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Color-dependent changes

in humans during a verbal fluency
task under colored light exposure
assessed by SPA-fNIRS

Hamoon Zohdi!, Rahel Egli*, Daniel Guthruf?, Felix Scholkmann?3 & Ursula Wolf'3*

Light evokes robust visual and nonvisual physiological and psychological effects in humans, such as
emotional and behavioral responses, as well as changes in cognitive brain activity and performance.
The aim of this study was to investigate how colored light exposure (CLE) and a verbal fluency

task (VFT) interact and affect cerebral hemodynamics, oxygenation, and systemic physiology as
determined by systemic physiology augmented functional near-infrared spectroscopy (SPA-fNIRS).
32 healthy adults (17 female, 15 male, age: 25.5 + 4.3 years) were exposed to blue and red light for
9 min while performing a VFT. Before and after the CLE, subjects were in darkness. We found that
this long-term CLE-VFT paradigm elicited distinct changes in the prefrontal cortex and in most
systemic physiological parameters. The subjects’ performance depended significantly on the type
of VFT and the sex of the subject. Compared to red light, blue evoked stronger responses in cerebral
hemodynamics and oxygenation in the visual cortex. Color-dependent changes were evident in

the recovery phase of several systemic physiological parameters. This study showed that the CLE
has effects that endure at least 15 min after cessation of the CLE. This underlines the importance

of considering the persistent influence of colored light on brain function, cognition, and systemic
physiology in everyday life.

Light is essential not only for vision but also for the regulation of sleep and wakefulness, neurobehavioral, and
neuroendocrine functions'””. Among these nonvisual (i.e., non-image-forming) functions, light exposure has a
direct impact on alertness and cognitive abilities®>*. Cognition is modulated by circadian rhythms and the non-
visual effects of light'®. Short-wavelength (e.g. blue) monochromatic light affects the circadian rhythms of cogni-
tive functions mediated by a melanopsin-based photoreceptor system!'. One main class includes the intrinsically
photosensitive retinal ganglion cells (ipRGCs), which are most sensitive to blue light (~460-480 nm)"!2. Thus,
exposure to blue light influences many physiological functions, and it is applied to treat circadian and sleep dys-
functions, seasonal affective disorder as well as to boost alertness, help cognitive function, and elevate mood'*1°.

Whether exposure to colored light has an effect on cognition in humans is a current research question.
Neuroimaging studies devoted to this topic employed electroencephalography (EEG)!"'%Y, positron emission
tomography (PET)'8, and functional magnetic resonance imaging (fMRI)"!>1°-22, These human studies showed
that light exposure affects cortical areas involved in the cognitive process and improves alertness and cognitive
performance. In particular, the influence of brain responses (e.g., functional connectivity between hypothala-
mus and amygdala) and the cognitive performance were higher during blue light in comparison with longer
wavelengths"?022,

Among numerous cognitive tasks to assess cognitive functioning, the verbal fluency task (VFT) is a com-
mon neuropsychological test, which challenges the cognitive functioning during the arduous retrieval and ver-
bal articulation of words®. In this test, subjects are instructed to produce as many words as possible within a
restricted time, beginning with a certain letter (phonemic task) and/or belonging to a certain category of words
(semantic task). The performance of these tasks is attributed to indicators of vocabulary size, lexical access
speed, inhibition ability, and updating®*. The performance of the test is mainly mediated by temporal, frontal,
and parietal cortices®%.
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These cortices can easily be investigated by functional near-infrared spectroscopy (fNIRS), a neuroimaging
technique, which measures changes in cerebral tissue hemodynamics and oxygenation related to alterations in
neuronal activity?®=*. One of the key advantages of fNIRS compared to fMRI is the relative insensitivity of this
method to speech-related movement artefacts®'~**. fNIRS is able to non-invasively and continuously determine
concentrations of oxygenated ([O,Hb]) and deoxygenated ([HHb]) hemoglobin of the cortical layers of the
human brain®%. It is known that cognitive activation leads to an increase in oxygen consumption, which is
accompanied by an increase in cerebral blood flow (CBF) and total hemoglobin concentration ([tHb]) due to
neurovascular coupling, resulting in an increase in [O,Hb] with a concurrent decrease in [HHb]*?**’. Since
[O,Hb] and [HHDb] are affected by factors not related to brain activity, i.e., changes in the systemic physiology,
these factors need to be measured concurrently®®~*°. Therefore, it is crucial to employ the systemic physiology
augmented (SPA) fNIRS approach, which relies on the measurement of brain activity with fNIRS along with
the assessment of changes in systemic physiology—an approach our research group has been investigating for
several years®®**#142. SPA-fNIRS is an ideal approach to avoid misinterpretations of {NIRS signals*® as well as for
a complete understanding of how the whole body reacts to task/stimulus paradigms.

The main goal of this study was to investigate by SPA-fNIRS how colored light exposure (CLE, red and blue
light) and a VFT interact and affect cerebral hemodynamics and oxygenation, as well as systemic physiology.
The findings of the current study are expected to facilitate a better understanding of the effect of colored light
on cognition and behavior. The results have a broad range of implications for daily human life.

Subjects and methods

Subjects. 32 healthy subjects (17 female, 15 male, age 25.5 +4.3 years, range 19-45 years) participated in this
study after they signed written informed consent. Subjects were all right-handed, non-smokers, medication-free,
and with high education level (i.e., university students or university degree). They were asked to refrain from
consuming caffeine and eating two hours prior to the experiment. The study was conducted in accordance with
the World Medical Association Declaration of Helsinki, and the protocol and all methods were approved by the
Ethics Committee of the canton of Bern (Project identifier: COLOR10; Basec-Nr. 2016-00674).

Experimental protocol. The subjects were asked to sit upright in a comfortable reclining chair in a dark
room, while a white wall was in front of them (distance from the subject to the wall: 160 + 5 cm). Following a ran-
domized crossover design, each subject was exposed to two different light colors (red and blue). The spectrum
of the light sources was measured by an Ocean Optics spectrometer and showed a peak wavelength of ~ 640 nm
(full width at half maximum FWHM ~ 20 nm) for red and ~ 450 nm (FWHM ~ 20 nm) for blue. The illumination
was adjusted to 120 Ix (Digital Lux Meter, DT-1308, ATP) at the eye for both colors. The subjects were exposed
to the colored light for 9 min on two different days but at the same time of day to minimize circadian variability
of the responses. Before (baseline, 8 min) and after (recovery, 15 min) CLE, subjects were in darkness. The VFT,
which contained three sessions, was carried out during CLE. Each session comprised three different trials in
which the subjects had to produce as many words as possible within 30 s: (i) letter fluency task: producing nouns
with a given letter (A, F, or M); (ii) control task: reciting weekdays in a consecutive manner; (iii) category fluency
task: producing words from a specified category (flowers, fruits, or professions). The instruction of these tasks
was given to the subjects by audiotaped voices. Figure 1a shows the schematic representation of the experimental
VEFT protocol used in this study. The order of the type of the trials (letter fluency, control, and category fluency)
was fixed across all measurements, but the specific letters and categories were used in randomized order. Thus,
each measurement period consisted of 9 trials of 30 s duration. The 1st, 4th, and 7th trials were letter fluency
tasks with the letters A, E or M in randomized order. The 2nd, 5th, and 8th trials were control tasks, where the
subjects recited weekdays. The 3rd, 6th, and 9th trials were category fluency tasks with randomized categories.
Each trial was followed by a resting phase of 30 s, where the subjects were asked to relax and stop mental engage-
ment regarding previous tasks. The total duration of the VFT was 9 min and the period of the CLE was adjusted
to this period. They were asked to keep their eyes open throughout the entire measurement and to move their
head or body as little as possible during the measurement to avoid movement artifacts.

