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Featured Application: The results obtained demonstrate the potential of utilizing the method of appropriate
stimulation of the circadian system to enhance the adaptation of students with high anxiety to academic
stress conditions.

Abstract: The circadian and stress-realizing systems are interconnected, and the balance of their interaction
determines the state of human health. The objective of this study was to investigate the modulating effect of
activating the circadian system on heart rate variability in female medical students with high anxiety while
performing a cognitive task. After 20 minutes of adequate stimulation of circadian photoreceptors with a
monochromatic blue light, the cognitive task performance resulted in a decrease in sympathetic impact. During
the session of using Blue Sky Pro glasses, a trend of increasing heart rate variability was observed in a state of
relative rest (especially in the first 5 minutes). A comparative analysis of the parameters of the letter cancellation
test before and after light exposure revealed a statistically significant increase in the indexes reflecting mental
productivity, work accuracy, and concentration of attention. The results suggest an essential physiological role
of the human circadian system in modulating the autonomic and psycho-emotional conditions, as well as
cognitive functions of individuals with high anxiety. Our findings indicate the possibility of quickly correcting
the balance in human systemic regulatory mechanisms using the activation of retinal circadian photoreceptors
by blue light.

Keywords: anxiety; circadian system; heart rate variability; melanopsin-containing retinal ganglion
cells; stress

1. Introduction

The evolution of the circadian and stress-realizing systems has contributed to the adaptation of
the human body to repeated and spontaneous changes in the environment and to maintaining
functional stability. These adaptive systems are interconnected, and the balance of their interaction
determines the state of human health. It is known that stress can have a significant impact on the
circadian system and can potentially lead to reversible or persistent disturbances in circadian
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rhythms [1]. Impaired clock gene expression, in turn, causes changes in the functioning of the
hypothalamic-pituitary-adrenal axis. For example, a deficiency of BMAL1 and CLOCK proteins in
mice with mutations in corresponding circadian genes (Bmall and Clock) results in a significant
decrease in the overall level and disruption of the rhythmicity of glucocorticoid secretion [2]. In
contrast, null mutations in Cryptochrome or Period genes in mice lead to an increase in glucocorticoid
secretion against the background of changes in its rhythm [3, 4]. A study in healthy volunteers (N=14,
age 20-41) showed that acute total sleep deprivation (for 40 hours) significantly increased cortisol
levels (p<0.0001), while chronic circadian shift (during 25 days) significantly reduced the level of this
hormone (p<0.05). Thus, acute and chronic desynchronosis have opposite effects on the level of stress
hormones [5]. Karatsoreos and colleagues built an experimental mouse model of chronic
desynchronosis in which mice were placed in a 20-hour light cycle (10 hours of light, 10 hours of
dark) for 5 weeks. As a result of this circadian disruption, in addition to a number of metabolic
changes in animals, changes in the cellular morphology of the prefrontal cortex were found, similar
to those observed in chronic stress. Wrinkled and less branched dendrites were fixed on the apical
cell membranes in layers II/III of the medial prefrontal cortex in the mouse brain without visible
changes in basal dendrites [6].

The response of an organism to a circadian shift depends on various factors, such as the timing
of experiments, characteristics of the light flux, and the initial functional state of the subject. However,
the mechanisms behind the corresponding effects are not yet fully understood [7]. There is a lack of
scientific publications dedicated to investigating the impact of blue light stimulation of the retinal
circadian photoreceptors on the systemic mechanisms of human cardiac activity regulation,
particularly considering individual stress resistance under conditions of cognitive load [8-10].

The objective of this study is to investigate the modulatory impact of circadian system activation
on heart rate variability (HRV) in female medical students exhibiting high levels of anxiety during
cognitive tasks.

2. Materials and Methods

The study was carried out among 18 to 20-year-old second-year students at Samara State
Medical University. The Spielberger-Hanin test and the stress resistance test were employed for
subject selection. The inclusion criteria consisted of high personal (59.7 + 1.8) and reactive (62.4 +2.1)
anxiety levels, determined by the Spielberger-Hanin test, as well as high basic (123.5 + 4.4) and
dynamic (113.5 + 4.8) stress sensitivity. From a pool of 465 volunteers, 17 female students who met
the inclusion criteria were selected for the study to avoid gender differences' impact on the autonomic
nervous system responses to cognitive load and form a homogeneous group. Melanopsin-containing
retinal ganglion cells were stimulated using Blue Sky Pro glasses, which emit blue light (A =480 + 5
nm) [11, 12]. We assessed the stress response intensity by measuring the dynamics of 18 HRV
variables, which reflect the regulatory effects of the sympathetic or parasympathetic division of the
autonomic nervous system (ANS) on heart rate generation (Table 1), both before, during, and after
light exposure, both in a resting state and during cognitive task performance.

Table 1. Examined parameters of HRV.

