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EEG response and productivity 
outcome under changing indoor 
environment
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Introduction: Indoor environmental quality (IEQ) is a key determinant of health 
economics and specifically of productivity. In this research, we investigated the 
effect of three indoor environmental factors (temperature, acoustics, and lumi-
nescence) under four different scenarios to generate real-world evidence on 
how changes in the indoor environment affect productivity-related outcomes.
Methods: Two levels of temperature (15–17 °C and 23–25 °C), two levels of 
acoustics (45 dB and 85 dB), and two levels of luminescence (300 lx and 700 
lx) were tested. We recruited 30 undergraduate students and measured their 
brain activity using electroencephalogram (EEG) to obtain the Concentration 
Power Index (CPI) and cognitive response with the Grooved Pegboard Test (GPT). 
Individual’s productivity was measured objectively by the CPI and subjectively by 
the GPT. Mixed-effects regression analysis indicated that all three indoor environ-
mental factors have statistically significant effects on productivity.
Results: Relatively higher temperature is associated with increased productivity, 
as indicated by higher CPI under the experimental conditions. Lower acoustics 
are associated with productivity as indicated by lower GPT under the conditions 
investigated. Luminescence is inversely associated with productivity, as higher 
luminescence has a statistically significant correlation with lower GPT within the 
tested luminescence range. However, males and females responded differently 
under the same indoor environment. Specifically, relatively lower temperature is 
associated with higher productivity for females and lower GPT for males. Higher 
acoustics and lower luminescence are associated with productivity for males.
Discussion: Overall, the study results suggest that indoor temperature at 
23–25 °C, acoustics at 45 dB, and luminescence at 700 lx provide a more favor-
able and productive environment for young adults. Louder environment and 
excessive lighting correspond to lower human capital approach (HCA) values 
and higher temperature corresponds to HCA again. With first-hand experimen-
tal results, this study provides real-world indoor environmental data and could 
provide scientific support for optimizing indoor environments and contributing 
to the future interior environment design to enhance human productivity.
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1 Introduction

In modern society, humans are staying indoors more, specifically, 
people spend about 87% of a day inside the building (1). Accordingly, the 
indoor environment can be a key factor that influences productivity 
performance. Indoor environmental quality (IEQ) is a widespread and 
modifiable factor that affects human health, cognitive abilities and work 
efficiency, which plays a significant role in actual environments such as 
offices and schools. The use of real-world data to evaluate IEQ and its 
impact on productivity has become a significant focus of current research. 
Indoor environmental factors, such as temperature, acoustics, and 
luminescence, can affect performance by influencing work comfort and 
concentration (2). Poor indoor environment has a detrimental effect on 
human health and work efficiency. An extreme indoor environment can 
diminish learning efficiency, and even affect students’ learning outcomes 
(3), and relocating to buildings with relatively improved indoor 
environmental conditions can decrease the frequency of reporting health 
problems (4). Moreover, certain ventilation rates and appropriate 
temperatures can improve students’ health and learning performance (5). 
Hence it is necessary to improve the quality of the indoor environment. 
Productivity is closely linked to educational achievement, work 
performance and attendance, these effects have direct implications for 
health and economic outcomes at both the individual and population 
levels. Poor indoor environment quality may contribute to errors and 
stress-related health problems, which in turn impose costs on employees, 
students and organizations. Conversely, optimizing indoor environmental 
conditions represents a relatively low-cost, upstream intervention than 
can support productivity and potentially improve health-related economic 
outcomes.

However, there are limitations in current regulations of indoor 
environments in China. For instance, the regulation of the government 
suggested that the luminescence for tables and blackboards should be 
higher than 300 lx and 500 lx (6), the acoustics intensity of the study area 
should be less than 55 dB in days and 45 dB in nights (7), and the relative 
humidity in winter indoors should be between 30 and 60% (8). Those 
regulations limit the range of environmental factors, which can only 
satisfy the basic requirements of people in the indoor environment, but 
these lack specifications of what kind of indoor environmental conditions 
could be conducive to performance. In other words, how are the 
temperature, acoustics, and luminescence associated with productivity? 
This research focuses on understanding the specific correlation between 
indoor parameters and human performance through subjective and 
objective evaluations of performance to explore the impact of changing 
indoor environment on productivity.

This research designed four experimental scenarios and 
modulated temperature, acoustics, and luminescence within each 
scenario, respectively. The electroencephalogram (EEG) and 
electrocardiogram (ECG) were recorded in the experiment process. 
This experiment used the completion time of the Grooved Pegboard 
Test (GPT) as the subjective outcome and used the Concentration 
Power Index (CPI) which was obtained from EEG data as an objective 
outcome. After that, this study analyzed the statistical model of CPI 

and GPT, explained the effects of different indoor environmental 
variables on attention, performance, and productivity, and explored 
how these results differed by gender. This research may provide 
recommendations for improving indoor environments and inform 
future interior environment designs to enhance human productivity.