Measurement setup. With a multi-channel frequency-domain near-infrared spectroscopy (FD-NIRS)
system (Imagent, ISS, Inc., Champaign, IL, USA), employing a multi-distance approach, changes of [O,Hb],
[HHDb], [tHb] and tissue oxygen saturation (StO,) were measured at a sampling rate of 2.5 Hz on the prefrontal
cortex (PFC) and visual cortex (VC). The ISS optodes were positioned bilaterally over the PFC (left: Fpl and
right: Fp2) and the VC (left: O1 and right: O2), according to the international 10-20 system. The sensitivity pro-
file of the optodes on the brain is shown in Fig. 1b. A detailed description of the FD-NIRS data acquisition and
imaging instrumentation can be found in our previous studies***.

Heart rate (HR) was measured with a SOMNOtouch NIBP device (SOMNOmedics GmbH, Randersacker,
Germany) with a sampling rate of 4 Hz. SOMNOtouch calculated the HR from the ECG data by calculating the
R-R intervals. This device also measured and determined the following parameters at a sampling rate of 1 Hz:
Mean arterial pressure (MAP), pulse pressure (PP), arterial oxygen saturation (SpO,), high-frequency (HF;
0.15-0.4 Hz), and low-frequency (LF; 0.04-0.15 Hz) component of the heart rate variability (HRV).

A NONIN LifeSense (NONIN Medical, Plymouth, MN, USA) was used to non-invasively measure end-tidal
carbon dioxide (PzrCO,) and respiration rate (RR). Data were recorded at a sampling rate of 1 Hz.

An electrodermal activity measurement system (Verim Mind-Reflection GSR, Poland) was employed to
determine the skin conductance (SC). Skin conductance level (SCL) and integrated skin conductance response
(ISCR) were measured at 8 Hz sampling rate.
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Figure 1. (a) Schematic illustration of the experimental protocol, including the VFT and CLE. (b) Sensitivity
profile of ISS-sensors on the brain. The sensitivity profile shows which regions of the brain are measured with
NIRS. The higher the value, the more contribution of the fNIRS signal from the cerebral cortex layer. (c)
Visualization of the placement of devices/sensors on the subject. (d) Experimental setup with the position of the
subject and the color screen.

To quantify the coupling between HR and RR, the pulse-respiration quotient (PRQ) was calculated
(PRQ=HR/RR)*.

All data were recorded simultaneously. The position of devices and sensors on the subject is shown in Fig. 1c.
Moreover, Fig. 1d presents the experimental setup with the position of the subject and the color screen. The 3D
human model was constructed using the Blender 3D interface (http://www.blender.org, version 2.82).

Signal processing and statistical analysis. The data set of one subject was excluded from data analysis
since the subject was not a German native speaker, which might have affected the VFT performance. All signal
processing and statistical analysis were performed in MATLAB (R2017a, MathWorks, Inc., MA, USA).

Cerebral oxygenation and hemodynamics. Movement artefacts in {NIRS signals were detected and removed by
the in-house developed movement artefact removal algorithm (MARA) based on moving standard deviation
and piecewise-interpolation®’. For 96.7% of the signal time series, no processing with MARA was required.
When MARA was applied, it was ensured the overall trend of the time-series processed was not altered. To fur-
ther remove high-frequency noise, signals were low pass filtered using a robust 2nd-degree polynomial moving
average (RLOESS) filter with a span of 3 min. Signals from the left and right PFC and VC were subsequently
averaged to obtain signals for the whole PFC and VC, respectively.

Systemic physiological parameters. All other biosignals, except the SC, were also denoised by the RLOESS
method with a window length of 3 min. The SC data were processed with Ledalab toolbox (http://www.ledal
ab.de)*®*. This MATLAB toolbox is able to extract the phasic (high frequency) and tonic (low frequency) SC
components by continuous decomposition analysis. In this study, the tonic component of the SC, known as skin
conductance level (SCL), and the ISCR, which involved the integration (i.e., area under the curve) of the phasic
driver signal, were used for the signal processing and statistical analysis.
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Figure 2. (a) Subjects’ performance in the category and letter versions of the VFT during CLE. Asterisks

show a significant difference between tasks (p <0.05, Wilcoxon signed-rank test). (b) Effects of sex on the

task performance of subjects who are exposed to two lighting conditions (blue vs. red). The asterisk shows a
significant difference between male and female subjects during blue light exposure (p <0.05, two-sample ¢-test).
The same color data points and lines belong to an individual subject.

Statistical analysis. ~ All bio-signals were segmented into ten parts (3 min each), and the median of each seg-
ment was calculated. Two segments were assigned to the baseline phase (2-8 min, time points (TP) 1-2), three
to the CLE (TP 3-5), and five to the recovery phase (TP 6-10). The median of each segment was then normalized
to the last TP of the baseline phase (TP2). Subsequently, to analyse and visualize the changes of the parameters
at the group-level, the median and the standard error of the median (SEM) of each segment among all subjects
were calculated. Additionally, a Wilcoxon signed-rank test for each TP in comparison with the last TP of the
baseline (TP2) was calculated and a false discovery rate (FDR) correction was subsequently applied to the p-val-
ues in order to correct for the multiple comparison situation. In order to compare the effects of the two types of
colored light (red vs. blue) on the changes of the bio-signals during the task/stimulation and recovery phases,
each time point of red light was compared with the same time point in blue light using the Wilcoxon signed-rank
test. Moreover, the number of correct words generated by each subject during the task period was determined
as the subjects’ task performance. Word repetitions and proper names of people and places were excluded from
the data analysis. Synonyms and direct hypernyms/hyponyms were counted as one word. The effects of sex and
type of cognitive task on subjects’ performance were also investigated by the ¢-test and paired Wilcoxon signed-
rank test, respectively. For the behavioral data, a 2x 2 X2 analysis of variance (ANOVA) was applied with JASP
(jasp-stats.org, version 0.11.0.0) to test for the main effects of sex, CLE, and VFT as well as for interaction effects.
Investigating the effects of sex as well as the specific type of VFT on cerebral and physiological parameters is
interesting, but it is beyond the scope of this article and will be analyzed in-depth in a future investigation.

Results

Task performance. Subjects were more successful in the category version of the VFT compared to the
letter fluency version (blue: p <0.001; effect size (Cohen’s d): d=0.8, red: p <0.001; d=1.0). No significant differ-
ence in the performance of both tasks was found between blue and red light. In more detail, subjects produced
25.0+9.0 (mean £ SD) nouns in the letter fluency during the blue light condition, while they reached a number
of 25.6 £ 6.5 nouns during the red light. In the category fluency, subjects produced 31.5+7.4 and 32.3 +7.1 nouns
during blue and red light exposure, respectively (Fig. 2a).