Parameter Definition
SDNN, ms Standard deviation of the NN-interval duration for the sample
RMSSD, ms The square root of the sum of the squared differences in the

durations of consecutive NN-intervals pairs

PNN50, % Percentage of the adjacent NN-intervals pairs that differ in
duration by more than 50 ms

HRVind, c.u. Triangular index of heart rate variability

Heart rate, beats/min Heart rate

Mode, ms NN-interval duration mode
AMo, % Amplitude of the NN-interval duration mode
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DX, ms Variation range of NN-interval duration
VLF, thousand ms 2 The power of very low-frequency (0.003-0.04 Hz) fluctuations in
the duration of NN-interval
LF, thousand ms2 The power of low-frequency (0.04-0.15 Hz) fluctuations in the
duration of NN-interval
HF, ms 2 The power of high-frequency (0.15-0.40 Hz) fluctuations in the
duration NN-interval
Total, thousand ms 2 The power of fluctuations in the duration of NN-interval in all
ranges (0.003 - 0.40 Hz)

LF norm, % The normalized value of the power of low-frequency (0.04-0.15
Hz) fluctuations in the NN-interval duration
HF norm, % The normalized value of the power of high-frequency (0.15-0.40
Hz) fluctuations in the NN-interval duration
LF/HF The ratio of low-frequency (0.04-0.15 Hz) and high-frequency
(0.15-0.40 Hz) fluctuations in the NN-interval duration
SIM, c.u. Intensity index of influences of the sympathetic division of the
autonomic nervous system
PAR, c.u. Intensity index of influences of the parasympathetic division of

the autonomic nervous system

IB, c.u. Stress index of regulatory systems according to R.M. Baevsky

The participants in the experiment performed the Bourdon test, also known as the letter
cancellation test, online using a desktop computer. The test was administered twice, for a duration
of 5 minutes each time, before and after the blue light exposure. This test is used to assess the level of
attention, fatigue, performance, and resistance to monotonous activities that require a high level of
sustained attention. The test involves tables consisting of 40 rows of letters with 40 letters in each
row. The subject is required to sequentially search for and cross out the letters that appear first in
each row, starting from the top row and proceeding from left to right, within the allotted time of 5
minutes. The limited time for performing the cognitive task contributes to stress induction. When
analyzing the results of the letter cancellation test, 10 parameters were studied (Table 2).

Table 2. Examined parameters of the letter cancellation test.

Parameter Definition Formula
A, symbols /sec Attention speed Number of letters viewed / operating time
T1, cu. Work accuracy (option 1) Total crossed out / should have been crossed out
T2, cu. Work accuracy (option 2) Correctly crossed out / ;}llfuld have been crossed
T3, cu. Work accuracy (option 3) Correctly crossed out / (crossed out + skipped)
Number of lett iewed * 2nd option f k
E, signs Coefficient of mental productivity Hber of feters viewe it Option for wot
accuracy
A i * 1 - ski
Au, symbols /sec Coefficient of mental performance ttention speed * ((correctly crossed out - skipped)
/ should have been crossed out)
K, % Concentration of attention Correctly crossed out / ;}llfuld have been crossed
Ku, cu. Stability of concentration Lines viewed * (lines viewed / (letters omitted and

erroneously crossed out + 1))
V , symbols The volume of visual information 0.5936 * number of letters viewed
The speed of processing visual ~ (Volume of visual information - 2.807 * (skipped +
information erroneously crossed out)) / operating time

Q, symbols /sec
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The experiments were conducted during the daylight hours (12:00-16:00). Prior to the study, the
subjects were instructed to rest for 10-15 minutes. During the heart rate variability (HRV) registration,
the subjects remained in a seated position with their eyes open. HRV was measured using
photoplethysmography from the ring finger on the left hand, utilizing the ELOKS-01 pulse oximeter.
HRV was recorded for 5 minutes during the resting state (baseline condition, Fon), for the initial 5
minutes of the Blue Sky Pro session (Bluel), and from the 15th to the 20th minute of the Blue Sky Pro
session (Blue2). HRV registration was also performed during the letter cancellation test before (Cor)
and after a 20-minute Blue Sky Pro session (BlueCor) (Table 3).

Table 3. Experimental protocol.

The lett The lett
Baseline ¢ E.! e Blue Sky Pro session ¢ e.e er
. cancellation test cancellation test
condition
20 min
5 min 5 min 5 min 5 min 5 min
HRV HRV HRV HRV HRV
Fon Cor Bluel Blue2 BlueCor

All the volunteers gave written informed consent to the experiment. The study was approved
by the local Ethics Committee of Samara State Medical University, and was conducted in accordance
with the principles of the Declaration of Helsinki. Participants were instructed to sleep for at least 7
hours on the eve of the experiment, and it was also prohibited to consume caffeinated beverages,
alcohol and drugs the day before the study.

Statistical data processing was performed using Statistica 12 program. The hypothesis of normal
distribution was tested using Shapiro-Wilk, Kolmogorov-Smirnov, and Lilliefors tests. Parameter
values with normal distribution were described by the arithmetic mean and the error of the mean.
Parameter values with non-normal distri-bution were described by the median and quartiles. The
Wilcoxon test was used to assess intragroup differences. Graphically, the data is presented in the
form of "boxplot" charts, on which the upper and lower boundaries of the filled rectangle correspond
to the quartiles, the horizontal line in the rectangle corresponds to the median, the "x" sign
corresponds to the arithmetic mean, and round letters correspond to individual values.

3. Results

3.1. Analysis of HRV Parameters

HRYV analysis was conducted both during the cognitive task and in a state of relative rest. Results
showed that during the letter cancellation test before light exposure, there was an increase in HR,
AMo, SIM, and IB, and a decrease in SDNN, RMSSD, HRVind, DX, PAR, and Mode compared to
baseline conditions (p<0.05) (Table 4). However, after the Blue Sky Pro session and during the letter
cancellation test, the values of the above parameters (HR, AMo, SDNN, RMSSD, HRVind, DX, PAR,
and Mode), except for SIM and IB, did not differ from the baseline values (p>0.08).

