions to which participants in real life were more resistant. 
While the impact of VR on suggestibility is still an underre-
searched topic, these results indicate that the ability to resist 
to suggestive questions might be somewhat similar in these 
conditions.

Additionally, VR participants obtained memory and sug-
gestibility performances similar to those in the 2D condi-
tion, with the exception of making significantly fewer errors 
when answering non-suggestive verbal questions.

These results make a valuable contribution to the litera-
ture, emphasizing that users’ performance in real life is not 
necessarily comparable to their performance in a VR setting, 
and that for a VR environment to elicit a lifelike response, it 
must do more than merely provoke a strong sense of presence 
(e.g., Mania and Chalmers 2001). The results are also partially 
aligned with previous studies finding no differences in perfor-
mance between VR and 2D settings (e.g., Ernstsen et al. 2019; 
Makransky et al. 2019; Kisker et al. 2021).

At least two hypotheses could be formulated to explain 
why participants in the VR condition showed an overall worse 
performance on memory tasks than participants in the real life 
condition and similar performance to participants in the 2D 
condition. First, the VR stimuli used in the present study was 
a panorama 360° picture, rather than a computer-generated 
scenario; for this reason, although participants reported an 
appreciable sense of presence, other VR elements were miss-
ing, including interactivity and multisensoriality. Therefore, it 
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