The indoor environment and its impacts have been a topic of wide 
concern. Many scholars have conducted research on the effects of 
changing indoor environments. This chapter summarizes the current 
state of research in three areas: how the indoor environment affects 
performance and productivity, how the indoor environment affects 
performance by influencing brain activity, and how GPT represents 
performance.

Studies have demonstrated that indoor environmental factors can 
influence people’s cognitive performance. The analysis by Juan and 
Chen (9) showed that the changes in temperature, acoustics, and 
luminescence all have a significant influence on the subjects’ 
concentration. Liu et al. (10) have found that 600 lx in luminescence 
and 45 dB in acoustics lead to the best reading performance. Another 
research found that the best performance occurred at 24 °C and 
40%RH (11). The experiments by Hugge (12), Meng (13), and Ke et 
al. (14) found that loud noise reduces the ability of memory and 
identification. Ru’s et al. (15) experiments about luminescence 
revealed that both high and low levels of luminescence can speed up 
the response significantly. Together, these findings suggest that lower 
acoustics, moderate temperature, moderate relative humidity, and 
moderate luminescence lead to better performance.

Established studies have also shown that there are differences in 
preferences for indoor environments by gender. The experiments by Hu 
et al. (16) suggested that the thermal comfort temperature of males is 
lower by about 1–2 °C than females. Jing et al. (17) found that males tend 
to make more mistakes in cognitive tasks under noisy environments, 
while there is no difference in mistake rates across noise environments for 
females. According to Kakitsuba’s (18) experiment about gender 
differences in LED lighting conditions, there is no significant difference 
in comfort lighting conditions between males and females.

Performance can be evaluated objectively and subjectively. EEG is 
a quantifiable measurement of brain activity, which can be used as an 
objective indicator of performance (19, 20). Some scholars have used 
EEG to explore the effects of changing indoor environments on 
performance. Deng et al. (21) showed that EEG band power is strongly 
associated with office productivity under combined indoor air quality 
and noise conditions. Shan et al. (22) reported that EEG alpha and 
theta bands correlate with subjective perception and task performance 
under different indoor air quality conditions. Zhu’s et al. (23) 
monitored the EEG changes under different temperatures and relative 
humidities and indicated that too high relative humidity would reduce 
the power of beta waves and lower the thinking level. Wang et al. (24) 
found that frontal theta power varies significantly across thermal 
conditions. Han and Chun (25) indicated that both thermal and cold 
stimuli significantly modulate theta and beta wave activity. Choi et al. 
(26) also monitored EEG changes under combined environments 
including temperature, acoustics, and ventilation, and the result 
suggested that the poor indoor environment made the occupants 
more stressed with relatively stronger high-beta waves. Those studies 
chose to examine the EEG band powers, while the other two groups 
used the CPI to represent the attention level. The CPI quantifies 
attention focus levels by computationally analyzing EEG signals, 
specifically measuring neural oscillation patterns in frequency bands 
like beta waves that correlate with sustained cognitive engagement. 

Abbreviations: EEG, electroencephalogram; ECG, electrocardiogram; CPI, 

Concentration Power Index; GPT, Grooved Pegboard Test; HCA, human capital 

approach; RH, relative humidity; CO2, carbon dioxide; °C, degree celsius; dB, 

decibel; lx, lux; Hz, hertz; SMR, sensorimotor rhythm; ICA, independent component 

analysis.
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Choi et al. (27) found that extreme temperatures, including too hot 
and too cold, will diminish the concentration and performance. The 
research of Li not only pointed out the significant relationship between 
temperature and CPI but also indicated that there is a positive 
relationship between CPI and performance index (28).

The GPT is a widely used neuroscience test. According to Skogan 
et al. (29), shorter completion times indicate greater motor skill and 
operational efficiency. As a valid assessment tool of cognitive load, 
GPT performance correlates with autonomic responses (30). GPT’s 
sensitivity to cognitive load allows it to express the reflections to the 
psyche during uncomfortable indoor environments. The research of 
Kanj et al. (31) revealed that GPT completion time is significantly 
related to the information processing speed and working memory. 
Johnson and Lesniak-Karpiak (32) indicated that the longer comple-
tion time of GPT is related to the reduction of attention, which also 
means a decrease in performance (33). Thus, the completion time of 
GPT can represent the level of attention, performance, and 
productivity.

Previous studies have analyzed the impact of the indoor environ-
ment extensively, with some incorporating EEG as the outcome vari-
able. However, studies on the indoor environment rarely evaluated 
physiological response to changes in indoor environmental parame-
ters using both objective and subjective indicators. Such triangulation 
by a combination of subjective and objective indicators would verify 
and enhance the understanding of environmental health relationships. 
This research is designed to combine GPT, a subjective evaluation, and 
EEG, an objective evaluation, to comprehensively analyze the effects 
of the indoor environment on productivity.