Sex effects. The total number of correct responses during the blue light condition for the female and male
subjects was 62.2+15.5 and 51.1+ 13.2, respectively, whereas they produced 61.9 +10.0 (female) and 54.3+12.1
(male) correct words during red light exposure. Females were generally better VFT performers compared to
males. Although the difference was significant during the blue light condition (p <0.05; d=0.8) (Fig. 2b), no
significant interaction effect was found for “Sex x Colored light” analyzed by ANOVA (Table 1).

Changes during the colored light exposure and verbal fluency tasks. Figures 3 and 4 depict block-
averaged changes in cerebral hemodynamics, oxygenation, and systemic physiology evoked by CLE (blue vs.
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VEFT correct
responses

F-statistic | p-value

Main effects

Sex (S) 11.906 <0.001
Colored light (C) 0.278 0.599
VFT tasks (T) 23.913 <0.001
Interaction effects

SxC 0.435 0.511
SxT 0.064 0.800
CxT 0.005 0.942
SXCxT 0.222 0.639

Table 1. Summary of the ANOVA for subjects’ performance. Values in bold indicate statistical significance at
the p < 0.05 level.

red) and VFT. Independent of the color, CLE in combination with VFT elicited responses in the PFC and caused
significant changes in systemic physiological parameters including MAP, P;.CO,, SCL, ISCR, and HRV (LF/
HF).

Cerebral tissue hemodynamics and oxygenation. Both conditions (blue and red) elicited statistically significant
changes in [O,HDb] (increase), [HHb] (decrease), [tHb] (increase), and StO, (increase) in the PFC, while only
the blue light exposure evoked significant changes in the VC, i.e., [O,Hb] (increase), [HHb] (decrease), [tHb]
(increase), and StO, (increase), throughout the whole CLE-VEFT. In the VC, the red light caused only signifi-
cant stimulus-evoked changes, i.e., [O,Hb] (increase) and StO, (increase), at the onset of the CLE-VFT. Color-
dependent effects were observed in [O,Hb], [HHb], and StO, in the VC. Blue evoked stronger overall responses
in cerebral hemodynamics and oxygenation in the VC. Additionally, higher [O,Hb] and StO, changes at the
beginning (TP3) of the blue light exposure were observed in the PFC compared to the red light exposure.

Systemic physiological activity. The following systemic physiological parameters showed statistically signifi-
cant changes during the CLE-VFT: MAP, SpO,, SCL, ISCR, and LF/HF (increase during blue and red); PzCO,
(decrease during blue and red); HR and PP (increase during blue); HF (decrease during red). HR, MAP, and
SCL changes were higher during blue light in comparison with red light, although the differences did not reach
statistical significance. In addition, blue and red light exposure evoked no statistically significant changes in RR
and PRQ after FDR correction. PRQ increased for both conditions, although the increase was less pronounced
for the blue light.

Color-dependent changes in the recovery phase (post-light period) of some systemic physiological parameters
were noticeable (e.g., PpCO,: at the beginning of the recovery phase, SCL: at the end of the recovery phase).
Changes in HF and LF/HF were color-dependent throughout the recovery phase.

Discussion

No significant difference in cognitive performance between blue and red. The VFT has been
widely used as a tool to measure verbal ability and executive control. VFT performance also provides a possible
predictor for prospective identification of diseases****. One of the main goals of this study was to investigate
the effects of light of two colors (blue vs. red) on VFT performance. No significant difference in subjects’ per-
formance was found between blue and red light. One possible explanation for this finding is that the attention
of the subjects was mainly focused on performing the VFT than actively perceiving and being aware of the
CLE. This may have diminished the effect of the specific colored light on performance. The number of correct
answers produced by the subjects in both versions of the VFT is in good agreement with Holper et al.*® and
higher compared to the previous studies?*>>!. All aforementioned VFT studies were conducted under normal
lighting conditions. For the first time, the light of different colors was employed in our study to investigate its
impacts on the subjects’ performance. In addition to CLE, age, education level, physiological state of subjects,
or even methodological variabilities may be possible reasons for the difference between studies in terms of
VFT task performance. Herrman et al. showed that subjects (n =14, middle to highly educated subjects, age:
31.4+6.8 years) achieved an average of 33.0+11.2 correct responses for the three letters (i.e., A, F, and S; each
lasted 60 s) in the VFT®. In another study, subjects (n =325, including right-handed, left-handed, and ambi-
dextrous, age: 51-82 years) within 30 s produced 6.1£2.0, and 9.9£2.0 correct words in letter and category
VFT, respectively?. Additionally, within both conditions (blue vs. red), performance in category fluency was
significantly better than in letter fluency. These findings are in line with several studies**°"". The letter fluency is
generally more challenging than the category fluency. In the category fluency, subjects can rely on existing links
between related concepts or words, while the links between words in the letter fluency may be weaker or less
accessible?®. In other words, retrieval of a word (e.g., apple) automatically activates semantically associated words
(e.g., orange, banana, peach, and mango) in the category fluency version of the VFT. By contrast, in the letter
fluency, subjects must restrain the activation of associatively related concepts and employ different retrieval
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VFT + Blue light exposure
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Figure 3. Block-averaged (group-level) changes in cerebral hemodynamics/oxygenation and systemic
physiology (median + SEM) evoked by blue light exposure and VFT. The blue shaded areas represent time
intervals during the task/stimulation period. The time series are sub-divided into ten periods (3 min each).
Then, they are normalized to the last time period of the baseline (TP2). Red symbols indicate a significant
change of the marked time point with respect to baseline (asterisk *: proved by both FDR-corrected and
uncorrected p values; plus+: only uncorrected p value, p <0.05, Wilcoxon signed-rank test). Green asterisks
present a color-difference (blue vs. red) of the marked time points (p <0.05, Wilcoxon signed-rank test).
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VFT + Red light exposure
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Figure 4. Block-averaged (group-level) changes in cerebral hemodynamics/oxygenation and systemic
physiology (median + SEM) evoked by red light exposure and VFT. The red shaded areas represent time intervals
during the task/stimulation period. The time series are sub-divided into ten periods (3 min each). Then, they

are normalized to the last time period of the baseline (TP2). Red symbols indicate a significant change of the
marked time point with respect to baseline (asterisk *: proved by both FDR-corrected and uncorrected p values;
plus +: only uncorrected p value, p <0.05, Wilcoxon signed-rank test). Green asterisks present a color-difference
(blue vs. red) of the marked time points (p <0.05, Wilcoxon signed-rank test).
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strategies®>**. In conclusion, we found a reasonable performance compared to previous studies but no effect of
the CLE, which was tested for the first time.

