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Abstract. Visual stimuli from green plants have positive effects on mental health. This
study aimed to compare human responses to varying plant types [live, artificial, two-di-
mensional (2D), and three-dimensional (3D) plant models] as visual stimuli. Thirty
adults (age, 29.9 ± 11.5 years) viewed each plant form while an electroencephalography
(EEG) measured their brain activity. Psychological responses were assessed using the
semantic differential method (SDM). No significant differences were observed among
visual stimuli; however, brain activity differences varied between male and female par-
ticipants. Males who observed live and artificial plants had a higher relative alpha
(RA) spectrum (RAS) and relative fast alpha (RFA) spectrum frequencies at Fp1 and
Fp2 (P < 0.05 and P < 0.01 vs. P < 0.05 and P < 0.01, respectively), indicating greater
emotional stability. Similarly, male participants who viewed 2D models had higher RA
and RFA frequencies at Fp1 (P < 0.01, P < 0.01) and Fp2 (P < 0.05, P < 0.01). Male
participants who observed 3D models exhibited higher RA, RSA, and RFA frequencies
at Fp1 (P < 0.01). Live and artificial plants were deemed the most calming (P < 0.01).
Both sexes found live plants to be the most pleasant (males: P < 0.01; females: P <
0.05) and natural (males: P < 0.001; females: P < 0.01). Overall, alpha wave differences
were not significant among plant types, and live plants elicited a trend toward emo-
tional stability. These findings suggest that 3D plant models can be as effective as real
plants in psychophysiological applications, indicating their potential benefits for en-
hancing mental health in urban environments.

Humans receive sensory information pri-
marily through visual channels, which ac-
count for more than 70% of sensory input
(Hutmacher 2019). The brain, which is cru-
cial for cognition and behavior, generates
electrical activity known as brain waves that

reflect neurotransmitter transport across neu-
rons (Kim et al. 2021). Key brain lobes (fron-
tal, temporal, parietal, and occipital) play
distinct roles; notably, the frontal lobe gov-
erns executive functions, reality perception,
and emotional regulation (Duncan and Owen
2000). Compared with other lobes, it exhibits
heightened activity in response to emotional
changes (Sarno et al. 2016), making it pivotal
in processing visual esthetic experiences that
influence perceptions, mood, and stress levels.

Currently, the majority of the world popula-
tion (individuals who live in urban areas)
spend more than 80% of their time indoors
(Yoo and Lee 2014). According to the Interna-
tional Telecommunication Union, the smart-
phone usage rate among adults has increased
steadily from 93% in 2017 to 97% in 2022.
The increased use of smartphones, computers,

and other electronic devices has led to hu-
man disconnection with nature (Richardson
et al. 2018) and increased levels of stress.
Urban environmental stress significantly
exacerbates fatigue and stress among urban
dwellers, thus contributing to mental health
deterioration (Triguero-Mas et al. 2017).
Integrating nature into urban environments
can help individuals cope with negative emo-
tions and stressors (Reddon and Durante
2018). Consequently, to improve access to
nature, the need for green spaces has in-
creased (Lee 2007).

Horticultural therapy, a form of green
care, is defined as the use of tailored horticul-
tural activities conducted by professionals to
enhance the mental and physical well-being
of participants (Park et al. 2016). Horticultural
therapy improves physical, psychological, so-
cial, cognitive, and behavioral health (Cipriani
et al. 2017). Specifically, horticultural therapy
enhances agricultural skills, self-esteem, con-
fidence, quality of life, emotional stability, in-
terpersonal relationships, and trust in others
(Gonzalez et al. 2011). Horticultural activities
enable modern individuals to easily interact
with natural elements even within restricted
urban environments (Park et al. 2016). More-
over, horticultural activities significantly im-
prove cognitive health-related factors by
enhancing brain-derived neurotrophic fac-
tor and platelet-derived growth factor lev-
els, whereas visual and auditory stimuli
derived from forests significantly decrease
oxyhemoglobin concentrations in the prefrontal
cortex and increase parasympathetic nervous
system activity, thus promoting a comfortable
and stable state in the elderly (Song et al.
2021).

The use of virtual nature environments to
improve public health, especially for urban
residents who spend increased time indoors,
has gained considerable attention (Reddon
and Durante 2018). Visual stimulation with
plants decreases the concentration of oxyhe-
moglobin in the prefrontal cortex, thus stabi-
lizing the prefrontal cortex (Oh et al. 2019).
When viewing natural environments indoors,
alpha and beta waves increase and blood
pressure decreases; furthermore, plants pro-
vide comfort and a sense of being in nature
(Chang and Chen 2005). Engaging in activi-
ties, such as viewing trees using immersive
virtual reality, leads to better immersion ex-
periences compared with those when viewing
screens, as reported through immersion expe-
rience scales and nature relevance scales
(Spangenberger et al. 2022). Tactile stimula-
tion studies revealed that touching Epiprem-
num aureum leads to a significant decrease
in the oxyhemoglobin concentration in the
prefrontal cortex, thus promoting relaxed and
tranquil responses, as observed through a se-
mantic analysis (Koga and Iwasaki 2013).

Thus, plants provide diverse benefits and
natural environments induce positive effects
in humans. However, studies of the effects of
exposure to different display forms of plants
remain limited. Therefore, in this study, we
aimed to determine the differences in visual
stimuli according to plant types using self-
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report questionnaires, electroencephalography
(EEG), and the semantic differential method
(SDM).