Table 4. HRV study results.

Condition! Comparison? (po)

Parameter Fonvs Fonvs Corvs

Cor BluCor BluCor
SDNN, ms 61,6 +2,9 55,1 +3,7 61,7 +4,6 62,4 3,4 56,9 3,3 0,049 0,136 0,379

RMSSD, ms 50 38 48 45 42 0,044 0,177 0,044

Fon Cor Bluel Blue2 BlueCor
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(38; 60) (29; 54) (36; 63) (38; 67) (36; 69)
86 49 92 81 57
NN50, ms 58127)  (9117)  (44124) (46,145 (45,155 | >080 0276 0055
HRVind, c.u. 11,9+0,6 102407  11,1+07 12107  105+0,6 | 0,023 0079 0,351
730 680 750 740 710
0,002 0394 0,002
Moda, ms (680;810)  (620;740)  (730;830)  (690;800)  (690; 800) 0,394 0,00
AMo, % 7,8 0,4 9,5+0,6 8,8 +0,7 7,7 40,5 9,004 | 0,016 0081 0,09
350 330 360 310 330
DX 0,047 0281 0,551
/S (330;390)  (260;390)  (310;390)  (300;370)  (310;380) 0281 0,55
Heartrate,bpm | 79724  842+27 782423  782+23  797+24 | 0002 0778 0,001
2,0 15 2,9 2,7 16
2 4 7 4 4 7 , 2 ,
VLE thousandms2l 1031 ,0:28)  (1534) (U652 (123 | 0P 06 0868
LF 3,9 2,1 2,6 4,6 23
7 7 4 4 4 4 0/025 3 , 4
thousand ms2 (2,4;4,3) (1,7; 3,4) (1,6; 3,9) 2,1;6,1) (2,2;2,9) 0,035 0,55
HF 32 14 2,9 2,1 16
7 7% , % 7 , 0,006 ) 44 ,
thousand ms2 (1,4; 4,8) (0,8;2,7) (0,9; 3,6) (1,5; 3,5) (0,9;2,5) 0,0 0,332
Total, 9,5+1,1 6,5+0,7 9,5+1,5 10,0 +1,2 69+0,8 | 0,007 0019 0554
thousand ms2
LF norm, % 551438 57,7435  581+37 608435  579+45 | 0523 0831 0,868
HF norm, % 449438 423435 41,937 392435  421+45 | 0523 0,831 0,868
1,02 1,30 1,18 1,53 1,53
LF/HF ' ' ' ’ ' 7 7 94
M 081204  (09%1,9) (0,86,211) (108257 (0,68303) | ¥7°° 0758 0943
SIM, c.u. 2,340,3 3,6 +0,4 2,9+0,5 2,4+0,3 30+03 | 0,006 0,006 0,049
PAR, c.u. 146408 120409  137+09 14509 131408 | 0031 0093 0,332
IB, c.u. 71+7 110 +13 81+10 73 +8 86 =9 0,006 0,049 0,028

1 - With a normal distribution, the mean and standart error of the mean were calculated, with a distribution
other than normal, the median and quartiles were calculated; 2 - po calculated by Wilcoxon Matched Pairs Test.

When comparing HRV during the letter cancellation test before and after the Blue Sky Pro
session, the following trends were observed (Figure 1): after the Blue Sky Pro session, HR values
decreased by 4.5 + 1.1 beats/min (p=0.001), SIM decreased by 0.6 + 0.3 c.u. (p=0.049), IB decreased by
24 + 8 c.u. (p=0.028), and the values of Mode and RMSSD increased by 43 + 11 ms (p=0.002) and 5.3 +
2.5 ms (p=0.044), respectively.

100 1,00 80 200
95 0,95 - 180
90 0,90 160

60 140
85 0,85 5
80 0,80 152
75 0,75 40

4G 80
70 0,70 . &
65 0,65 40
60 0,60 10 20
55 0,55 0 0

(a)

(b)
B Fon @ Cor B BlueCor — p,(Wilcoxon Matched Pairs Test) < 0,05

(c)

(d)

(e)
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Figure 1. HRV parameters during the cognitive task before (Cor) and after the Blue Sky session
(BlueCor): (a) HR, bpm - heart rate; (b) Moda, ms - NN-interval duration mode; (c) SIM, c.u. - intensity
index of influences of the sympathetic division of the autonomic nervous system; (d) RMSSD, ms -
the square root of the sum of the squared differences in the durations of consecutive NN-intervals
pairs; (e) IB, c.u. - stress index of regulatory systems according to R.M. Baevsky.

The HRYV spectral analysis results during the letter cancellation test, both before and after light
exposure, showed a decrease in LF, HF, and Total compared to the baseline condition (p<0.05).
However, a comparative analysis of HRV spectrogram parameters during cognitive tasks before and
after the Blue Sky Pro session did not reveal any statistically significant differences (p>0.3). In the
resting state during the Blue Sky Pro session, the intragroup HRV analysis showed the following
trends: during the first 5 minutes of light exposure (Bluel), HR and HF values decreased by 1.5 + 0.7
beats/min and 753 + 218 ms2, respectively, compared to the baseline, while Mode increased by 20 +9
(p<0.05) (Figure 2).