Females were better VFT performers than males. Consistent with previous studies***, we found
that females generally performed VFT tasks more efficiently than males. This fact has become well-accepted,
although some findings are inconsistent®>>¢, where the task performance was equal between males and females.
It has been proven that female subjects are better in the performance of verbal tasks, while male subjects are more
successful in visual-spatial tasks®”8. The reason for sex differences at a behavioral level may be attributed to dis-
similarities in the structure of the language-related cortex and the cerebral organization of language function®. It
is known that language functions are more lateralized in males (i.e., to the left inferior frontal gyrus regions) than
in females®. However, Weiss et al. proposed that such a difference in executive speech tasks is related to different
processing strategies for lexical verbal fluency rather than sex-related hemispheric organization®. Additionally,
the reasons for the significant difference between females and males in VFT performance during the blue light
condition may be attributed to different color preferences and color perception between females and males or
even fluctuations in sex hormones. Corticotropin-releasing hormone (CRH) plays key roles in the coordination
of the stress response as a potential mediator of sex-related differences®®%. The presence of estrogen, a classical
female sex hormone, has been proved in the CRH gene®. Therefore, sex differences at a behavioral performance
may also be due to the role of estrogen in mediating stress response. It was demonstrated that a stressful expe-
rience caused a female’s later ability to attain certain types of new memories and was dependent on changing
levels of estrogen®. Shors and Leuner showed that performance of the classically conditioned eyeblink response
was poor in the presence of very low and very high estrogen, whereas in the presence of moderate estrogen,
performance was optimal®. It was also shown that females were better performers on spatial tests in low levels
of estrogen and on articulatory-verbal tests in high levels of estrogen®. Coupled with the knowledge that estro-
gens in females and androgens in males are generally positively associated with the performance in verbal and
spatial tasks, respectively, for our results, this implies that the ability of estrogen to enhance verbal performance
in females can be taken as evidence for sex differences in cognitive functioning underlying the VFT.

Cerebral hemodynamics and oxygenation. In this study, we used FD-NIRS to investigate a mixed-
effect of CLE and VFT on neural correlates of cognitive functioning. The FD-NIRS system is able to measure
the absolute optical properties, namely the absorption coefficient and the reduced scattering coeflicient, and
consequently the absolute values of [O,Hb], [HHb], [tHb] and StO,. In contrast, continuous wave NIRS (CW-
NIRS) can only provide information on changes of [O,Hb] and [HHb] but cannot determine absolute values*.
The CW-NIRS technique relies on assumed constant optical properties during the measurement, an assumption
not necessarily true in reality**. Compared to CW-NIRS, the FD-NIRS technique is less sensitive to physiologi-
cal noise from the extracerebral tissue compartment®. For further, more detailed information on NIRS-based
techniques, we refer readers to Scholkmann et al.?%. In our previous studies, we investigated how cerebral hemo-
dynamics and oxygenation change during different short-term and long-term colored light exposures!*3%41:65-67,
The impact of the VFT on human brain activity and cerebral perfusion was also investigated in several fNIRS
studies®®7!. We found in the current study that CLE in combination with VFT evoked responses in the PFC,
while only blue light leads to significant changes in the VC throughout the CLE-VFT.

Color-independent prefrontal cortex responses. The PFC is involved in various higher-order cogni-
tive functions, including memory, processing of language, selective attention, and task planning”®”!. PFC activity
can be evaluated by measuring changes in [O,Hb], [HHb], [tHb], and StO,. Our findings showed that, regardless
of the color type, the CLE with a combination of the VFT leads to an increase in [O,Hb], [tHb] and StO,, and a
concurrent decrease in [HHb], which corresponds to the typical pattern of cerebral activation. However, higher
[O,Hb] and StO, changes at the beginning (TP3) of the blue light exposure were evident compared to the red
light.

Several studies using fNIRS have shown increases of [O,Hb] and decreases of [HHb] in response to a VFT
task®326870_ A recent review concluded that cognitive tasks caused the [O,HDb] increasing in more than 70% and
[HHD] decreasing in 100% of the studies, which reported changes in hemoglobin concentrations in the PFC in
response to the VFT or working memory tasks”>.

Concerning the CLE, we demonstrated in our previous study that short-term blue light led to a significantly
different response in [O,Hb], [tHb], and StO, in the PFC compared to red and green light™. A significant increase
in StO, was indicated in the left PFC during blue but not red light in a long-term CLE study carried out by Wein-
zirl et al.%. In another study where we had investigated long-term CLE, cerebral hemodynamics and oxygenation
in the PFC were significantly different for yellow compared to red and blue, but not between red and blue*!.

We showed that CLE accompanied by the VFT elicited significant changes in cerebral hemodynamics and
oxygenation in the PFC. In parallel research performed with this study, we found that CLE alone did not sig-
nificantly affect cerebral perfusion in the PFC (data not shown). Therefore, it seems that the impact of VFT was
more prominent compared to CLE and the stimulating effect of CLE is low or even decreases when the brain is
already involved in a challenging VFT task.

Color-dependent visual cortex responses. Compared to red light, we showed that blue light exposure
evoked stronger overall responses in cerebral hemodynamics and oxygenation in the VC. In the literature, there
are a few NIRS reports investigating the effect of color and colored light on cerebral responses in the VC!?387375,
Even though Liu and Hong> showed that the left VC is more active during the blue-color stimulus, Scholkmann
et al.*%, from our group, observed that the magnitude of the hemodynamic responses in the VC was independent
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of color. In another fNIRS study, the authors found a significant increase in hemodynamics during the between-
category (blue vs. green) changes, but not during the within-category (two different shades of green) changes”.
The visual system response to blue light might be a marker for central nervous system dopamine tone’®, reported
in an fMRI study. It was also proposed in other neuroimaging studies that colors in different categories are dif-
ferently represented in the VC777%,

Systemic physiology responses. A higher increase in HR during exposure to blue light is in line with
the research performed by Cajochen et al.” (1= 10 male subjects, age: 25.9 + 3.8 years, exposure to 2 h of mono-
chromatic lights in the evening). Contrary, a decrease was observed in one study under blue light in subjects
with closed eyes (n="7, age range: 23-55 years, exposure to 10 min color light panels (blue vs. red), illuminance:
140 Ix, distance: 40 cm)®. All other studies presented no dependence of HR on CLE in sitting subjects®!-%.
The increase in HR during the blue light condition may be attributed to the autonomic nervous system (ANS)
responding to blue light with an increase in sympathetic tone, i.e., a response that is predominantly susceptible
to short-wavelength light”.

In line with other research®**, in our study, colored light had no distinctive effects on RR based on FDR-
corrected p values. This could be due to the large inter-subject variation caused by subjects having different RR
responses. The absolute RR values measured in our previous study for healthy subjects at rest were within a large
range (6.9-27.1 breaths per minute)*.

The PRQ is a useful and unitless parameter to attain the overall state of human physiology*®. This parameter
is calculated as HR divided by RR and its resting-state distribution has a peak at ~4%. Although PRQ increase
was more pronounced for the red light, we observed no statistically significant changes (FDR-corrected p values)
in response to both conditions, which is in accordance with the literature®. In our previous study investigating
short-term CLE effects with blue light, a decrease in PRQ was found?®.

We also found an increased MAP for both conditions and an increased PP only for blue light exposure.
Increased diastolic blood pressure was reported for the light of higher color temperatures (i.e., 7500 °K vs. 3000
°K and 5000 °K) at high-intensity levels (> 320 Ix)%. This indicates that light with an increased fraction of blue
light increases blood pressure. In another study, MAP increased for blue light, but not for red at a high intensity
(>2501x)¥.