Materials and Methods

Participants. Based on the assumption of a
normally distributed population, as indicated by
previous psychophysiological studies involving
horticultural activities (Kim and Park 2020),
30 adults were recruited for the current study
(n5 15 males and n5 15 females; age, 20–60
years). This number was chosen to balance the
need for sufficient statistical power with the
practical constraints of conducting detailed neu-
rophysiological measurements using EEG. The
recruitment process involved the posting of no-
tices containing information about the study in
schools and libraries near Gwangjin-gu, Seoul,
between 22 Jan 2024 and 1 Feb 2024. The in-
clusion criteria were as follows: right-hand
dominance (Tarkka and Hallett 1990) and no
allergies to plants. The exclusion criteria in-
cluded current illnesses (Choi et al. 2016) and
visual impairments. Additionally, to minimize
the influence of caffeine (Heckman et al. 2010),
the participants were asked to abstain from
food and drinks containing caffeine for at least
3 h before the experiment. Adults who were
willing to participate were briefed about the
purpose, procedures, and expected outcomes of
the study. Those who voluntarily expressed
their willingness to participate and signed
informed consent forms were selected. This
study was approved by the Institutional Re-
view Board of Konkuk University (7001355-
202310-HR-709).

Experimental environment. The experiment
was conducted in a laboratory located at the
Konkuk University campus. The interior space
of the laboratory was set to 2.0 m × 2.0 m to
create the workspace area according to the
standards of the American National Standard In-
stitute and the guidelines of the International Fa-
cility Management Association. The indoor
environment was regulated based on the recom-
mendations of the American Society of Heating,
Refrigerating and Air-Conditioning Engineers
(2009), with temperatures set between 23 and

26 �C, relative humidity maintained at 30% ±
10% (O-257; DRETEC Co., Ltd., Saitama,
Japan), and illuminance levels less than 700 lx
(ST-126; SINCON, Bucheon, Korea). Ivory-
color blackout curtains were installed to block
visual elements and create a sealed work-
space. Chairs with adjustable angles and
comfortable support were provided.

Experimental protocol. Before the experi-
ment commenced, all participants were briefed
to avoid unnecessary activities or conversations.
They entered the experimental space, donned
EEG caps, and rested in chairs to establish a
baseline stable condition for 90 s. Subse-
quently, the participants observed four plant
categories [live, artificial, two-dimensional
(2D), three-dimensional (3D)] (Fig. 1) for 90
s each. The types of plants used in each cate-
gory were as follows: the live plant was Epi-
premnum aureum (commonly known as
Golden Pothos); the artificial plant was a
plastic Epipremnum aureum; the 2D plant
was a picture of Epipremnum aureum; and
the 3D plant was a 3D graphic model of
Epipremnum aureum. Immediately after each
observation, the participants responded to
self-report surveys (SDM). In summary, the
experimental protocol consisted of 90 s of
rest, 90 s of activity, and the survey; these
were repeated until the participants com-
pleted all four planned activities (Fig. 2).

Measurements. The EEG measurement de-
vice (Quick-20; Cognionics, San Diego, CA,
USA) used in this study was certified by both
the European Committee and the Federal Com-
munications Commission (Kim et al. 2020)
and used advanced dry electrode technology,
which minimized the need for conductive gel,
reduced the preparation time, and enhanced
participant comfort during prolonged EEG
measurements. The EEG monitoring was
conducted at frontal polar sites (Fp1, Fp2)
following the international 10–20 electrode
placement system (Jasper 1958; Klem et al.
1999), with a reference electrode positioned
on the left earlobe (A1) (Fig. 3). Before data
collection, impedance of each electrode was
meticulously checked, and adjustments were

made to ensure optimal comfort and contact
with the scalp. Amplification of electrical sig-
nals from the scalp was achieved using dry
electrodes to collect data during visual stimula-
tion. The EEG signals were sampled at a high
rate of 1 kHz, thus ensuring high temporal
resolution to capture rapid changes in brain
activity.

The SDM, developed by Osgood et al.
(1957), evaluates subjective emotions using pairs
of adjective words (Osgood et al. 1957). The
SDM used in this study consisted of a 7-point
scale with three items (unpleasant–pleasant,
artificial–natural, tense–relax).

Data analysis. The EEG measurements
were analyzed using Bioteck Analysis (version
1.0; CGX, San Diego, CA, USA). The data
underwent bandpass filtering (0.5–100 Hz) us-
ing the built-in amplifier and brain mapping pro-
gram (Bioteck Analysis Software; Daejeon,
South Korea), and they were collected at a sam-
pling rate of 1 kHz. The EEG signals were mea-
sured as complex waveforms that required
classification of signals into frequency bands be-
fore analysis (Hwang and Nam 2023). There-
fore, the collected EEG data were classified into
the following three power spectra: relative alpha
(RA), relative slow alpha (RSA), and relative
fast alpha (RFA). The RA (8–13 Hz), RSA
(8–11 Hz), and RFA (11–13 Hz) power spectra
were analyzed based on power ratios in the 4-
to 50-Hz and 8- to 13-Hz bands, indicating re-
laxation and stabilization (Klink et al. 2020).
These parameters reflected the physiological
state of the brain. A one-way analysis of vari-
ance and Duncan’s post hoc test were used to
examine the differences and rankings among
the four treatment groups. Independent t tests
were performed to investigate brain wave differ-
ences between the sexes. The statistical signifi-
cance level for all analyses was set at P < 0.05.
IBM SPSS Statistics 26.0 (IBM Inc., Armonk,
NY, USA) statistical software was used for the
analysis.

Results

Demographic information. This study in-
cluded 30 participants (age, 20–60 years); the
distribution of males and females was equal.
Characteristics of the participants are pre-
sented in Table 1.

Physiological responses. No significant
differences were observed in the RA frequen-
cies at Fp1 (left prefrontal cortex) and Fp2
(right prefrontal cortex) (P > 0.05) among
the four treatment groups (live, artificial, 2D
model, and 3D model plants). Similarly,
no significant differences were observed
in the RSA frequencies at Fp1 and Fp2 or

Fig. 1. List of plant types used during the experiment. 3D 5 three dimensional.

Fig. 2. Experiment protocol.
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in the RFA frequencies at Fp1 and Fp2
among the four treatment groups (P > 0.05)
(Table 2).

No differences were found between Fp1
and Fp2 RA frequencies among the four
treatment groups (P > 0.05). Similarly, there
were no significant differences in RSA fre-
quency changes between Fp1 and Fp2 or in
RFA frequency changes between Fp1 and
Fp2 (P > 0.05) (Table 3).