100 1,00
95 0,95
90 0,90
85 0,85
80 0,80
75 0,75
70 0,70
65 0,65
60 0,60
55 0,55

(@) (b) (c)
E Fon @ Cor @ Blue1 OBlue2 B BlueCor — pg (Wilcoxon Matched Pairs Test) < 0,05

Figure 2. HRV parameters reflecting statistically significant differences between the study stages: (a)
HR, bpm - heart rate; (b) Moda, ms - NN-interval duration mode; (c) HF, thousand ms? - the power
of high-frequency (0.15-0.40 Hz) oscillations in the NN-interval duration.

The aforementioned patterns depict a decline in the intensity of sympathetic nervous system
influences at the start of the Blue Sky Pro session. Examining HRV during the last five minutes of the
20-minute light exposure (Blue2) did not exhibit any statistically significant changes in HRV in
comparison to the baseline (p>0.09).

3.2. Analysis of the Cognitive Task Results

A comparative analysis of the parameters of the letter cancellation test was conducted before
and after the Blue Sky Pro session. The results showed a statistically significant increase in the
following indices: speed of attention (A) by 0.39 + 0.11 symbols/sec, work accuracy (T1 and T2) by
0.07 + 0.02 c.u., coefficient of mental productivity (E) by 149 + 42 symbols, coefficient of mental
performance (Au) by 0.70 + 0.20 symbols/sec, concentration of attention (K) by 6.9 + 2.2%, volume of
visual information (V) by 45.8 + 15.2 symbols, and speed of processing visual information (Q) by 0.26
+ 0.05 symbols/sec (p<0.05) (see Table 5 and Figure 3). These changes indicate the positive effect of
circadian system activation on work performance effectiveness that requires attention.
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Table 5. The results of the letter cancellation test.
Condition! Comparison (Wilcoxon Matched Pairs Test)
Parameter

Cor BlueCor \ Y4 po
A, symbols/sec 4,7 0,3 5,1+0,3 18 2,769 0,006
T1, c.u. 0,84 (0,69; 0,94) 0,92 (0,83; 0,93) 24 2,485 0,013
T2, c.u. 0,84 (0,69; 0,92) 0,91 (0,82; 0,93) 23 2,533 0,011
T3, c.u. 0,94 (0,91; 0,96) 0,95 (0,91; 0,97) 58 0,876 0,381
E, symbols 1216 (853; 1439) 1430 (1314; 1446) 21 2,627 0,009
Au, symbols/sec 3,5+0,4 42 +0,3 5 3,385 0,001
K, % 84 (69; 92) 91 (82; 93) 20 2,675 0,007
Ku, c.u. 160 (97; 200) 169 (123; 320) 42 1,633 0,102
V, symbols 890 (773; 943) 925 (865; 946) 22 2,379 0,017
Q, symbols/sec 2,7 0,2 3,0+0,1 9 3,195 0,001

1 - With a normal distribution, the mean and standart error of the mean were calculated, with a distribution

other than normal, the median and quartiles were calculated.

7 1,4 6 0,6 0.9 4,0
5
6 12 ) & 0,8 35
1,0 0,4
5 0,7 3,0
0,8 3 0,3
4 0.6 2 0.2 0,6 2,5
3 0.4 1 0.1 0,5 2,0
2 0,2 0 40 0,0 0,4 1,5
(a) (b) (c) (d) (e) (f) (9)
B Cor B BlueCor — po (Wilcoxon Matched Pairs Test) < 0,05

Figure 3. The letter cancellation test parameters before (Cor) and after the Blue Sky session (BlueCor):
(a) A, symbols/sec - Attention speed; (b) T1, c.u. - option 1 work accuracy; (c) E, thousand symbols -
the coefficient of mental productivity; (d) Au, symbols/sec - the coefficient of mental performance; (e)
K, % - concentration of attention; (f) Ku, c.u - stability of concentration; (g) V, symbols - the volume
of visual information; (h) Q, symbols/sec - the speed of processing visual information.

The results obtained indicate an essential physiological function of the human circadian system
in modulating the autonomic and psycho-emotional states, as well as cognitive functions of

individuals with high anxiety.

4. Discussion

Education in a higher medical school leads to the development of psychological stress due to the
significant amount of educational material and the need to master complex medical skills [13].
Chronic exposure to stressors during the semester is further compounded by exam stress associated

with psychological stress during an exam, as well as throughout an exam session, which is referred

to as academic stress [14]. Saliva samples from students experiencing academic stress show elevated
levels of cortisol, dihydroepiandrostenedione, testosterone, and immunoglobulin A, indicating
physiological reactions to stress [15]. Along with these physiological reactions, anxiety and

depression are typical manifestations of psychological stress in students [16].
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This study aimed to investigate the modulating effect of circadian system activation on heart
rate variability (HRV) in students with high anxiety while performing a cognitive task. The subjects
were required to perform a letter cancellation test for a limited time, which induced stress and caused
sympathetic influence to prevail over the heart work, resulting in decreased HRV, as evidenced by
increased heart rate, AMo, and IB, and decreased SDNN, RMSSD, HRVind, DX, PAR, and Mode, as
well as the Total of the spectrogram. After adequate stimulation of the circadian photoreceptors for
20 minutes, the cognitive task performance caused a decrease in sympathetic impact: HR and IB
decreased, while Mode and RMSSD increased. A similar trend of increasing HRV was also observed
during a relative rest state during the Blue Sky Pro session, especially in the first 5 minutes.