Beyond used real world data to optimize indoor environments 
and enhance human productivity, from a sustainable development 
perspective, this study contributed to multiple United Nations 
Sustainable Development Goals (SDGs), particularly the goals of 
Good Health and Wellbeing, and Decent Work and Economic 
Growth. Indoor environmental quality is a fundamental determinant 
of cognitive health, occupational wellbeing, and labor productivity, all 
of which are essential components of sustainable economic 
development.

2 Methods

2.1 Subjects

Thirty undergraduate students (Mage = 20.04 ± 1.45 years) from 
Sichuan University participated in this study, of which 24 are female 
and six are male. Participants voluntarily signed up for the experiment. 
The subjects were all healthy and had no visual or hearing impairment 

except myopia. Participants wore their regular indoor autumn cloth-
ing, and the clothing insulation is approximately 0.8clo. All of the sub-
jects participated in the four scenarios of the experiment. This study is 
reviewed and approved by Institutional Review Board of Sichuan 
University West China Medical School (IRB number: KS20250686).

2.2 Experimental conditions

Experiments were performed between December 2024 and March 
2025 on Jiangan Campus, Sichuan University, Chengdu, Sichuan. All 
experiments were conducted during the daytime on weekdays.

The designed experimental conditions are shown in Table 1. The 
experiments provided two temperature levels: 15–17 °C and 23–25 °C, 
two acoustics levels: 45 dB and 85 dB, and two luminescence levels: 
300 lx and 700 lx. It formed controlled experiments between experi-
mental scenarios. The temperature of Scenario Cooler was designed 
to represent a relatively cool but tolerable indoor environment, and 
exposure duration was limited to the experimental process. For 
Scenario Standard and Cooler, the temperature changed while acous-
tics and luminescence remained the same. The controlled experiments 
were also performed in Scenario Standard and Louder, as well as 
Scenario Standard and Darker. Other control variables were recorded 
simultaneously. To avoid interference from outdoor daylight variation, 
curtains were kept closed and artificial lighting was used as the sole 
light source during experiments. Figures 1, 2 show the layout of the 
experiment and the actual record during the experiment below.

2.3 Experimental procedures

The experiments completed four scenarios in two test rooms. The 
difference between Room A and Room B was the thermal conditions. 
In the preparation period, experimenters helped the subject to wear 
the EEG and ECG devices. At the same time, the subject stayed in 
Room A at 15–17 °C and relaxed. The baseline EEG was recorded at 
that time. In the test period, the subjects had 3 min of exposure in 
each scenario, after that they were asked to complete the GPT. After 
finishing the experiment of Scenario Cooler, the subject moved to 
Room B with 23–25 °C to conduct the experiments in other three 
scenarios. After finishing all four scenarios, the experiment ended and 
the device stopped recording. Figure 3 presents the experimental 
procedure.

2.4 Measurements

2.4.1 Measurements of physical parameters

Five indoor environmental parameters, temperature, acoustics, 
luminescence, relative humidity, and CO2 concentration, were 

TABLE 1  Experimental conditions.

Factors Scenarios Method

Cooler Standard Louder Darker

Temperature 15–17 °C 23–25 °C 23–25 °C 23–25 °C
Move to another test 

room with a heater

Acoustics 45 dB 45 dB 85 dB 45 dB Playing traffic noise audio

Luminescence 700 lx 700 lx 700 lx 300 lx Supplemental lighting
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measured by specialized instruments summarized in 
Supplementary Table S1. All physical parameters were recorded at the 
seat of subjects once in each scenario.

2.4.2 Measurements of objective outcome

EEG was measured by the Mentalab Explore+ (Mentalab 
GmbH, Munich, Germany) as shown in Figure 4, which has been 
verified as a reliable and effective EEG recording device (34) and 
has been used in assessing cognitive and attention previously (35). 
Mentalab Explore+ features 32 selectable EEG channels and a 
reference channel at M2. The 9 channels are located at FP1, FC5, 
T7, O1, Oz, O2, T8, FC6, and FP2 as shown in Figure 5. They cover 
the three main parts of head including Frontal lobe, Temporal 
lobe, and Occipital lobe. This research used dry electrodes and the 
sampling frequency was 250 Hz. The signals measured by 
Mentalab Explore+ were recorded by the supporting software 
called Explore Desktop. This software enables real-time viewing of 
sensor information and saves the EEG data for later processing. 
The data recorded were loaded into MATLAB to extract EEG 
features.