Compared with females, males exhibited
significantly higher RA frequencies at Fp1
and Fp2 (both P <0.05) when observing live
plants. In addition, compared with females,
males exhibited significantly higher RA fre-
quencies at Fp1 when observing artificial
plants (P < 0.05). Similarly, when males ob-
served 2D models, they exhibited significantly
higher RA frequencies at Fp1 (P < 0.01) and

Fp2 than those of females (P < 0.05). Addi-
tionally, when males observed 3D models, they
showed significantly higher RA frequencies at
Fp1 than those of females (P< 0.01).

Compared with males, females exhibited
significantly higher RSA frequencies at Fp1
(P < 0.05) when observing live plants; fur-
thermore, males exhibited significantly higher
RSA frequencies at Fp2 (P < 0.05) than
those of females. Additionally, when males
observed 3D models, they showed signifi-
cantly higher RSA frequencies at Fp1 than
those of females (P < 0.01).

Compared with females, males exhibited
significantly higher RFA frequencies at Fp1
(P < 0.01) and Fp2 (P < 0.05) when observ-
ing live plants. Similarly, when observing arti-
ficial plants, males showed significantly higher
RFA frequencies at Fp1 and Fp2 than those of

females (P < 0.05). When observing 2D mod-
els, males exhibited significantly higher RFA
frequencies at Fp1 than those of females; fur-
thermore, females exhibited significantly higher
RFA frequencies at Fp2 than those of males
(P < 0.01). When observing 3D models, males
exhibited significantly higher RFA frequen-
cies at Fp1 than those of females (P < 0.01)
(Table 4).

Semantic differential method. Participants
responded that live plants were the most
pleasant (P < 0.001) and the most natural
(P < 0.001) to observe. When observing live
and artificial plants, participants responded
that they felt the most relaxed (P < 0.01)
(Table 5).

Males (P < 0.01) and females (P < 0.05)
rated live plants as the most pleasant among
the four treatment groups. No significant dif-
ferences in the pleasantness category across
the four treatment groups were observed be-
tween sexes (P > 0.05). Similarly, males
(P < 0.01) and females (P < 0.001) rated
live plants as the most natural among the four
treatment groups, with no significant differ-
ences in the naturalness category across the
four treatment groups between sexes (P >
0.05). When observing live plants, males re-
ported feeling the most relaxed (P < 0.05).
However, females reported feeling more re-
laxed when observing artificial plants (P >
0.01) (Table 6).

Discussion

This study measured and compared the
psychophysiological and psychological re-
sponses to visual stimuli using four different
types of plants. When observing the plants in
different forms (live, artificial, 2D, and 3D),
no significant differences were observed in
the RA, RSA, and RFA frequencies at Fp1
and Fp2. These results confirm the findings
of previous research studies that reported that
similar positive emotions and feelings of res-
toration occur when viewing natural and vir-
tual natural stimuli (Browning et al. 2019). In
addition, realistically designed 3D images of
natural landscapes and real landscapes con-
ferred comparable results (Juliantino et al.
2023), and no significant differences in brain
wave responses with live, artificial, and 2D
stimuli were observed (Oh et al. 2019). However,
the short duration of plant observation during this

Table 1. Demographic information of the study participants.

Variance

Male (n 5 15) Female (n 5 15) Total (N 5 30)

Mean ± SD
Age 27.4 ± 7.4 32.4 ± 14.3 29.9 ± 11.5
Height (cm)i 173 ± 3.9 162.2 ± 5.8 167.7 ± 7.4
Weight (kg)ii 69.6 ± 10 56.5 ± 5.8 63.1 ± 10
Body mass index (kg/m2)iii 23.2 ± 3.4 21.4 ± 1.9 22.4 ± 2.9iv

i Height was measured using an anthropometer (Ok7979; Samhwa, Seoul, South Korea) without shoes.
ii Weight was measured using a body fat analyzer (ioi 353; Jawon Medical, Gyeongsan-si, South Korea).
iii Body mass index was calculated using the following formula: [weight (kg)]/[height (cm2)].
ivWithin the normal range proposed by the World Health Organization.

Table 2. Comparison of responses based on plant types.

Visual stimuli

RAi RSAii RFAiii

Fp1 Fp2 Fp1 Fp2 Fp1 Fp2

Mean ± SD
Real plant 0.168 ± 0.03 0.164 ± 0.035 0.116 ± 0.027 0.113 ± 0.024 0.051 ± 0.014 0.051 ± 0.013
Artificial plant 0.17 ± 0.042 0.166 ± 0.039 0.118 ± 0.03 0.115 ± 0.029 0.052 ± 0.015 0.051 ± 0.013
Picture of a plant 0.169 ± 0.041 0.166 ± 0.035 0.117 ± 0.029 0.115 ± 0.025 0.052 ± 0.014 0.05 ± 0.012
Plant 3D model 0.167 ± 0.043 0.165 ± 0.036 0.116 ± 0.031 0.116 ± 0.027 0.05 ± 0.014 0.049 ± 0.011
F 0.043 0.019 0.022 0.077 0.117 0.108
P value 0.998NS 0.996NS 0.996NS 0.972NS 0.950NS 0.955NS

i RA refers to the relative alpha power spectrum: (8–13 Hz)/(4–50 Hz).
ii RSA refers to the relative slow alpha power spectrum: (8–11 Hz)/(4–50 Hz).
iii RFA refers to the relative fast alpha power spectrum: (11–13 Hz)/(4–50 Hz).
3D 5 three-dimensional; NS 5 nonsignificant according to the one-way analysis of variance.

Fig. 3. Electrode locations of the international 10–20 system for electroencephalography (EEG).
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study may explain the lack of differences among
the four treatment groups (Jeong and Park 2021;
Oh et al. 2019).