The decrease in P;CO, during the CLE and VFT tasks is in line with the findings of Scholkmann et al.%.
In that study, the effect of different speech tasks on PgCO, and cerebral hemodynamics and oxygenation was
investigated. During all tasks, PgyCO, was reduced with the strongest decrease during the alliteration task
(~9 mmHg) and the smallest during the mental arithmetic task (~ 3 mmHg). In the present study, the PzrCO,
decrease was less than 2 mmHg for both blue and red light. In summary, typical patterns of the fNIRS data
and Py CO, caused by a combination of the CLE and VFT are comparable to the mental arithmetic task of the
aforementioned study. It is noteworthy that in the current study, the Py;CO, decrease constitutes only weak
hypocapnia induced by hyperventilation. In this case, the vasodilation caused by brain activity outweighed the
vasoconstriction caused by hypocapnia.

Electrodermal activity (EDA) and HRV are two commonly used psychophysiological stress measures®s. EDA
reflects the variation of the electrical properties of the skin in response to sweat secretion*®*. In our study, both
EDA parameters were significantly increased during blue and red light exposure. The increase in EDA is related
to various factors such as mental stress or pain, owing to the stimulation of the sympathetic nervous system.
Several studies have shown increasing of EDA parameters during mental load and cognitive stress, compared to
baseline measurements®°!. In parallel research carried out with this study, we found that CLE alone (without
VEFT) affected EDA (data not shown; ASCL: SCL¢; — SCLy,,; Blue: 0.04 £0.08 puS; Red: 0.05+0.07 uS) much lower
than the CLE-VFT (this study; Blue: 3.08 +0.38 uS; Red: 2.98 £0.55 uS). Therefore, we conclude that the effect
of the VFT on EDA changes was more noticeable than the CLE. In our previous study, we showed that short-
term blue, red, and green light (without any cognitive tasks) triggered changes in SCL with large intersubject
variability and only a marginal change in the group-average®®. Other studies showed an increase in EDA under
short-term (1 min) red light® and a decrease under long-term (20 min) blue, orange, and green light exposure®.

HRYV is an index of the ANS, providing a measure of ANS through parasympathetic and sympathetic modula-
tion of cardiac function®. It is known that the LF component of HRV is modulated by both the parasympathetic
nervous system (PNS) and the sympathetic nervous system (SNS), while HF is mainly controlled by the PNS*.
Although it is widely believed that the LF/HF ratio reflects the sympathovagal balance, Billman showed that this
assumption is not accurate and greatly oversimplifies the complex non-linear relations between the sympathetic
and the parasympathetic divisions of the ANS®. In line with this new statement, von Rosenberg et al. proposed
a simultaneous consideration of the LF and HF within a 2D scatter diagram, improving the discrimination abil-
ity in the physical and mental stress analysis®. HRV is considered as a marker of stress. In both conditions, we
found a decrease of the HF and an increase of the LF during the CLE-VFT, although only the HF was signifi-
cantly decreased during red light exposure. An increased LF and a decreased HF observed in both conditions are
attributed to the mental stress that subjects experienced during VFT tasks**?’. This emphasizes once again the
point that the influence of VFT is more prominent compared to CLE during the CLE-VFT and the stimulating
effect of CLE is low or even decreases when the brain is already involved in a challenging VFT task. In line with
the research carried out by Posada-Quintero and Chon?, we found an increase in the LF component of HRV
as well as the EDA in the presence of stressors (VFT tasks), which are known to be controlled by the SNS. In
several studies, red light decreases HF power®*?1%_ Even though blue light caused no significant HF changes in
our study, an increase in the HF was observed due to blue light in other studies®'°>?2, We did not observe any
significant difference between red and blue during the CLE. However, changes in HF and LF/HF were interest-
ingly color-dependent throughout the recovery phase. This may be indicative that brief exposure to colored light
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has effects on HRV parameters that may persist for at least 15 min after cessation of the light. Higher HF changes
and lower LF/HF ratio after blue light compared to red light may indicate an increase of the parasympathetic
response during the recovery phase after blue light exposure. In other words, higher HF changes accompanied by
insignificant changes in the LF after blue in comparison with red represent a more relaxed state for this condition
based on the 2D scatter diagram proposed by von Rosenberg et al.*.

Limitations. The study has the following limitations: (1) The size of the sample was calculated with power
analysis to detect substantial effects (effect size: d=0.59) ata p <0.05 and a power of > 0.8. A large number of sub-
jects may have shown further physiological or behavioral color-dependent responses. But, these effects would
have been small and probably not very relevant. (2) Only blue and red light were analyzed. Different colors may
have other effects. (3) The intensity of the CLE may evoke different effects. We selected a relatively high intensity
(120 Ix) that was the same for both colors. (4) The ISS optodes do not yet cover the entire head, and hence not the
complete brain was analysed. (5) Depending on the nature of the task, different colored lights might affect cogni-
tive tasks differently. It has been revealed that red improves performance on a detailed-oriented task, while blue
enhances performance on a creative task'®. Therefore, it would be worthwhile to include other cognitive tasks in
future studies. (6) The VFT protocol can be simplified for future studies. The control task, which normally does
not evoke brain activation and may reduce the effect, can be removed from the VFT protocol.

Conclusions and outlook

In conclusion, our study is the first employing SPA-fNIRS to investigate a mixed-effect of CLE and VFT on
cerebral hemodynamics, oxygenation, and systemic physiology. Our new approach (SPA-fNIRS) enabled to
understand the interaction of cerebral and systemic parameters. No significant difference in the subjects’ VFT
performance was found between blue and red light exposure, while sex and type of VFT (category versus letter)
affected the subjects’ performance significantly. Overall, blue light exposure evoked stronger responses in cer-
ebral hemodynamics and oxygenation in the VC. We found several color-independent changes in cerebral and
physiological signals due to the VFT. Moreover, significant differences between red and blue light exposure were
observed in the recovery phase (post-exposure period) of systemic physiological parameters (namely, P;rCO,,
SCL, HF, and LF/HF ratio). Therefore, it is essential to consider the relatively long-lasting (15 min) effects of
CLE in humans. This underlines the importance of considering the persistent influence of colored light on brain
function, cognition, and systemic physiology in everyday life.

In this study, SPA-fNIRS was used to assess a mixed-effect of CLE and VFT on human physiology. The results
imply that the reaction of the brain and the systemic physiology is different or in some cases similar, depending
on the physiological parameter and color of the light (with equal perceived brightness). In our previous study,
with SPA-fNIRS, we were also able to demonstrate that MAP and SpO, were positively correlated with [O,Hb]
at the PFC during the CLE-VFT*. Therefore, SPA-fNIRS should become a standard approach for {NIRS studies
to enable a comprehensive understanding and the correct interpretation of changes in cerebral hemodynamics
and oxygenation. This tool enables to understand the underlying reasons for a variety of stimulus-evoked changes
and cognitive task performances.