ECG information including heart rate and pulse pressure were mea-
sured using HUAWEI WATCH D (Huawei Technologies Co., Ltd., 
China). It is a medical device in the form of intelligent bracelets which 
has secured regulatory approval by the National Medical Products 
Administration of China (Registration No. 20212071428) that allow for 
heart rate monitoring and blood pressure measurement. Previous 
research has demonstrated that the accuracy of this device was validated 
according to the requirements of Advancement of Medical 
Instrumentation/European Society of Hypertension/ International 
Organization for Standardization Universal Standard (36), and the mea-
surements provided by the device showed good agreement with clinical 
sphygmomanometers (37). The heart rate and blood pressure of each 
subject in each scenario were measured by the mean heart rate and mean 
blood pressure of them finishing a single GPT. The pulse pressure is cal-
culated by the difference between systolic pressure and diastolic pressure.

2.4.3 Measurements of subjective outcome

The subjective outcome of productivity was measured by the 
completion time of the GPT (38) as shown in Figures 6, 7. The GPT is 
a standardized test to evaluate manual dexterity, swift visual-motor 
coordination, and psychomotor speed (39). It is widely used in 
research in the field of neuroscience. Previous research indicated that 
the performance of GPT is related to attention (40) and cognitive 
functions (41). According to Streng, there is a relationship between 
performance on GPT and tests of attention (42). This research used 
the GPT performance to measure the attention and performance of 
subjects. The pegboard used in this research was the Grooved 
Pegboard 7446 from Sammons Preston Inc., which has 25 holes with 
randomly positioned slot. Pegs with keys should be inserted accurately 
into the hole after rotation. This research recorded the time of using 
subjects dominate hands to fill all the 25 holes of the grooved peg-
board. The subjects began with the GPT after the experimenter’s word 
of command. The timing by the experimenter ceased upon the 
completion of the last hole in the pegboard, at which point the elapsed 
time was recorded as the subject’s duration for the GPT.

2.5 EEG data preprocessing and processing

2.5.1 EEG data preprocessing

EEG preprocessing was conducted by the EEGLAB toolbox (version 
2024.2.1) in MATLAB (R2022a) environment (43). The raw EEG data 

FIGURE 1

Experiment layout.

FIGURE 2

Schematic of the experimental process.
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were imported via the supporting plug-in of Mentalab. Electrode 
positioning was performed first. The frequency was filtered between 1 and 
30 Hz, and the notch filter was performed at 50 Hz. Baseline corrections 
for test time periods were performed, and bad periods were removed. The 
bad electrodes were removed and interpolated spherically. Independent 
component analysis (ICA) removed artifacts like eye blink, eye movement, 
muscle activities, heart activities, and line noise.

2.5.2 EEG data processing

Using the FieldTrip toolbox in MATLAB environment (44), applied 
Fourier Transformation to the preprocessed EEG data to convert 

FIGURE 3

Experimental procedures.

FIGURE 4

Mentalab Explore+.

FIGURE 5

Channels location of EEG.

FIGURE 6

Grooved pegboard.

FIGURE 7

Picture of subjects completing the GPT.
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time-domain features into frequency-domain features, and extracted the 
band powers. The EEG band powers were extracted in three following 
frequencies: SMR (12–15 Hz), Mid Beta (15–20 Hz), and Theta (4–8 Hz). 
The power ratio CPI was used to measure subjects’ attention levels (45). 
Sensorimotor rhythm (SMR) waves are frequency waves in 12–15 Hz, 
which cover both alpha (8–13 Hz) and beta (13–30 Hz) waves related to 
human attention (46). Mid beta waves at the frequency of 15–20 Hz also 
represent concentration and brain activities like memory and calculation 
(27). Theta waves at a frequency of 4–8 Hz relate to sleep and deep spirit. 
The relationship between CPI and indoor thermal conditions has been 
studied in previous research (28). The CPI is calculated by Equation (1):

	
( )+

=
SMR Mid Beta

CPI
Theta 	

(1)

2.6 Statistical analysis

This study measures productivity using two explained variables, 
which are the CPI representing the objective outcome and GPT 
representing the subjective outcome. The main explanatory variables are 
temperature, acoustics, and luminescence. Relative humidity, CO2 
concentration, heart rate, pulse pressure, and number of tests were 
included as control variables to account for background environmental 
conditions and individual physical states.

This research uses the mixed-effects regression model to evaluate 
the influence of the indoor environment on the CPI and GPT while 

accounting for individual differences between study subjects. The 
associations between indoor environmental factors and productivity 
outcomes reported in this study were derived from the estimated 
coefficients of the mixed-effects regression models. All statistical 
analyses were performed using Stata 18.0 (Stata Corp., Texas, USA). 
Statistical significance was assessed using two-sided tests with a 
significance level of p < 0.05. The model is constructed by Equation (2):

	 β β β β ε= + + + +0 1~5 1~5 6~7 6~7 8 8ij j j jY x x x 	 (2)

Where ijY : The CPI or GPT result for subject j , 1~5 jx : The value of 
environmental factors including temperature, acoustics, luminescence, 
relative humidity, and CO2 concentration for subject j , 6~7 jx : The 
value of physiological factors including heart rate and pulse pressure 
for subject 8, jj x : The number of tests for subject j , ε : The residual of 
the model.