Brodmann area 10, a subdivision of the pre-
frontal cortex known as the anterior prefrontal
cortex, primarily regulates executive functions,
such as planning, decision-making, and
problem-solving, as well as cognitive control,
working memory, and the formulation of plans.
Typically, the left hemisphere controls the right
side of the body, language, classification abili-
ties, and typical behaviors, whereas the right
hemisphere specializes in responding to emer-
gencies, spatial organization, face recognition,
and emotion processing (MacNeilage et al.
2009). Positron emission tomography stud-
ies have shown that cortical activation in
the brain increases as task complexity in-
creases (Chiaravalloti et al. 2019). The frontal

lobe processes information received from
various brain regions through interconnected
networks, which are responsible for execut-
ing responses, retrieving memories, and as-
sessing emotions (Miller and Cohen 2001).
However, the results of the present study
showed no difference between the left and
right prefrontal cortex, indicating a similar
level of emotional stability. This suggested
similar psychophysiological stability across
participants during plant observation. Psycho-
physiological stability in this context refers to
the consistent brain activity patterns and re-
duced variability in emotional responses, thus
contributing to reduced stress and enhanced
mental well-being.

When observing live plants, the RA and
RFA frequencies in Fp1 and Fp2 in males
were significantly higher than those in females.

Similarly, while observing artificial plants, RA
and RFA frequencies in males (in Fp1 and in
Fp1 and Fp2, respectively) were significantly
higher than those in females. These findings
are supported by the findings of studies that
measured cerebral blood flow between sexes
using positron emission tomography, thus indi-
cating higher cerebral blood flow in males
caused by overall differences in blood flow
(Esposito et al. 1996) and supporting the notion
that increased cerebral blood flow leads to in-
creased brain wave frequencies (Martinez-
Tejada et al. 2021).

During the observation of 2D plants, com-
pared with females, males exhibited signifi-
cantly higher RA and RFA frequencies (in
Fp1 and in Fp2, and Fp1, respectively). These
results suggest heightened brain activity in the
Brodmann area 10 of males when observing

Table 3. Comparison of left and right prefrontal cortex responses to different plant types.

Spectrum Visual stimuli Fp1 Fp2 t P value

RAi Real plant 0.168 ± 0.03 0.164 ± 0.035 1.210 0.236NS

Artificial plant 0.17 ± 0.042 0.166 ± 0.039 1.327 0.195NS

Picture of a plant 0.169 ± 0.041 0.166 ± 0.035 1.187 0.245NS

Plant 3D model 0.167 ± 0.043 0.165 ± 0.036 0.255 0.800NS

RSAii Real plant 0.116 ± 0.027 0.113 ± 0.024 1.262 0.217NS

Artificial plant 0.118 ± 0.03 0.115 ± 0.029 0.980 0.335NS

Picture of a plant 0.117 ± 0.029 0.115 ± 0.025 0.992 0.329NS

Plant 3D model 0.116 ± 0.031 0.116 ± 0.027 0.073 0.942NS

RFAiii Real plant 0.051 ± 0.014 0.051 ± 0.013 0.876 0.388NS

Artificial plant 0.052 ± 0.015 0.051 ± 0.013 1.895 0.068NS

Picture of a plant 0.052 ± 0.014 0.05 ± 0.012 1.379 0.178NS

Plant 3D model 0.05 ± 0.014 0.049 ± 0.011 0.678 0.503NS

i RA refers to the relative alpha power spectrum: (8–13 Hz)/(4–50 Hz).
ii RSA refers to the relative slow alpha power spectrum: (8–11 Hz)/(4–50 Hz).
iii RFA refers to the relative fast alpha power spectrum: (11–13 Hz)/(4–50 Hz).
3D 5 three-dimensional; NS 5 nonsignificant according to the paired t test.

Table 4. Comparison of sex-based results upon observation of each plant type.

Spectrum Visual stimuli Electrode

Male (n 5 15) Female (n 5 15)

t P valueMean ± SD

Relattive alpha power spectrum (RA)i Real plant Fp1 0.165 ± 0.057 0.134 ± 0.03 2.734 0.011*
Fp2 0.179 ± 0.03 0.148 ± 0.025 2.595 0.015*

Artificial plant Fp1 0.185 ± 0.043 0.157 ± 0.023 2.212 0.035*
Fp2 0.179 ± 0.046 0.153 ± 0.025 1.913 0.066NS

Picture of a plant Fp1 0.189 ± 0.461 0.149 ± 0.024 2.979 0.006**
Fp2 0.181 ± 0.04 0.15 ± 0.022 2.666 0.013*

Plant 3D model Fp1 0.19 ± 0.044 0.144 ± 0.028 3.311 0.003**
Fp2 0.177 ± 0.04 0.153 ± 0.032 1.864 0.073NS

Rtelative slow alpha power spectrum (RSA)ii Real plant Fp1 0.012 ± 0.031 0.105 ± 0.017 2.334 0.027*
Fp2 0.123 ± 0.271 0.103 ± 0.018 2.308 0.03*

Artificial plant Fp1 0.127 ± 0.035 0.109 ± 0.021 1.663 0.107NS

Fp2 0.123 ± 0.035 0.108 ± 0.02 1.373 0.181NS

Picture of a plant Fp1 0.129 ± 0.033 0.105 ± 0.017 2.546 0.19NS

Fp2 0.124 ± 0.029 0.105 ± 0.015 2.227 0.34NS

Plant 3D model Fp1 0.131 ± 0.331 0.101 ± 0.021 2.906 0.007**
Fp2 0.124 ± 0.029 0.108 ± 0.223 1.659 0.108NS

Relative fast alpha power spectrum (RFA)iii Real plant Fp1 0.058 ± 0.016 0.045 ± 0.007 2.892 0.007**
Fp2 0.056 ± 0.014 0.045 ± 0.008 2.616 0.016*

Artificial plant Fp1 0.059 ± 0.017 0.045 ± 0.008 2.824 0.01*
Fp2 0.056 ± 0.014 0.044 ± 0.007 2.754 0.012*

Picture of a plant Fp1 0.059 ± 0.015 0.044 ± 0.008 3.337 0.002**
Fp2 0.057 ± 0.012 0.447 ± 0.008 3.175 0.004**