Our findings contribute to a better understanding of CLE effects on human physiology. Although no sig-
nificant difference in the performance of VFT tasks was found between blue and red light, the physiological
color-dependent responses are potentially of high relevance in the process of choosing colors and colored lights
for related objectives (e.g., room lighting and workplaces). Specifically, our findings about a mixed-effect of
CLE and VFT on human physiology offer a broad range of implications for educational purposes and facilitate
a better responding of the following questions: Do colored lights (or colors) play a role in enhancing cognitive task
performances as well as learning and nurturing concepts? What colored light improves motivation and creativity
in the workplace? Additionally, since exposure to colored light expeditiously increases in our modern society
due to modern light sources such as screens and LEDs, investigation of colored light and its impact on human
physiology are of rising interest. Especially at the present time, when students have to do their homework using
smartphones and tablets, known as modern light-emitting devices, more than before due to the Covid-19 pan-
demic, another question might be raised: What desktop background color do we pick for educational facilities?
The results of this research are expected to facilitate a better understanding of the CLE effects on the underlying
neuroscientific mechanisms in the brain and body, which in turn would pave the way for safe and advantageous
applications of colored light in daily life and even therapeutic settings. Moreover, in a society that is rapidly
exposed to new and increasing lighting, it is expected that the findings of this research are being relevant and
beneficial for the scientific community, medical professionals and the society.

Received: 22 September 2020; Accepted: 1 April 2021
Published online: 06 May 2021

References

1. Vandewalle, G., Maquet, P. & Dijk, D. J. Light as a modulator of cognitive brain function. Trends Cogn. Sci. 13, 429-438 (2009).
Daneault, V. et al. Aging reduces the stimulating effect of blue light on cognitive brain functions. Sleep 37, 85-96 (2014).
Duffy, J. E & Czeisler, C. A. Effect of light on human circadian physiology. Sleep Med. Clin. 4, 165-177 (2009).
Blume, C., Garbazza, C. & Spitschan, M. Effects of light on human circadian rhythms, sleep and mood. Somnologie 23, 147-156
(2019).
Prayag, A. et al. Light modulation of human clocks, wake, and sleep. Clocks Sleep 1, 193-208 (2019).
Souman, J. L. et al. Acute alerting effects of light: A systematic literature review. Behav. Brain Res. 337, 228-239 (2018).
Russart, K. L. G. & Nelson, R. J. Light at night as an environmental endocrine disruptor. Physiol. Behav. 190, 82-89 (2018).
Chellappa, S. L. et al. Photic memory for executive brain responses. Proc. Natl. Acad. Sci. USA 111, 6087-6091 (2014).

L g

® N

Scientific Reports |

(2021) 11:9654 | https://doi.org/10.1038/s41598-021-88059-0 nature portfolio



www.nature.com/scientificreports/

10.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

Hartstein, L. E. et al. A comparison of the effects of correlated colour temperature and gender on cognitive task performance.
Light Res. Technol. 50, 1057-1069 (2018).

Fisk, A. S. et al. Light and cognition: Roles for circadian rhythms, sleep, and arousal. Front. Neurol. 9, 1-18 (2018).

An, M. et al. Time-of-day-dependent effects of monochromatic light exposure on human cognitive function. J. Physiol. Anthropol.
28,217-223 (2009).

Vandewalle, G. et al. Brain responses to violet, blue, and green monochromatic light exposures in humans: Prominent role of
blue light and the brainstem. PLoS ONE 2, e1247 (2007).

Zohdi, H., Scholkmann, E. & Wolf, U. Long-term blue light exposure changes frontal and occipital cerebral hemodynamics: Not
all subjects react the same. Adv. Exp. Med. Biol. 1269. In Press.

Viola, A. U. et al. Blue-enriched white light in the workplace improves self-reported alertness, performance and sleep quality.
Scand. ]. Work Environ. Health 34, 297-306 (2008).

Tosini, G., Ferguson, I. & Tsubota, K. Effects of blue light on the circadian system and eye physiology Gianluca. Mol. Vis. 22,
61-72 (2016).

Katsuura, T. et al. Effects of monochromatic light on time sense for short intervals. J. Physiol. Anthropol. 26, 95-100 (2007).
Okamoto, Y. & Nakagawa, S. Effects of daytime light exposure on cognitive brain activity as measured by the ERP P300. Physiol.
Behav. 138, 313-318 (2015).

Perrin, E. et al. Nonvisual responses to light exposure in the human brain during the circadian night. Curr. Biol. 14, 1842-1846
(2004).

Vandewalle, G. et al. Blue light stimulates cognitive brain activity in visually blind individuals. . Cogn. Neurosci. 25, 2072-2085
(2013).

Vandewalle, G. et al. Spectral quality of light modulates emotional brain responses in humans. Proc. Natl. Acad. Sci. USA 107,
19549-19554 (2010).

Vandewalle, G. et al. Wavelength-dependent modulation of brain responses to a working memory task by daytime light exposure.
Cereb. Cortex 17, 2788-2795 (2007).

Vandewalle, G. et al. Effects of light on cognitive brain responses depend on circadian phase and sleep homeostasis. J. Biol.
Rhythms 26, 249-259 (2011).

Heinzel, S. et al. Aging-related cortical reorganization of verbal fluency processing: A functional near-infrared spectroscopy
study. Neurobiol. Aging 34, 439-450 (2013).

Shao, Z. et al. What do verbal fluency tasks measure? Predictors of verbal fluency performance in older adults. Front. Psychol.
5,772 (2014).

Herrmann, M. ], Ehlis, A. C. & Fallgatter, A. J. Frontal activation during a verbal-fluency task as measured by near-infrared
spectroscopy. Brain Res. Bull 61, 51-56 (2003).

Poor Zamany Nejat Kermany, M. et al. Early childhood exposure to short periods of sevoflurane is not associated with later,
lasting cognitive deficits. Paediatr. Anaesth. 26, 1018-1025 (2016).

Baldo, J. V. et al. Role of frontal versus temporal cortex in verbal fluency as revealed by voxel-based lesion symptom mapping.
J. Int. Neuropsychol. Soc. 12, 896-900 (2006).

Scholkmann, E. et al. A review on continuous wave functional near-infrared spectroscopy and imaging instrumentation and
methodology. Neuroimage 85, 6-27 (2014).

Lange, F. & Tachtsidis, I. Clinical brain monitoring with time domain NIRS: A review and future perspectives. Appl. Sci. 9, 1612
(2019).

Pinti, P. et al. The present and future use of functional near-infrared spectroscopy (fNIRS) for cognitive neuroscience. Ann. N.
Y. Acad. Sci. 1464, 5 (2020).

Schecklmann, M. et al. Diminished prefrontal oxygenation with normal and above-average verbal fluency performance in adult
ADHD. J. Psychiatr. Res. 43, 98-106 (2009).

Tupak, S. V. et al. Differential prefrontal and frontotemporal oxygenation patterns during phonemic and semantic verbal fluency.
Neuropsychologia 50, 1565-1569 (2012).

Schecklmann, M. et al. Influence of muscle activity on brain oxygenation during verbal fluency assessed with functional near-
infrared spectroscopy. Neuroscience 171, 434-442 (2010).

Zohdi, H. et al. Long-term changes in optical properties (pa, y's, peff and DPF) of human head tissue during functional neuro-
imaging experiments. Adv. Exp. Med. Biol. 1072, 331-337 (2018).

Herold, F. et al. New directions in exercise prescription: Is there a role for brain-derived parameters obtained by functional
near-infrared spectroscopy ?. Brain Sci. 10, 342 (2020).