Numerous studies have shown that HRV is an indicator of the degree of tension in regulatory
systems in response to any stress impact that activates the hypothalamic-pituitary-adrenal and
sympathoadrenal systems. Analysis of HRV provides information about changes in autonomic tone
due to the influence of physiological and psychological factors, making HRV measurements useful
in monitoring sleep, stress, sleepiness, and physical training parameters [17].

Prior to light exposure, the cognitive task activated the central circuit in subjects with high
anxiety, resulting in a shift towards sympathetic dominance of the sympathetic-vagal balance
(increase in IB). This was reflected in the stabilization of heart rate, a decrease in the variability of
cardiac intervals, and an increase in the number of intervals with the same duration (increase in AMo)
[18]. The decrease in HRV observed in this study (a sharp decrease in SDNN and total power of
oscillations, and a decrease in NN interval duration) reflects the disruption of regulatory and
homeostatic functions of the autonomic nervous system in response to stress, reducing the organism's
ability to cope with internal and external stressors [19]. Dimitriev et al. also reported that cognitive
stress leads to increased predictability, regularity of RR intervals, and decreased HRV [20]. Under
stress, more stable and periodic heart rate fluctuations and inhibition of parasympathetic activation
increase human vulnerability to stress [19]. The baseline functional state of subjects with high anxiety,
characterized by the predominance of low-frequency fluctuations in the HRV spectrogram, may have
been a prerequisite for such an HRV response. This is supported by literature indicating that high
HRV is associated with a tendency to constructively perceive signals, a willingness to approach new
objects, and faster disappearance of fear [21; 22]. Anxiety is a negative emotional reaction that causes
autonomic reactivity to a stressful situation with disproportionately higher intensity than the
objective danger. The neuronal organization of anxiety involves the amygdala-prefrontal circuit [23].
Neuroimaging studies have shown that anxiety disrupts the recruitment of prefrontal control
mechanisms when interpreting emotionally ambiguous stimuli, resulting in amygdala
hyperreactivity [23]. Thayer ].F. argued in his meta-analysis the possibility of using HRV as a marker
of functional integration between vmPFC and the brainstem, as well as flexible control of vmPFC
over the ANS [22].

Research based on a multiscale entropy approach to studying functional systems has shown that
entropy is a relevant marker of stress-induced changes in heart-brain interactions, even under
conditions of mild stress. A degradation of cardiac entropy reflects the neurovisceral integrated
response to anxiety during a cognitive task [24]. Neuroimaging studies on anxiety and stress have
shown a decrease in activity in the prefrontal and anterior cingulate cortex along with an increase in
amygdala activity. This leveling of top-down control and connections between these structures leads
to less adaptive and flexible autonomic control of the heart and, accordingly, a loss of cardiac entropy
in humans with high anxiety during cognitive tasks. However, cardiac entropy can also be a marker
of increased complexity and adequate self-regulation during a cognitive task. A decrease in the
entropy of the heart output signals may reflect an overflow of neural information, which may be
associated with amygdala-induced impairment of cortical-subcortical processing in anxious
individuals [24]. This trend is supported by studies of psychopathological conditions, such as anxiety,
depression, post-traumatic stress disorder, and schizophrenia, which are associated with prefrontal
hypoactivity and a lack of inhibitory neural processes. This is reflected in a deficit of working memory
and executive function, poor adaptation to new neutral stimuli, and failure to recognize security
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signals, a bias against threat information, inefficient processing and regulation of affective
information [25].

In the present study, we found that 20 minutes of activation of the circadian system caused a
decrease in sympathetic impact during the cognitive task. Heart rate and IB decreased, while Mode
and RMSSD, an activity indicator of the parasympathetic link of autonomic regulation, which reflects
a performance of the autonomic regulation circuit and is characterized by high-frequency
fluctuations, increased. A similar trend of increasing HRV was also observed in a state of relative rest
during the Blue Sky Pro session, especially in the first 5 minutes. The phenomenon of HRV increase
during activation of the circadian system, which we discovered, is also confirmed by other studies.
Daniela Litscher et al. stimulated the retina of healthy volunteers with a light flux of 456 nm for 10
minutes in the morning (9:00 — 11:00). In the second half of the blue light stimulation session, as well
as in the subsequent 5 minutes, a significant decrease in heart rate was observed (p<0.05). The total
spectrum power of HRV also decreased (p = 0.029) during the light exposure [26].

In individuals with high stress sensitivity, the observed decrease in sympathetic activity of the
autonomic nervous system (ANS) during stimulation of circadian retinal photoreceptors can be
explained by the numerous projection connections between the circadian and stress-realizing
systems. The human stress-realizing system consists of central and peripheral components. The
central components are mainly located in the hypothalamus and the brain stem and include neurons
of the hypothalamic paraventricular nuclei, the paragigantocellular and parabrachial nuclei of the
medulla and the locus coeruleus, the arcuate nucleus, noradrenergic groups of cells in the brain stem
and pons, and the central nuclei of the ANS. These loci interact with each other, influencing their own
activity, and also affect other brain subsystems, such as the mesocortical/mesolimbic dopaminergic
system, and the central nuclei of the amygdala [1]. Under chronic stress, the brainstem and the limbic
system receive corresponding signals from sensory systems and transmit these signals to the
paraventricular nucleus of the hypothalamus, where the secretion of corticotropin-releasing hormone
and arginine vasopressin is stimulated [27].