Plant 3D model Fp1 0.058 ± 0.014 0.042 ± 0.009 3.562 0.001**
Fp2 0.535 ± 0.105 0.045 ± 0.011 2.031 0.052NS

i RA refers to the relative alpha power spectrum: (8–13 Hz)/(4–50 Hz).
ii RSA refers to the relative slow alpha power spectrum: (8–11 Hz)/(4–50 Hz).
iii RFA refers to the relative fast alpha power spectrum: (11–13 Hz)/(4–50 Hz).
NS, *, ** Nonsignificant or significant at P < 0.05 and 0.01, respectively, according to independent t tests.
3D 5 three-dimensional.
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2D leafy plants compared with that of females.
These brain activity findings are consistent
with the findings of a previous study that re-
ported an increase in alpha waves in the pre-
frontal cortex during the observation of 2D
images containing natural landscapes (Grassini
et al. 2022). Additionally, the anterior cingu-
late cortex plays a regulatory role in various
attentional processes and emotional processing
(Bush et al. 2000). Anterior cingulate cortex
activation is observed in response to both plea-
sure and displeasure, suggesting potential dif-
ferences in brain responses to visual stimuli in
natural environments exhibited by males and
females (Lane et al. 1997). When observing
3D plant models, males exhibited significantly
higher RA, RSA, and RFA frequencies than
those of females in Fp1. These results suggest
that as humans perceive and process stimuli,
increased brain activity leads to increased glu-
cose and oxygen consumption, resulting in in-
creased oxy-hemoglobin levels (Watts et al.
2018). This finding aligns with the finding of a
study that reported that, compared with fe-
males, males spend more time using com-
puters and other devices, suggesting comfort

and predictability during routine activities
(G€ul€u et al. 2023).

All participants indicated that observing
live plants was the most pleasant and natural,
and they indicated that they felt the most tran-
quil when observing both live and artificial
plants. These results are supported by studies
that found that individuals experience a sense
of tranquility and naturalness when viewing
actual leafy plants and roses (Igarashi et al.
2015; Ikei et al. 2014), as well as a feeling of
comfort during the observation of live and
artificial plants (Jeong and Park 2021). Fur-
thermore, emotional evaluations based on
the presence or absence of plants showed
significantly lower total mood disturbance
scores on the mood state profiles and signif-
icantly higher scores for items related to
calmness and steadiness, as assessed using
the SDM, when participants engaged in ac-
tivities such as observing live plants (Lee
et al. 2021). These findings suggest that expo-
sure to natural elements provides visual
stimuli that contribute to psychological well-
being, thus promoting a sense of stability
and emotional balance.

This study had several limitations. Examin-
ing various aspects of brain activity reveals dif-
ferences across different areas. However, this
study solely focused on measuring changes in
the prefrontal cortex. Future research that com-
pares and analyzes different brain regions
would be beneficial to understanding the ef-
fects of plant visual stimuli on the human
brain. Previous studies measured visual stimuli
from plant types for an average of approxi-
mately 3 min, whereas the present study in-
cluded participants who looked at plants for
only 90 s. Thus, extending the duration of ob-
servation in future studies may yield different
results. Participants remained seated while gaz-
ing at the plants. In future research, adopting a
more comprehensive approach by directly ob-
serving plants and simultaneously confirming
visual and tactile stimuli or incorporating olfac-
tory stimuli using aromatic herbs would enable
a more effective assessment of multisensory in-
teractions. Furthermore, considering the use of
head-mounted displays and devices, which
bridge the gap between digital and natural en-
vironments, using 3D models for visual stimuli
can contribute to deriving a more robust mech-
anistic basis for evaluating psychophysiologi-
cal responses to immersive virtual reality
technology. Additionally, because significant
differences in psychophysiological responses
based on plant types were not observed, future
studies should include a wider range of plant
types. For instance, comparing foliage and
flowering plants and varying the density of
plant arrangements may yield insights into
their specific impacts on psychophysiological
responses. Subsequent horticultural programs
using foliage plants can be implemented in any
environment, online or offline.

Conclusion

Although this study found no significant
psychophysiological differences among the
four plants in different forms, participants
consistently reported higher psychological
comfort and naturalness when observing live
plants. These findings underscore the poten-
tial of 3D plant models, particularly in virtual
environments like the metaverse, to provide
enriching nature-related experiences for indi-
viduals who lack real-world access. There-
fore, as shown by previous studies, the use
of 3D models may serve as a source of per-
sonal natural experiences within the meta-
verse for those who have limited access to
such environments in the real world. The 3D
plant models may expand environmental
education and nature-related experiences,
thus contributing to changes in individuals’
environmental perceptions and attitudes. Addi-
tionally, these findings demonstrate the poten-
tial for evolution toward a more comprehensive
and innovative strategy to promote the connec-
tion between humans and nature by comple-
menting and expanding existing methodologies
for environmental education and therapeutic
environments.

Table 5. Comparison of SDM results during visual stimulation.

Visual stimuli

Being pleasant Being natural Being relaxed

Mean ± SD
Real plant 5.7 ± 0.9 a 5.6 ± 1.3 a 5.5 ± 1.1 a
Artificial plant 5.1 ± 1.0 b 4.2 ± 1.6 b 5.2 ± 0.9 a
Picture of plant 4.4 ± 1.2 c 3.3 ± 1.7 c 4.6 ± 1.1 b
Plant 3D model 5.0 ± 0.9 bc 3.9 ± 1.4 bc 5.0 ± 1.0 ab
F 7.509 11.555 3.962
P value 0.000*** 0.000*** 0.010**

**, *** Significant at P < 0.01 and 0.001, respectively, according to the one-way analysis of
variance.
The statistical method used Duncan’s post hoc analysis (a > b > c).
The lowercase letters indicate the activity group during the Duncan analysis.
3D 5 three-dimensional; SDM 5 semantic differential method.

Table 6. Variations in SDM responses based on sex and comparison of responses between sexes.