2.7 Health economic calculation

Human capital approach (HCA) assesses productivity changes by 
multiplying output ratio variations with estimated individual wages, 
and wage estimates serve as a proxy for marginal productivity (47). For 
instance, the calculation of HCA often follows the formula: absent rate 
(or presenteeism rate) × wage (48). In this study, CPI and GPT 
represent the objective and subjective measures of productivity, 
respectively. Based on this principle, the presenteeism rate is calculated 

TABLE 2  Results of indoor environmental factors impacting CPI and GPT.

Variable CPI GPT

Temperature 0.058* (0.012, 0.105) 0.209 (−0.201, 0.619)

Acoustics 0.002 (−0.006, 0.010) 0.204*** (0.122, 0.285)

Luminescence −0.080 (−0.236, 0.078) −3.501*** (−5.062, −1.940)

Relative humidity 0.014** (0.004, 0.024) 0.107* (0.006, 0.208)

CO2 concentration 0.172*** (0.111, 0.232) 0.671** (0.181, 1.160)

Heart rate 0.002 (−0.001, 0.004) −0.132*** (−0.176, −0.088)

Pulse pressure 0.006* (0.001, 0.012) 0.129*** (0.064, 0.193)

Number of tests −0.150 (−0.476, 0.177) −8.915*** (−12.200, −5.633)

*95% confidence interval in parentheses; *p < 0.05, **p < 0.01, ***p < 0.001.

TABLE 3  Summary of regression results from stratified analysis.

Variable CPI GPT

Female Male Female Male

Temperature −0.048** (−0.079, −0.017) 0.742*** (0.548, 0.935) 0.200 (−0.219, 0.618) 2.448*** (1.610, 3.285)

Acoustics −0.013*** (−0.020, −0.006) 0.081*** (0.055, 0.106) 0.274*** (0.187, 0.362) 0.343*** (0.198, 0.488)

Luminescence 0.241*** (0.112, 0.369) −1.881*** (−2.429, −1.332) −5.145*** (−6.808, −3.481) −5.285*** (−8.153, −2.416)

Relative humidity 0.005 (−0.002, 0.012) 0.150*** (0.105, 0.194) 0.187*** (0.087, 0.288) 0.911*** (0.654, 1.168)

CO2 concentration 0.076*** (0.039, 0.112) 0.509*** (0.371, 0.647) −1.210*** (−1.648, −0.772) 7.061*** (6.442, 7.679)

Heart rate −0.004*** (−0.006, −0.002) 0.027*** (0.016, 0.038) −0.086*** (−0.121, −0.051) −0.592*** (−0.649, −0.534)

Pulse pressure 0.002 (−0.002, 0.005) 0.014 (−0.014, 0.041) 0.054 (−0.010, 0.117) −0.281* (−0.496, −0.065)

Number of tests 0.543*** (0.292, 0.794) −3.951*** (−5.119, −2.782) −10.870*** (−14.290, −7.454) −14.370*** (−20.470, −8.263)

*95% confidence interval in parentheses; *p < 0.05, **p < 0.01, ***p < 0.001.
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as the ratio of CPI or GPT change rates to their baseline values Base . 
The product of this presenteeism rate and average wages represents the 
monetary value of productivity changes induced by indoor 
environments. Since GPT is negatively correlated with productivity, the 
sign is reversed in the GPTHCA  formula. The HCA is calculated as 
follows Equations (3–4):

	

β
= ×1~3 _  

_CPI
CPIHCA Annual Wage

Base CPI 	
(3)

	

β
= − ×1~3_  

_
GPT

GPTHCA Annual Wage
Base GPT 	

(4)

The value of Base is the mean of CPI or GPT for all subjects under 
Scenario Standard. The Annual Wage represents the median annual 
wage of scientific researchers in Sichuan Province China in 2024 (49), 
measured in RMB.  Annual Wage = ¥90,000.

3 Results

3.1 Descriptive statistics

Descriptive statistics of all variables are provided in Table 4. To 
show the result of descriptive statistics intuitively, the environmental 
parameters of the four scenarios can be summarized in a radar chart 
as shown in Supplementary Figure S1.

The descriptive statistics show that the targeted temperature, 
acoustics, and luminescence were reached. The temperature was 
controlled within ±0.9 °C, the acoustics deviation did not exceed 3 dB, 
and the luminescence was not changed over 12 lx.