The peripheral components of the stress system include the hypothalamic-pituitary-adrenal axis
and the ANS, which largely complement each other. The regulation of the hypothalamic-pituitary-
adrenal axis partly depends on the ANS, especially on the vagus nerve influences [1]. Controlling the
links of the hypothalamus-pituitary-adrenal axis by the circadian clock is realized at several levels.
Neurons of the suprachiasmatic nuclei (SCN) form projections to the hypothalamic structures,
modulating the rhythmic activity of the underlying neural networks [28]. There are direct and
indirect neuronal projections (through the subparaventricular zone and the dorsomedial nucleus of
the hypothalamus) of the SCN on the corticoliberin- and vasopressin-secreting neurons of the medial
parvocellular paraventricular nucleus of the hypothalamus [1, 28]. These projections modulate the
circadian rhythm of corticoliberin and vasopressin secretion and, accordingly, the rhythmic secretion
of adrenocorticotropic hormone (ACTH) by the pituitary gland [29]. SCN neurons also transmit
information via multisynaptic autonomic innervation (preganglionic neurons of the lateral horns in
the spinal cord and splanchnic nerves) to the adrenal medulla, and then via catecholamines to the
adrenal cortex, thus modulating time-of-day-dependent sensitivity of the zona fasciculata to ACTH
[27] and regulating the circadian rhythm of glucocorticoid release under exposure to light
independently of the hypothalamic-pituitary-adrenal axis through direct interaction with the
peripheral circadian clock in the adrenal glands (i.e. regulation of PER1 and StAR gene expression)
[1].

The circadian clock controls several links of the hypothalamic-pituitary-adrenal axis, leading to
increased reactivity during the active phase of circadian rhythms. Cortisol and corticosterone exhibit
stable circadian fluctuations with peak concentration in the blood shortly before the onset of the
circadian active phase, typically in the early morning for humans [30]. Additionally, the
hypothalamic-pituitary-adrenal axis modulates mood regulation, with rhythms generated in the SCN
potentially changing glucocorticoid levels in response to stress [31]. Circadian fluctuations also
influence human cardiovascular parameters, such as heart rate, blood pressure, baroreflex, heart rate
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variability, and plasma adrenaline and noradrenaline levels, demonstrating a peak in sympathetic
activity and the lowest parasympathetic activity in the morning hours [32].

Our study found that 20-minute light stimulation of melanopsin-containing ganglion cells
increased HRV and parasympathetic autonomic regulation in students with high anxiety performing
a cognitive task. This increase reflects an expansion of adaptive potential and improved efficiency of
the task due to heightened attention and visual processing speed. Our results are supported by fMRI
studies showing that short-term (18 minutes) exposure to blue light with a 470 nm wavelength during
an auditory working memory task increases brain activity in areas associated with working memory
and attention, including the frontal and parietal lobes of the cerebral cortex and the thalamus,
compared to greater wavelength light (550 nm) [33]. Blue light has also shown efficacy in treating
insomnia and hypersomnia disorders such as narcolepsy and idiopathic hypersomnia [34].

Our study has limitations, including a lack of comparison and control groups. Including these
groups in future studies would help mitigate the effect of the learning process during repeated
cognitive tasks on stress levels.

5. Conclusions

Our findings suggest that it is possible to rapidly adjust the autonomic and psycho-emotional
state of an individual by appropriately activating circadian photoreceptors. This opens up
opportunities for developing a methodology to optimize the functional state of students and improve
the effectiveness of the educational process.

Author Contributions: Conceptualization, V.P., M.S. and A.K.; methodology,
M.S., O.B. and N.R; software, A.V.; validation, V.P. and A K.; formal analysis,
A.V.and N.S; investigation, M.S. and O.B.; resources, M.S., N.R. and O.B.; data
curation, A.V.; writing—original draft preparation, M.S.,, A.V.Z. and N.R.
writing —review and editing, N.R., M.S. and V.P.; visualization, A.V. and N.R;;
supervision, A.K. and N.S.; project administration, M.S., A.V.Z. and V.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in
accordance with the Declaration of Helsinki, and approved by the Ethics
Committee of Samara State Medical University (protocol Ne 163, 16.09.2015).”.

Informed Consent Statement: Informed consent was obtained from all subjects
involved in the study.

Data Availability Statement: data may be provided upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Agorastos, A.; Nicolaides, N.C.; Bozikas, V.P.; Chrousos, G.P.; Pervanidou, P. Multilevel Interactions of
Stress and Circadian System: Implications for Traumatic Stress. Fromt. Psychiatry 2020, 10, 1003,
doi:10.3389/fpsyt.2019.01003.

2. Leliavski, A.; Shostak, A.; Husse, ].; Oster, H. Impaired Glucocorticoid Production and Response to Stress
in Arntl-Deficient Male Mice. Endocrinology 2014, 155, 133-142, doi:10.1210/en.2013-1531.