Evaluation Visual stimuli

Male (n 5 15) Female (n 5 15)

t P valueMean ± SD
Being pleasant Real plant 5.6 ± 0.9 a 5.9 ± 1.0 a �0.938 0.356NS

Artificial plant 4.8 ± 1.0 b 5.4 ± 0.9 ab �1.890 0.069NS

Picture of a plant 4.2 ± 1.2 b 4.7 ± 1.3 b �1.148 0.261NS

Plant 3D model 4.87 ± 0.9 ab 5.1 ± 1.0 ab �0.737 0.467NS

F 4.752 3.230
P value 0.005** 0.029*

Being natural Real plant 5.4 ± 1.5 a 5.9 ± 1.0 a �0.837 0.410NS

Artificial plant 3.7 ± 1.4 b 5.4 ± 0.9 ab �1.884 0.070NS

Picture of a plant 3.2 ± 1.8 b 4.7 ± 1.3 c �0.412 0.684NS

Plant 3D model 3.7 ± 1.5 b 5.1 ± 1.0 ab �0.878 0.387NS

F 5.191 7.114
P value 0.003** 0.000***

Being relaxed Real plant 5.4 ± 1.0 a 5.5 ± 1.1 �0.162 0.872NS

Artificial plant 4.8 ± 0.6 ab 5.7 ± 0.8 �3.249 0.003**
Picture of a plant 4.4 ± 1.0 b 4.8 ± 1.3 �0.917 0.368NS

Plant 3D model 4.9 ± 0.9 ab 5.2 ± 1.0 �0.739 0.466NS

F 3.218 2.020
P value 0.03* 0.122NS

NS, *, **, *** Nonsignificant or significant at P < 0.05, 0.01, and 0.001, respectively, according to
the one-way analysis of variance.
NS, ** Nonsignificant or significant at P < 0.01, respectively, according to independent t tests.
The statistical method used Duncan’s post hoc analysis (a > b > c).
The lowercase letters indicate the activity group during the Duncan analysis.
3D 5 three-dimensional; SDM 5 semantic differential method.

HORTSCIENCE VOL. 59(9) SEPTEMBER 2024 1417



References Cited

American Society of Heating, Refrigerating and
Air-Conditioning Engineers 2009. ASHRAE
handbook-fundamentals. ASHRAE, Atlanta,
GA, USA.

Browning MHEM, Mimnaugh KJ, van Riper CJ,
Laurent HK, LaValle SM. 2019. Can simulated
nature support mental health? comparing short,
single-doses of 360-degree nature videos in virtual
reality with the outdoors. Front Psychol. 10:2667.
https://doi.org/10.3389/fpsyg.2019.02667.

Bush G, Luu P, Posner MI. 2000. Cognitive and
emotional influences in anterior cingulate cor-
tex. Trends Cogn Sci. 4(6):215–222. https://
doi.org/10.1016/s1364-6613(00)01483-2.

Chang CY, Chen PK. 2005. Human response to
window views and indoor plants in the work-
place. HortScience. 40(5):1354–1359. https://
doi.org/10.21273/HORTSCI.40.5.1354.

Chiaravalloti A, Micarelli A, Ricci M, Pagani M,
Ciccariello G, Bruno E, Alessandrini M, Schillaci
O. 2019. Evaluation of task-related brain activity: Is
there a role for 18F FDG-PET imaging? Biomed
Res Int. 4762404. https://doi.org/10.1155/2019/
4762404.

Choi JY, Park SA, Jung SJ, Lee JY, Son KC,
An YJ, Lee SW. 2016. Physiological and psy-
chological responses of humans to the index of
greenness of an interior space. Complement
Ther Med. 28:37–43. https://doi.org/10.1016/
j.ctim.2016.08.002.

Cipriani J, Benz A, Holmgren A, Kinter A,
McGarry J, Rufino G. 2017. A systematic re-
view of the effects of horticultural therapy on
persons with mental health conditions. Occupa-
tional Therapy in Mental Health. 33(1):47–69.
https://doi.org/10.1080/0164212X.2016.1231602.

Duncan J, Owen AM. 2000. Common regions of the
human frontal lobe recruited by diverse cognitive
demands. Trends Neurosci. 23(10):475–483.
https://doi.org/10.1016/s0166-2236(00)01633-7.

Esposito G, Van Horn JD, Weinberger DR, Berman
KF. 1996. Gender differences in cerebral blood
flow as a function of cognitive state with PET. J
Nucl Med. 37(4):559–564.

Gonzalez MT, Hartig T, Patil GG, Martinsen EW,
Kirkevold M. 2011. A prospective study of
group cohesiveness in therapeutic horticulture
for clinical depression. Int J Ment Health Nurs.
20(2):119–129. https://doi.org/10.1111/j.1447-
0349.2010.00689.x.

Grassini S, Segurini GV, Koivisto M. 2022.
Watching nature videos promotes physiological
restoration: evidence from the modulation of alpha
waves in electroencephalography. Front Psychol.
13:871143. https://doi.org/10.3389/fpsyg.2022.871143.

G€ul€u M, Yagin FH, Gocer I, Yapici H, Ayyildiz
E, Clemente FM, Ardig�o LP, Zadeh AK,
Prieto-Gonz�alez P, Nobari H. 2023. Exploring
obesity, physical activity, and digital game ad-
diction levels among adolescents: A study on
machine learning-based prediction of digital
game addiction. Front Psychol. 14:1097145.
https://doi.org/10.3389/fpsyg.2023.1097145.

Hwang SJ, Nam JS. 2023. Analysis of brain stress
in response to temperature changes under
agricultural work using electroencephalogram
measurement. Agriculture. 13(9):1801. https://
doi.org/10.3390/agriculture13091801.

Heckman MA, Weil J, De Mejia EG. 2010. Caf-
feine (1, 3, 7-trimethylxanthine) in foods: A
comprehensive review on consumption, func-
tionality, safety, and regulatory matters. J Food
Sci. 75(3):77–87. https://doi.org/10.1111/j.1750-
3841.2010.01561.x.

Hutmacher F. 2019. Why is there so much more
research on vision than on any other sensory

modality? Front Psychol. 10:2246. https://doi.
org/10.3389/fpsyg.2019.02246.