Matsuo, K. et al. Hypoactivation of the prefrontal cortex during verbal fluency test in PTSD: A near-infrared spectroscopy study.
Psychiatry Res. Neuroimaging 124, 1-10 (2003).

Wolf, M. et al. Different time evolution of oxyhemoglobin and deoxyhemoglobin concentration changes in the visual and motor
cortices during functional stimulation: A near-infrared spectroscopy study. Neuroimage 16, 704-712 (2002).

Scholkmann, F. et al. Effect of short-term colored-light exposure on cerebral hemodynamics and oxygenation, and systemic
physiological activity. Neurophotonics 4, 045005 (2017).

Nasseri, N. et al. Impact of changes in systemic physiology on fNIRS/NIRS signals: Analysis based on oblique subspace projec-
tions decomposition. Adv. Exp. Med. Biol. 1072, 119-125 (2018).

Scholkmann, F. et al. End-tidal CO,: An important parameter for a correct interpretation in functional brain studies using
speech tasks. Neuroimage 66, 71-79 (2013).

Metz, A.]. et al. Continuous coloured light altered human brain haemodynamics and oxygenation assessed by systemic physiol-
ogy augmented functional near-infrared spectroscopy. Sci. Rep. 7, 10027 (2017).

Caldwell, M. et al. Modelling confounding effects from extracerebral contamination and systemic factors on functional near-
infrared spectroscopy. Neuroimage 143, 91-105 (2016).

Tachtsidis, I. & Scholkmann, F. False positives and false negatives in functional near-infrared spectroscopy: Issues, challenges,
and the way forward. Neurophotonics 3, 031405 (2016).

Zohdi, H., Scholkmann, F. & Wolf, U. Frontal cerebral oxygenation asymmetry: Intersubject variability and dependence on
systemic physiology, season, and time of day. Neurophotonics 7, 025006 (2020).

Zohdi, H., Scholkmann, F. & Wolf, U. Individual differences in hemodynamic responses measured on the head due to a long-
term stimulation involving colored light exposure and a cognitive task: A SPA-fNIRS study. Brain Sci. 11, 54 (2021).
Scholkmann, F. & Wolf, U. The pulse-respiration quotient: A powerful but untapped parameter for modern studies about human
physiology and pathophysiology. Front. Physiol. 10, 1-18 (2019).

Scholkmann, F. et al. How to detect and reduce movement artifacts in near-infrared imaging using moving standard deviation
and spline interpolation. Physiol. Meas. 31, 649-662 (2010).

Benedek, M. & Kaernbach, C. Decomposition of skin conductance data by means of nonnegative deconvolution. Psychophysiol-
ogy 47, 647-658 (2010).

Benedek, M. & Kaernbach, C. A continuous measure of phasic electrodermal activity. J. Neurosci. Methods 190, 80-91 (2010).
Holper, L. et al. Brain correlates of verbal fluency in subthreshold psychosis assessed by functional near-infrared spectroscopy.
Schizophr. Res. 168, 23-29 (2015).

Scientific Reports |

(2021) 11:9654 |

https://doi.org/10.1038/s41598-021-88059-0 nature portfolio



www.nature.com/scientificreports/

51.

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Fallgatter, A. J. et al. Loss of functional hemispheric asymmetry in Alzheimer’s dementia assessed with near-infrared spectros-
copy. Cogn. Brain Res. 6, 67-72 (1997).

Luo, L., Luk, G. & Bialystok, E. Effect of language proficiency and executive control on verbal fluency performance in bilinguals.
Cognition 114, 29-41 (2010).

Roca, M. et al. The relationship between executive functions and fluid intelligence in Parkinson’s disease. Psychol. Med. 42,
2445-2452 (2012).

Herrmann, M. J. et al. Cerebral oxygenation changes in the prefrontal cortex: Effects of age and gender. Neurobiol. Aging 27,
888-894 (2006).

Papousek, I. & Schulter, G. Manipulation of frontal brain asymmetry by cognitive tasks. Brain Cogn. 54, 43-51 (2004).
Kameyama, M. et al. Sex and age dependencies of cerebral blood volume changes during cognitive activation: A multichannel
near-infrared spectroscopy study. Neuroimage 22, 1715-1721 (2004).

Halpern, D. E. Sex Differences in Cognitive Abilities (Psychology Press, 2000).

Collins, D. W. & Kimura, D. A large sex difference on a two-dimensional mental rotation task. Behav. Neurosci. 111, 845-849
(1997).

Weiss, E. M. et al. Brain activation pattern during a verbal fluency test in healthy male and female volunteers: A functional
magnetic resonance imaging study. Neurosci. Lett. 352, 191-194 (2003).

Shaywitz, B. A. et al. Sex differences in the functional organization of the brain for language. Nature 373, 607-609 (1995).
Vamvakopoulos, N. C. & Chrousos, G. P. Evidence of direct estrogenic regulation of human corticotropin-releasing hormone
gene expression: Potential implications for the sexual dimorphism of the stress response and immune/inflammatory reaction.
J. Clin. Investig. 92, 1896-1902 (1993).

Tsigos, C. & Chrousos, G. P. Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J. Psychosom. Res. 53,
865-871 (2002).

Shors, T. J. & Leuner, B. Estrogen-mediated effects on depression and memory formation in females. J. Affect. Disord. 74, 85-96
(2003).

Kimura, D. Sex, sexual orientation and sex hormones influence human cognitive function. Curr. Opin. Neurobiol. 6, 259-263
(1996).

Weinzirl, J. et al. Effects of changes in colored light on brain and calf muscle blood concentration and oxygenation. Sci. World
J. 11, 1216-1225 (2011).

Weinzirl, J., Wolf, M., Nelle, M. et al. Colored light and brain and muscle oxygenation. In Oxygen Transport to Tissue XXXIIT
3-36 (2012).

Metz, A. ], Klein, S. D., Scholkmann, E. et al. Physiological effects of continuous colored light exposure on mayer wave activity in
cerebral hemodynamics: a functional near-infrared spectroscopy (fNIRS) study. In Oxygen Transport to Tissue XXXIX, 277-283
(Springer, 2017).

Matsuo, K. et al. Prefrontal hemodynamic response to verbal-fluency task and hyperventilation in bipolar disorder measured
by multi-channel near-infrared spectroscopy. J. Affect. Disord. 82, 85-92 (2004).

Watanabe, A. et al. Cerebrovascular response to cognitive tasks and hyperventilation measured by multi-channel near-infrared
spectroscopy. J. Neuropsychiatry Clin. Neurosci. 15, 442-449 (2003).

Toichi, M. et al. Hemodynamic differences in the activation of the prefrontal cortex: Attention vs. higher cognitive processing.
Neuropsychologia 42, 698-706 (2004).

Quaresima, V. et al. Bilateral prefrontal cortex oxygenation responses to a verbal fluency task: A multichannel time-resolved
near-infrared topography study. J. Biomed. Opt. 10, 011012 (2005).

Bonetti, L. V. et al. Oxyhemoglobin changes in the prefrontal cortex in response to cognitive tasks: A systematic review. Int. J.
Neurosci. 129, 195-203 (2019).

Yang, J. et al. Cortical response to categorical color perception in infants investigated by near-infrared spectroscopy. Proc. Natl.
Acad. Sci. USA 113, 2370-2375 (2016).