3.2 The effects of indoor environment on 
productivity outcome

Table 2 presents the estimation results for the mixed effects model. 
In addition to the primary environmental factors, including 
Temperature, Acoustics, and Luminescence, correlations between the 
outcomes and control variables were examined to assess potential 
confounding influences. The values presented in Tables 3, 4 represent 
regression coefficients (β ) estimated from the mixed-effects model.

Analyses on CPI disclose that the temperature has a significant 
positive correlation with CPI at 5% statistical level, hence temperature 
can significantly promote concentration. Acoustics and luminescence 
have no significant influence on CPI. The within-group variance 
accounts for 31.45% of the total variance, indicating that the control 
of individual differences can explain 31.45% of the total variance. The 
model of GPT reveals no significant effect of temperature, but it is 
significant relative to acoustics and luminescence at 0.01 significance 
level. A higher level of acoustics significantly slows the speed of GPT, 
while a higher luminescence level significantly speeds up the finish of 
GPT. The within-group variance makes up 30.57% of the total 
variance, suggesting that the control of individual differences can 
explain 30.57% of the total variance.

The observed associations involving control variables were not 
interpreted as primary findings, but rather as contextual information 
supporting the robustness of the main analyses. CO2 concentration 
and pulse pressure have a positive correlation on CPI, while other 
control variables are not statistically significant. Relative humidity, 
CO2 concentration, and pulse pressure have a positive correlation on 
GPT, while heart rate and number of tests have a negative influence 
on GPT significantly.

Correlation between variables and the multicollinearity between 
main explanatory variables were examined prior to conducting 
regression analysis as shown in Supplementary Table S2. The 

TABLE 4  Descriptive statistics of variables.

Variable Cooler Standard Louder Darker

Targeted Monitored Targeted Monitored Targeted Monitored Targeted Monitored

Temperature 

(°C)
15–17 16.67 ± 0.61 23–25 23.75 ± 0.80 23–25 23.99 ± 0.84 23–25 24.19 ± 0.76

Acoustics (dB) 45 43.34 ± 2.88 45 46.80 ± 1.73 85 85.18 ± 1.62 45 46.83 ± 1.75

Luminescence 

(100 lx)
7 7.02 ± 0.08 7 6.99 ± 0.09 7 7.02 ± 0.11 3 3.00 ± 0.09

Relative 

humidity (%)
– 47.23 ± 10.45 – 46.71 ± 10.04 – 41.90 ± 8.28 - 38.93 ± 7.73

CO2 

concentration 

(100 ppm)

– 7.62 ± 1.00 – 6.99 ± 0.53 – 6.98 ± 0.41 – 7.51 ± 0.39

Heart rate 

(bpm)
– 93.70 ± 20.16 – 89.30 ± 18.33 – 93.70 ± 17.87 – 90.10 ± 16.16

Pulse pressure 

(mmHg)
– 37.70 ± 10.02 – 35.40 ± 8.97 – 35.63 ± 8.22 – 34.43 ± 8.00

CPI – 0.40 ± 0.72 – 0.54 ± 1.02 – 0.42 ± 0.47 – 0.55 ± 0.61

GPT – 70.19 ± 11.02 – 63.32 ± 10.38 – 61.14 ± 8.88 – 58.86 ± 8.84
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assessment results indicate that temperature, acoustics, and 
luminescence are independent of each other (all VIF < 5).

Residual analysis was conducted for both CPI and GPT models. 
The residual plots in Supplementary Figure S2 show that the residuals 
of both models are normally distributed, which indicates that the 
models are reliable.

3.3 Stratified analysis by gender

Due to natural physiological and psychological differences 
between genders, females and males may have different feelings of 
comfort in the same indoor environment, and the difference leads to 
different levels of attention and productivity performance. To examine 
the influence of the changing indoor environment on the productivity 
for each gender separately, this research divided the entire sample into 
female (N = 24) and male (N = 6), and estimated the effects of indoor 
environmental factors on CPI and GPT, respectively. The results from 
stratified analysis are presented in Table 3.

The model of CPI reveals that the temperature is positively 
associated with CPI for females and negatively associated CPI for 
males at 0.01 significance level. The acoustics has statistically 
significant association negatively with CPI for females and 
positively for males. The coefficients of luminescence are 
significantly positive to CPI for females and significantly negative 
for males. The model of GPT discloses that the temperature has 
no statistical significance to GPT for females, while has a positive 
correlation with GPT significantly for males. For both females 
and males, acoustics has positive association with GPT 
significantly, and luminescence has negative correlation with 
GPT significantly. The result can also be expressed intuitively by 
Supplementary Figure S3.