Igarashi M, Aga M, Ikei H, Namekawa T, Miyazaki
Y. 2015. Physiological and psychological effects
on high school students of viewing real and
artificial pansies. Int J Environ Res Public
Health. 12(3):2521–2531. https://doi.org/10.3390/
ijerph120302521.

Ikei H, Komatsu M, Song C, Himoro E, Miyazaki
Y. 2014. The physiological and psychological
relaxing effects of viewing rose flowers in of-
fice workers. J Physiol Anthropol. 33(1):6.
https://doi.org/10.1186/1880-6805-33-6.

Jasper HH. 1958. The ten-twenty electrode system
of the International Federation. Electroencepha-
logr Clin Neurophysiol. 10:371–375.

Jeong JE, Park SA. 2021. Physiological and psy-
chological effects of visual stimulation with
green plant types. IJERPH. 18(24):12932. https://
doi.org/10.3390/ijerph182412932.

Juliantino C, Nathania MP, Hendarti R, Darmadi
H, Suryawinata B. 2023. The development of
virtual healing environment in VR platform.
Procedia Comput Sci. 216:310–318. https://doi.
org/10.1016/j.procs.2022.12.141.

Kim DW, Kim MS, Kim SP, Park YM, Park JY,
Bae GY, Lee SH, Lee JW, Lim CH, Jeon YH.
2021. Understanding and application of EEG
(4th ed). Hakjisa, Seoul, Republic of Korea.

Kim SO, Oh YA, Park SA. 2020. Foliage
plants improve concentration and emotional
condition of elementary school students
performing an intensive assignment. Hort-
Science. 55(3):378–385. https://doi.org/10.21273/
HORTSCI14757-19.

Kim SO, Park SA. 2020. Garden-based integrated
intervention for improving children’s eating be-
havior for vegetables. IJERPH. 17(4):1257.
https://doi.org/10.3390/ijerph17041257.

Klem GH, L€uders HO, Jasper HH, Elger C. 1999.
The ten-twenty electrode system of the interna-
tional federation. The international federation
of clinical neurophysiology. Electroencephalogr
Clin Neurophysiol Suppl. 52:3–6. https://cir.nii.
ac.jp/crid/1574231874767178624.

Klink K, Paßmann S, Kasten FH, Peter J. 2020.
The modulation of cognitive performance with
transcranial alternating current stimulation: A
systematic review of frequency-specific effects.
Brain Sci. 10(12):932. https://doi.org/10.3390/
brainsci10120932.

Koga K, Iwasaki Y. 2013. Psychological and phys-
iological effect in humans of touching plant fo-
liage - using the semantic differential method and
cerebral activity as indicators. J Physiol Anthropol.
32(1). https://doi.org/10.1186/1880-6805-32-7.

Lane RD, Fink GR, Chau PM, Dolan RJ. 1997.
Neural activation during selective attention to
subjective emotional responses. Neuro Report.
8(18):3969–3972. https://doi.org/10.1097/
00001756-199712220-00024.

Lee AY, Kim SO, Park SA. 2021. Attention and
emotional states during horticultural activities
of adults in 20s using electroencephalography:
A pilot study. Sustainability. 13(23):12968. https://
doi.org/10.3390/su132312968.

Lee SH. 2007. The effects of the index of green-
ness simulation based on restorative environ-
ment model upon emotion improvement. Korean
J Health Psychol. 12:439–465. https://doi.org/
10.13047/KJEE.2016.30.3.434.

MacNeilage PF, Rogers LJ, Vallortigara G.
2009. Evolutionary origins of your right and left
brain. Sci Am. 301(1):60–67. https://doi.org/
10.1038/scientificamerican0709-60.

Martinez-Tejada I, Czosnyka M, Czosnyka Z,
Juhler M, Smielewski P. 2021. Causal relation-
ship between slow waves of arterial, intracranial

pressures and blood velocity in brain. Comput
Biol Med. 139:104970. https://doi.org/10.1016/j.
compbiomed.2021.104970.

Miller EK, Cohen JD. 2001. An integrative theory
of prefrontal cortex function. Annu Rev Neurosci.
24:167–202. https://doi.org/10.1146/annurev.
neuro.24.1.167.

Oh YA, Kim SO, Park SA. 2019. Real foliage
plants as visual stimuli to improve concentra-
tion and attention in elementary students. Int J
Environ Res Public Health. 16(5):796. https://
doi.org/10.3390/ijerph16050796.

Osgood CE, Suci GJ, Tannenbaum P. 1957. The
measurement of meaning. University of Illinois
Press, Urbana, IL, USA.

Park SA, Lee AY, Lee GJ, Kim DS, Kim WS,
Shoemaker CA, Son KC. 2016. Horticultural
activity interventions and outcomes: A review.
HST. 34(4):513–527. https://doi.org/10.12972/
kjhst.20160053.

Park SA, Song C, Choi JY, Son KC, Miyazaki
Y. 2016. Foliage plants cause physiological
and psychological relaxation as evidenced
by measurements of prefrontal cortex activity
and profile of mood states. HortScience. 51(10):
1308–1312. https://doi.org/10.21273/HORTSCI
11104-16.

Reddon JR, Durante SB. 2018. Nature exposure
sufficiency and insufficiency: The benefits of environ-
mental preservation. Med Hypotheses. 110:38–41.
https://doi.org/10.1016/j.mehy.2017.10.027.

Richardson M, Hussain Z, Griffiths MD. 2018.
Problematic smartphone use, nature connected-
ness, and anxiety. J Behav Addict. 7(1):109–116.
https://doi.org/10.1556/2006.7.2018.10.

Sarno R, Munawar MN, Nugraha BT, Sarno R,
Munawar M, Nugraha B. 2016. Real-time elec-
troencephalography-based emotion recognition
system. IRECOS. 11(5):456–465. https://doi.
org/10.15866/IRECOS.V11I5.9334.