Liu, X. & Hong, K. S. fNIRS based color detection from human visual cortex. In 2015 54th Annu Conf Soc Instrum Control Eng
Japan, SICE 2015, 1156-1161 (2015).

Liu, X. & Hong, K. S. Detection of primary RGB colors projected on a screen using fNIRS. J. Innov. Opt. Health Sci. 10, 1750006
(2017).

Cowan, R. L. et al. Sex differences in response to red and blue light in human primary visual cortex: A bold fMRI study. Psychiatry
Res. Neuroimaging 100, 129-138 (2000).

Lueck, C. J. et al. The colour centre in the cerebral cortex of man. Nature 340, 386-389 (1989).

Allison, T. et al. Electrophysiological studies of color processing in human visual cortex. Electroencephalogr. Clin. Neurophysiol.
Evoked Potentials 88, 343-355 (1993).

Cajochen, C. et al. High sensitivity of human melatonin, alertness, thermoregulation, and heart rate to short wavelength light.
J. Clin. Endocrinol. Metab. 90, 1311-1316 (2005).

Litscher, D., Wang, L. & Gaischek, I. et al. The influence of new colored light stimulation methods on heart rate variability, tem-
perature, and well-being: results of a pilot study in humans. Evidence-Based Complement Altern. Med. 2013 Article ID 674183
(2013).

Mukae, H. & Sato, M. The effect of color temperature of lighting sources on the autonomic nervous functions. Ann. Physiol.
Anthropol. 11, 533-538 (1992).

Abbas, N., Kumar, D. & Mclachlan, N. The psychological and physiological effects of light and colour on space users. In 2005
IEEE Engineering in Medicine and Biology 27th Annual Conference, 1228-1231 (2005).

Jacobs, K. W. & Hustmyer, E. E. Jr. Effects of four psychological primary colors on GSR, heart rate and respiration rate. Percept.
Mot. Skills 38, 763-766 (1974).

Edelhéuser, F, Hak, F, Kleinrath, U. et al. Impact of colored light on cardiorespiratory coordination. Evid.-Based Complement
Altern. Med. 2013 (2013).

Scholkmann, E, Zohdi, H. & Wolf, U. The resting-state pulse-respiration quotient of humans: Lognormally distributed and
centred around a value of four. Physiol. Res. 68, 1027-1032 (2019).

Kobayashi, H. & Sato, M. Physiological responses to llluminance and color temperature of lighting. Ann. Physiol. Anthropol. 11,
45-49 (1992).

Xia, Y., Shimomura, Y. & Katsuura, T. Comparison of the effects of wavelength and intensity of monochromatic light on cardio-
vascular responses during task and in recovery periods. J. Hum. Environ. Syst. 14, 41-48 (2012).

Bhoja, R. et al. Psychophysiological stress indicators of heart rate variability and electrodermal activity with application in
healthcare simulation research. Simul. Healthc. 15, 39-45 (2020).

Posada-Quintero, H. F. & Bolkhovsky, J. B. Machine learning models for the identification of cognitive tasks using autonomic
reactions from heart rate variability and electrodermal activity. Behav. Sci. 9, 45 (2019).

Visnovcova, Z. et al. The complexity of electrodermal activity is altered in mental cognitive stressors. Comput. Biol. Med. 79,
123-129 (2016).

Wickramasuriya, D. S., Qi, C. & Faghih, R. T. A state-space approach for detecting stress from electrodermal activity. In Proc
Annu Int Conf IEEE Eng Med Biol Soc EMBS, 3562-3567 (2018).

Scientific Reports |

(2021) 11:9654 |

https://doi.org/10.1038/s41598-021-88059-0 nature portfolio



www.nature.com/scientificreports/

92. Ross, M. ], Guthrie, P. & Dumont, J. C. The impact of modulated, colored light on the autonomic nervous system. Adv. Mind
Body Med. 27, 7-16 (2013).
93. Kloter, E. et al. Heart rate variability as a prognostic factor for cancer survival—A systematic review. Front. Physiol. 9, 623 (2018).
94. Shaffer, F. & Ginsberg, J. P. An overview of heart rate variability metrics and norms. Front. Public Health 5, 258 (2017).
95. Billman, G. E. The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance. Front. Physiol. 4, 26 (2013).
96. von Rosenberg, W. et al. Resolving ambiguities in the LF/HF ratio: LF-HF scatter plots for the categorization of mental and
physical stress from HRV. Front. Physiol. 8, 360 (2017).

97. Malik, M. et al. Heart rate variability: Standards of measurement, physiological interpretation, and clinical use. Eur. Heart J. 17,
354-381 (1996).

98. Posada-Quintero, H. F. & Chon, K. H. Innovations in electrodermal activity data collection and signal processing: A systematic
review. Sensors 20, 479 (2020).

99. Elliot, A. . et al. A subtle threat cue, heart rate variability, and cognitive performance. Psychophysiology 48, 1340-1345 (2011).
100. Schifer, A. & Kratky, K. W. The effect of colored illumination on heart rate variability. Complement Med. Res. 13, 167-173 (2006).
101. Mobharreri, S., Rezaei, S., Dabanloo, N. J. et al. Study of induced emotion by color stimuli: Power spectrum analysis of heart rate

variability. In Computing in Cardiology Conference (CinC), 2014, 977-980 (IEEE, 2014).
102. Laufer, L. et al. Psychophysiological effects of coloured lighting on older adults. Light Res. Technol. 41, 371-378 (2009).
103. Mehta, R. & Zhu, R. J. Blue or red? Exploring the effect of color on cognitive task performances. Science 323, 1226-1229 (2009).

Acknowledgements

We would like to thank our students for their work and our subjects for participating in this study. The financial
support of the Software AG Foundation (Grant No P12117) and the Christophorus Foundation (Grant Nos
253CST, 355CST) is gratefully acknowledged.

Author contributions

UW.,, H.Z, and ES. designed the study. R.E. performed the experiments. H.Z. and D.G. performed data preproc-
essing and data visualization. H.Z., ES., D.G. and U.W. contributed to data analysis and interpretation. H.Z. and
R.E. wrote the first draft of the manuscript. E.S. and UW. reviewed and edited the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to U.-W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:9654 | https://doi.org/10.1038/s41598-021-88059-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Color-dependent changes in humans during a verbal fluency task under colored light exposure assessed by SPA-fNIRS
	Subjects and methods
	Subjects. 
	Experimental protocol. 
	Measurement setup. 
	Signal processing and statistical analysis. 
	Cerebral oxygenation and hemodynamics. 
	Systemic physiological parameters. 
	Statistical analysis. 


	Results
	Task performance. 
	Sex effects. 
	Changes during the colored light exposure and verbal fluency tasks. 
	Cerebral tissue hemodynamics and oxygenation. 
	Systemic physiological activity. 


	Discussion
	No significant difference in cognitive performance between blue and red. 
	Females were better VFT performers than males. 
	Cerebral hemodynamics and oxygenation. 
	Color-independent prefrontal cortex responses. 
	Color-dependent visual cortex responses. 
	Systemic physiology responses. 
	Limitations. 

	Conclusions and outlook
	References
	Acknowledgements