3. 3Destici, E.; Jacobs, E.H.; Tamanini, F.; Loos, M.; van der Horst, G.T.].; Oklejewicz, M. Altered Phase-
Relationship between Peripheral Oscillators and Environmental Time in Cryl or Cry2 Deficient Mouse
Models for Early and Late Chronotypes. PLoS ONE 2013, 8, e83602, d0i:10.1371/journal.pone.0083602.

4. Dallmann, R;; Touma, C.; Palme, R.; Albrecht, U.; Steinlechner, S. Impaired Daily Glucocorticoid Rhythm
in Per1 Brd Mice. ] Comp Physiol A 2006, 192, 769-775, d0i:10.1007/s00359-006-0114-9.

5. Wright, K.P.; Drake, A.L.; Frey, D.J.; Fleshner, M.; Desouza, C.A.; Gronfier, C.; Czeisler, C.A. Influence of
Sleep Deprivation and Circadian Misalignment on Cortisol, Inflammatory Markers, and Cytokine Balance.
Brain, Behavior, and Immunity 2015, 47, 24-34, doi:10.1016/j.bbi.2015.01.004.

6.  Karatsoreos, ILN.; Bhagat, S.; Bloss, E.B.; Morrison, ].H.; McEwen, B.S. Disruption of Circadian Clocks Has
Ramifications for Metabolism, Brain, and Behavior. Proc. Natl. Acad. Sci. U.S.A. 2011, 108, 1657-1662,
doi:10.1073/pnas.1018375108.


https://doi.org/10.20944/preprints202304.0331.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2023 doi:10.20944/preprints202304.0331.v1

11

7. Hanifin, ].P.; Lockley, S.W.; Cecil, K.; West, K.; Jablonski, M.; Warfield, B.; James, M.; Ayers, M.; Byrne, B.;
Gerner, E.; et al. Randomized Trial of Polychromatic Blue-Enriched Light for Circadian Phase Shifting,
Melatonin  Suppression, and Alerting Responses. Physiology & Behavior 2019, 198, 57-66,
doi:10.1016/j.physbeh.2018.10.004.

8.  Zakharov, A.V.; Khivintseva, E.V.; Pyatin, V.F.; Sergeeva, M.S.; Antipov, O.I. Melatonin — Known and
Novel Areas of Clinical Application. Neurosci Behav Physi 2019, 49, 60-63, doi:10.1007/s11055-018-0692-3.

9.  Zakharov, A.V,; Khivintseva, E.V.; Pytin, V.F.; Sergeeva, M.S.; Antipov, O.I. Melatonin — known problems
and perspectives of clinical usage. Z. nevrol. psikhiatr. im. S.S. Korsakova 2017, 117, 74,
doi:10.17116/jnevro20171174274-78.

10. Zakharov, A.; Khivintseva, E. Clinical Use of Melatonin in the Treatment of Sleep Disorders. In Melatonin -
The Hormone of Darkness and its Therapeutic Potential and Perspectives; Vlachou, M., Ed.; IntechOpen, 2020
ISBN 978-1-83962-908-2.

11. Pyatin, V.F. Ustrojstvo dlya funkcional'nogo upravleniya cirkadiannymi chasami organizma cheloveka”.
RU patent for utility model RU 182615 U1 /15.01.2018. (In Russian).

12.  Sergeeva, M.S,; Pyatin, V.F.; Korovina, E.S. Kontrol' upravlenija funkcional nym sostojaniem organizma
cheloveka cirkadiannoj sistemoj v rannie utrennie chasy. Biomedicinskaja radiojelektronika 2015, 4, 72-74. (In
Russian).

13. Alsaggaf, M.A.; Wali, 5.0.; Merdad, R.A.; Merdad, L.A. Sleep Quantity, Quality, and Insomnia Symptoms
of Medical Students during Clinical Years: Relationship with Stress and Academic Performance. SM] 2016,
37,173-182, doi:10.15537/sm;j.2016.2.14288.

14. Kétter, T.; Wagner, J.; Britheim, L.; Voltmer, E. Perceived Medical School Stress of Undergraduate Medical
Students Predicts Academic Performance: An Observational Study. BMC Med Educ 2017, 17, 256,
doi:10.1186/s12909-017-1091-0.

15. Bruffaerts, R.; Mortier, P.; Kiekens, G.; Auerbach, R.P.; Cuijpers, P.; Demyttenaere, K.; Green, J.G.; Nock,
M.K; Kessler, R.C. Mental Health Problems in College Freshmen: Prevalence and Academic Functioning.
Journal of Affective Disorders 2018, 225, 97-103, doi:10.1016/j.jad.2017.07.044.

16. Kumar, B.; Shah, M.A.A,; Kumari, R.; Kumar, A.; Kumar, J.; Tahir, A. Depression, Anxiety, and Stress
Among Final-Year Medical Students. Cureus 2019, doi:10.7759/cureus.4257.

17. Hernando, D.; Roca, S.; Sancho, J.; Alesanco, A.; Bailén, R. Validation of the Apple Watch for Heart Rate
Variability Measurements during Relax and Mental Stress in Healthy Subjects. Sensors 2018, 18, 2619,
doi:10.3390/s18082619.

18. Baevskij, R.M. Problema ocenki i prognozirovaniya funkcional'nogo sostoyaniya organizma i ee razvitie v
kosmicheskoj medicine. Uspekhi fiziologicheskih nauk 2006, 37, 42-57. (In Russian).