3.4 Health economics outcome

Calculations were performed using the three primary control 
variables in Table 2 that exhibit significant results, which are 
Temperature-CPI, Acoustics-GPT, and Luminescence-GPT. The mean 
values of CPI and GPT under Scenario Standard were calculated to 
yield that. CPIBase  = 0.473 and GPTBase  = 63.123. The HCA values 
corresponding to temperature, acoustics, and luminescence are pre-
sented in Table 5.

4 Discussion

Present results show that the indoor environment has a 
significant correlation with productivity. Productivity in this study 
was measured by CPI objectively and the completion time of GPT 
subjectively. Experiments of this research mainly controlled three 

indoor environment factors, namely temperature, acoustics, and 
luminescence, these three factors provide directly applicable 
evidence on how modest changes in IEQ may influence real-world 
learning and working performance. This perspective is consistent 
with viewing IEQ as a modifiable, real-world determinant of 
productivity and related health outcomes. The regression results 
show that temperature is significantly and positively associated with 
CPI, while the correlation between temperature and GPT is not 
significant. Indoor acoustics also has a significantly positive 
correlation with GPT, and the effect of acoustics on CPI has no 
statistical significance. Significant correlation is observed between 
luminescence and GPT, and there is no significant correlation 
between luminescence and CPI. The experimental results indicate 
that under the conditions investigated, the increase in temperature 
can promote productivity in the objective outcome, the increase in 
acoustics can inhibit productivity in the subjective outcome, and 
the increase in luminescence can enhance productivity also in the 
subjective outcome.

Temperature positively associates CPI at 0.01 significance level, 
and there is no significant correlation between temperature and 
GPT. An increase of 1 °C in temperature results in an increase of 
0.058 in CPI. The previous study observed that temperature and 
productivity showed a u-shaped relationship, which means that 
productivity rises first, and then lowers with the increase of 
temperature (11, 50). Due to the limitation of experimental 
conditions, this research only tested a narrow range of temperature 
comfort to the human body. Therefore, the temperature and CPI in 
this study show a linear positive correlation. Significant differences 
emerge between the test results of females and males. For objective 
outcomes, temperature positively associates CPI for males at 0.01 
significance level, which is like the result of the main regression. An 
increase of 1 °C in temperature results in an increase of 0.742 in 
CPI for males. The temperature demonstrates a negative correlation 
on CPI for females significantly. An increase of 1 °C in temperature 
results in a decrease of 0.048 in CPI for females. The result is 
consistent with the research of Abbasi et al. (51), which found that 
females’ comfort and performance measured by alpha and beta 
waves decreased when temperature increased from 18 °C to 
30 °C. For subjective outcomes, the regression result of females 
shows no significance, but temperature positively associates the 
GPT for males. An increase of 1 °C in temperature results in an 
increase of 2.448 s in GPT for males. It might be because males tend 
to be warmer and feel more uncomfortable under high temperatures 
(52), and previous research also suggested that the performance was 
reduced in temperatures higher than 23–24 °C (53).

Acoustics has no significant association with CPI, while it 
positively associates GPT at 0.01 significance level. This discrepancy 
may reflect differences in sensitivity between neurophysiological and 
behavioral measures, and it may also relate to the limited acoustics 
range examined in this experiment. An increase of 1 dB in acoustics 
results in an increase of 0.204 s in GPT. The result indicates the 
increase in acoustics, slower the speed of GPT and decreased 
productivity. This result agrees with previous studies (13). The 
association of acoustics with GPT is not influenced by gender. An 
increase of 1 dB in acoustics results in an increase of 0.274 s for 
females and 0.343 s for males in GPT. For objective outcomes, 
significant differences emerge between females and males. An 
increase of 1 dB in acoustics results in a decrease of 0.013 s in CPI for 
females, and results in a decrease of 0.081 s for males. The abnormal 

TABLE 5  Summary of the HCA values.

Variable HCA

Temperature 11033.39

Acoustics −290.86

Luminescence −4991.71

https://doi.org/10.3389/fpubh.2026.1767357
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Zhang et al.� 10.3389/fpubh.2026.1767357

Frontiers in Public Health 09 frontiersin.org

correlation between acoustics and CPI for males might be because 
men are less sensitive to noise (54). So, the higher-level acoustics did 
not reduce CPI in male in this experiment.

Luminescence has no significant association with CPI and a 
significant negative association with GPT. An increase of 100 lx in 
luminescence is associated with a decrease of 3.501 s in GPT within 
the tested luminescence range. Similar results were obtained in 
previous research (10). The association between luminescence and 
GPT is similar for different genders. An increase of 100 lx in 
luminescence results in a decrease of 5.145 s for females and 5.285 s 
for males in GPT. For objective outcome, an increase of 100 lx in 
luminescence results in an increase of 0.241 s in CPI for females, and 
results in a decrease of 1.881 in CPI for males. Previous studies 
disclosed that people perform better in 700 lx compared to 300 lx 
(15), which is inconsistent with the results of males. This may be due 
to the relatively small sample size of males in this experiment and the 
different sensitivities of individuals to luminescence.