Song C, Ikei H, Miyazaki Y. 2021. Effects of for-
est-derived visual, auditory, and combined stim-
uli. Urban For Urban Green. 64:127253. https://
doi.org/10.1016/j.ufug.2021.127253.

Spangenberger P, Geiger SM, Freytag SC. 2022.
Becoming nature: Effects of embodying a tree
in immersive virtual reality on nature related-
ness. Sci Rep. 12(1):1311. https://doi.org/
10.1038/s41598-022-05184-0.

Tarkka IM, Hallett M. 1990. Cortical topography
of premotor and motor potentials preceding
self-paced, voluntary movement of dominant
and non-dominant hands. Electroencephalogr
Clin Neurophysiol. 75(2):36–43. https://doi.org/
10.1016/0013-4694(90)90150-I.

Triguero-Mas M, Donaire-Gonzalez D, Seto E,
Valent�ın A, Mart�ınez D, Smith G, Hurst G,
Carrasco-Turigas G, Masterson D, van den
Berg M, Ambr�os A, Mart�ınez-�I~niguez T,
Dedele A, Ellis N, Grazulevicius T, Voorsmit M,
Cirach M, Cirac-Claveras J, Swart W, Clasquin E,
Ruijsbroek A, Maas J, Jerret M, Gra�zulevi�cien_e
R, Kruize H, Gidlow CJ, Nieuwenhuijsen MJ.
2017. Natural outdoor environments and mental
health: Stress as a possible mechanism. Environ
Res. 159:629–638. https://doi.org/10.1016/j.envres.
2017.08.048.

Watts M, Pocock R, Claudianos C. 2018. Brain en-
ergy and oxygen metabolism: Emerging role in
normal function and disease. Front Mol Neurosci.
11:216. https://doi.org/10.3389/fnmol.2018.00216.

Yoo MJ, Lee EH. 2014. The impact of modulized
interior landscape on office workers’ psycho-
logical wellbeing: A pilot study of focused on
the office wall. Korean Inst Inter Des J. 23:
220–230. https://doi.org/10.11628/KSPPE.2015.
18.2.079.

1418 HORTSCIENCE VOL. 59(9) SEPTEMBER 2024

https://doi.org/10.3389/fpsyg.2019.02667
https://doi.org/10.1016/s1364-6613(00)01483-2
https://doi.org/10.1016/s1364-6613(00)01483-2
https://doi.org/10.21273/HORTSCI.40.5.1354
https://doi.org/10.21273/HORTSCI.40.5.1354
https://doi.org/10.1155/2019/4762404
https://doi.org/10.1155/2019/4762404
https://doi.org/10.1016/j.ctim.2016.08.002
https://doi.org/10.1016/j.ctim.2016.08.002
https://doi.org/10.1080/0164212X.2016.1231602
https://doi.org/10.1016/s0166-2236(00)01633-7
https://doi.org/10.1111/j.1447-0349.2010.00689.x
https://doi.org/10.1111/j.1447-0349.2010.00689.x
https://doi.org/10.3389/fpsyg.2022.871143
https://doi.org/10.3389/fpsyg.2023.1097145
https://doi.org/10.3390/agriculture13091801
https://doi.org/10.3390/agriculture13091801
https://doi.org/10.1111/j.1750-3841.2010.01561.x
https://doi.org/10.1111/j.1750-3841.2010.01561.x
https://doi.org/10.3389/fpsyg.2019.02246
https://doi.org/10.3389/fpsyg.2019.02246
https://doi.org/10.3390/ijerph120302521
https://doi.org/10.3390/ijerph120302521
https://doi.org/10.1186/1880-6805-33-6
https://doi.org/10.3390/ijerph182412932
https://doi.org/10.3390/ijerph182412932
https://doi.org/10.1016/j.procs.2022.12.141
https://doi.org/10.1016/j.procs.2022.12.141
https://doi.org/10.21273/HORTSCI14757-19
https://doi.org/10.21273/HORTSCI14757-19
https://doi.org/10.3390/ijerph17041257
https://cir.nii.ac.jp/crid/1574231874767178624
https://cir.nii.ac.jp/crid/1574231874767178624
https://doi.org/10.3390/brainsci10120932
https://doi.org/10.3390/brainsci10120932
https://doi.org/10.1186/1880-6805-32-7
https://doi.org/10.1097/00001756-199712220-00024
https://doi.org/10.1097/00001756-199712220-00024
https://doi.org/10.3390/su132312968
https://doi.org/10.3390/su132312968
https://doi.org/10.13047/KJEE.2016.30.3.434
https://doi.org/10.13047/KJEE.2016.30.3.434
https://doi.org/10.1038/scientificamerican0709-60
https://doi.org/10.1038/scientificamerican0709-60
https://doi.org/10.1016/j.compbiomed.2021.104970
https://doi.org/10.1016/j.compbiomed.2021.104970
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.3390/ijerph16050796
https://doi.org/10.3390/ijerph16050796
https://doi.org/10.12972/kjhst.20160053
https://doi.org/10.12972/kjhst.20160053
https://doi.org/10.21273/HORTSCI11104-16
https://doi.org/10.21273/HORTSCI11104-16
https://doi.org/10.1016/j.mehy.2017.10.027
https://doi.org/10.1556/2006.7.2018.10
https://doi.org/10.15866/IRECOS.V11I5.9334
https://doi.org/10.15866/IRECOS.V11I5.9334
https://doi.org/10.1016/j.ufug.2021.127253
https://doi.org/10.1016/j.ufug.2021.127253
https://doi.org/10.1038/s41598-022-05184-0
https://doi.org/10.1038/s41598-022-05184-0
https://doi.org/10.1016/0013-4694(90)90150-I
https://doi.org/10.1016/0013-4694(90)90150-I
https://doi.org/10.1016/j.envres.2017.08.048
https://doi.org/10.1016/j.envres.2017.08.048
https://doi.org/10.3389/fnmol.2018.00216
https://doi.org/10.11628/KSPPE.2015.18.2.079
https://doi.org/10.11628/KSPPE.2015.18.2.079