19. Kim, H.-G.; Cheon, E.-].; Bai, D.-S; Lee, Y.H.; Koo, B.-H. Stress and Heart Rate Variability: A Meta-Analysis
and Review of the Literature. Psychiatry Investig 2018, 15, 235-245, doi:10.30773/pi.2017.08.17.

20. Dimitriev, D.A.; Saperova, E.V.; Dimitriev, A.D. State Anxiety and Nonlinear Dynamics of Heart Rate
Variability in Students. PLoS ONE 2016, 11, 0146131, doi:10.1371/journal.pone.0146131.

21.  Shook, N.; Pena, P.; Fazio, R.H.; Sollers, ].].; Thayer, J.F. Friend or foe: heart rate varability and the negativity
bias in learning about novel objects, Proceedings of the 47th Annual Meeting of the Society-for-
Psychophysiological-Research. Psychophysiology 2007, 44, S39.

22. Thayer, J.F,; Ahs, F.; Fredrikson, M.; Sollers, J.J.; Wager, T.D. A Meta-Analysis of Heart Rate Variability and
Neuroimaging Studies: Implications for Heart Rate Variability as a Marker of Stress and Health.
Neuroscience & Biobehavioral Reviews 2012, 36, 747-756, doi:10.1016/j.neubiorev.2011.11.009.

23. Bishop, S.J. Neurocognitive Mechanisms of Anxiety: An Integrative Account. Trends in Cognitive Sciences
2007, 11, 307-316, doi:10.1016/j.tics.2007.05.008.

24. Blons, E.; Arsac, L.M.; Gilfriche, P.; McLeod, H.; Lespinet-Najib, V.; Grivel, E.; Deschodt-Arsac, V.
Alterations in Heart-Brain Interactions under Mild Stress during a Cognitive Task Are Reflected in Entropy
of Heart Rate Dynamics. Sci Rep 2019, 9, 18190, do0i:10.1038/s41598-019-54547-7.

25. Shook, N.J.; Fazio, RH.; Vasey, M.\W. Negativity Bias in Attitude Learning: A Possible Indicator of
Vulnerability to Emotional Disorders? Journal of Behavior Therapy and Experimental Psychiatry 2007, 38, 144—
155, d0i:10.1016/j.jbtep.2006.10.005.

26. Litscher, D.; Wang, L.; Gaischek, I.; Litscher, G. The Influence of New Colored Light Stimulation Methods
on Heart Rate Variability, Temperature, and Well-Being: Results of a Pilot Study in Humans. Evidence-Based
Complementary and Alternative Medicine 2013, 2013, 1-7, doi:10.1155/2013/674183.

27. KUANG, X.D.; YU, X.B.; CAQ, Y,; LI, D.S.; ZHU, H.Y. Interaction between the Circadian Clock and Chronic
Stress. Biomedical and Environmental Sciences 2018, 31, 686—-699, d0i:10.3967/bes2018.093.

28. Helfrich-Forster, C. Interactions between Psychosocial Stress and the Circadian Endogenous Clock. PsyCh
Journal 2017, 6, 277-289, doi:10.1002/pch;j.202.

29. Oster, H. The Interplay between Stress, Circadian Clocks, and Energy Metabolism. Journal of Endocrinology
2020, 247, R13-R25, doi:10.1530/JOE-20-0124.


https://doi.org/10.20944/preprints202304.0331.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 April 2023 doi:10.20944/preprints202304.0331.v1

12

30. Koch, C.E.; Leinweber, B.; Drengberg, B.C.; Blaum, C.; Oster, H. Interaction between Circadian Rhythms
and Stress. Neurobiology of Stress 2017, 6, 57-67, doi:10.1016/j.ynstr.2016.09.001.

31. Landgraf, D.; Long, J.E.; Proulx, C.D.; Barandas, R.; Malinow, R.; Welsh, D.K. Genetic Disruption of
Circadian Rhythms in the Suprachiasmatic Nucleus Causes Helplessness, Behavioral Despair, and
Anxiety-like Behavior in Mice. Biological Psychiatry 2016, 80, 827-835, d0i:10.1016/j.biopsych.2016.03.1050.

32. Portaluppi, F.; Tiseo, R.; Smolensky, M.H.; Hermida, R.C.; Ayala, D.E.; Fabbian, F. Circadian Rhythms and
Cardiovascular Health. Sleep Medicine Reviews 2012, 16, 151-166, doi:10.1016/j.smrv.2011.04.003.

33. Vandewalle, G.; Gais, S.; Schabus, M.; Balteau, E.; Carrier, J.; Darsaud, A.; Sterpenich, V.; Albouy, G.; Dijk,
D.J.; Maquet, P. Wavelength-Dependent Modulation of Brain Responses to a Working Memory Task by
Daytime Light Exposure. Cerebral Cortex 2007, 17, 2788, doi:10.1093/cercor/bhm007.

34. Kuts A.; Poluektov M.; Zakharov A.; Govzman A.; Ponomareva I.; Yakupov E.; Tikhomirova O.; Sviryaev
Y.; Yakovlev A.; Polyakov A.; Melnikov A.; Basetti C.L.A. Clinical and neurophysiological characteristics
of 89 patients with narcolepsy and cataplexy from the Russian Narcolepsy Network. Journal of clinical sleep
medicine 2023, 19, 355-359, doi: 10.5664/jcsm.10340.


https://doi.org/10.20944/preprints202304.0331.v1