The within-group variance of the main regression is 31.45% for 
CPI and 30.57% for GPT. This suggests that there is still more than half 
of the variance not controlled. These insufficiencies are worth continu-
ing to explore in future investigation.

The economic implications of productivity changes under 
changing indoor environmental conditions were quantified by HCA 
analysis. Estimated based on the CPI, an increase of 1 °C in 
temperature results in an annual economic benefit of ¥11033.39 per 
worker. Estimated by GPT, the effect of an increase of 1 dB in 
acoustics translating into an annual loss of ¥290.86 per worker. Also, 
an increase of 100 lx in luminescence results in an annual loss of 
¥4991.71 per worker. Those results highlight the economic 
significance of optimizing indoor economics. Estimations using HCA 
indicate that relatively minor physiological or cognitive changes can 
trigger significant shifts in productivity after accumulated over time. 
By linking real-world cognitive performance data to economic 
valuation based on productivity, the HCA analysis enhanced the 
relevance of the findings for real-world decision-making in health 
economics.

The present study offers several notable strengths. It utilized both 
subjective and objective evaluation of performance, using the CPI 
which was obtained from EEG data as an objective outcome alongside 
the Grooved Pegboard Test as a subjective outcome. This dual-
modality approach provides us with a better understanding of how 
productivity and human activity are affected by indoor environment 
quality, while the previous study relied on a single metric (55). 
Moreover, the crossover design within the experiment is a key 
strength: each participant experienced all four scenarios with 
different indoor environment quality parameters that would compare 
with each other in pairs. This design of the experiment helps control 
individual differences, while many previous studies did not include 
self-comparisons (31). In summary, these features of the methodology 
strengthen the confidence of our study and EEG monitoring provides 
a different view of how indoor environment quality affects human 
activities.

Despite these strengths, this research still has several 
limitations. First, the sample was relatively small and 
homogeneous—30 undergraduate students from Sichuan 
University—which limits the potential to apply the outcome of 
our study to broader populations or different age groups. The 
gender imbalance in the sample (only six males versus 24 females) 

further limits representativeness, as responses to environmental 
conditions might differ by gender. Although stratified analysis 
divided by gender was conducted using mixed-effects models, the 
relatively small number of male participants may reduce the 
statistical stability of gender-stratified analysis. Therefore, the 
observed gender differences observed in this study require further 
validation and broader application through future research with 
more balanced gender distribution and larger sample sizes. 
Additionally, the study did not collect data on perceived 
temperature or subjective thermal comfort. This means that it 
cannot be confirmed whether the objectively recorded 
temperature corresponds to the thermal experience of each 
participant, thus the factors that could influence concentration 
and comfort levels might be the same for each participant. Finally, 
there were unaccounted confounding factors such as individual 
sensitivity to lighting or background noise. These personal 
differences were not explicitly controlled and could have affected 
both productivity outcomes and EEG responses. In general, these 
limitations suggest that while the findings provide valuable 
insights into how indoor environment quality affects productivity 
and human activities, they should be interpreted with caution, and 
future research with more diverse samples and additional controls 
should be applied to reinforce and extend these results.

5 Conclusion

This study aims to identify the influence of changing indoor 
environment on productivity. The experiments tested the effect of 
three indoor environmental factors, which are temperature, acoustics, 
and luminescence, on productivity by designing four experiments that 
were controlled against each other. Productivity was measured 
objectively by CPI and subjectively by GPT. Results from 30 
undergraduate participants show that a temperature of 23–25 °C, 
acoustics at 45 dB, and luminescence at 700 lx associated with higher 
productivity indicators, with significant effects observed on both 
objective EEG measures and behavioral test outcomes among the 
tested conditions.

A relatively higher temperature in the range of 15–25 °C is 
conducive to the productivity manifested in higher CPI. However, 
the higher temperature displays negative associates on productivity 
manifested in lower CPI for females and higher GPT for males. 
Lower acoustics is associated with higher productivity, which is 
demonstrated by lower GPT. In contrast, regression results on CPI 
reveal that men may also perform better in high acoustics 
environments. Higher luminescence is advantageous for 
productivity which is reflected in lower GPT under the experimental 
conditions examined. Nevertheless, regression results indicate that 
higher productivity may occur at lower luminescence for males 
which is shown in higher CPI.

In summary, the finding indicate that, under the experimental 
conditions examined, higher productivity was observed at a 
temperature at 23–25 °C, acoustics at 45 dB, and luminescence at 
700 lx. For different genders, the subjective and objective outcomes 
are somewhat different. Examining the reasons for these differences, 
as well as controlling bias due to individual effects are necessary in 
further studies.
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