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The object of the paper is experimental investigation of LED lighting hygienic
efficiency. A comprehensive methodology for psychophysiological and hygienic assessment
of the LED lighting equipment which (the methodology) was elaborated by the authors
was used in the course of the experiments. The experiments were carried out by means of
a designed experimental research facility ensuring variation of luminescent (basic) and
LED lighting. There were selected the indicators of the visual organ state which are the
most optimal and complying with the investigational tasks. The article describes the
most significant results of the experimental investigations. A practical relevance of the
received experimental material used for LED lighting was demonstrated.
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One of the important tasks of the light
engineering is creation of a favorable light-and-
color environment suggesting use of light for
satisfaction of a range of the human needs:
ergonomic, psychophysiological, psychological
and ecological. On the other hand the problems of
saving energy consumed for lighting purposes
are as well of current concern. It is possible to
solve the mentioned problems by means of use of
L EDswhich are considered to bethe most effective
and challenging light sources (L Ss) nowadays.

However, if energy saving inthelighting
equipment dueto use of LEDsand high luminous
efficiency of the sameisquite obvious (Kawasaki
et al., 2012; Aladov A.V. et al., 2010; Borovkov
S.A., 2011; Radomsky N.V., 2012; Eliseyev N.P.
Reshenov S.P, 2012; Wittig N., 2012; Hirayama,
H. 2014) the possihility of LEDs usefor ensuring

* To whom all correspondence should be addressed.
E-mail: mikaeva@npo.lit.ru

comfortable lighting conditions requires a
convincing evidence that can be obtained by
comprehensive studies of the effect of LED lighting
on the visual organ and the body as awhole. The
Russian and foreign scientists in their works
mention certain results of studying the effect of
LED lighting on the visua functions and visual
performance. Theresults of the said investigations
are contradictory and ambiguous (Aladov, A.V. et
al., 2012; Zak, PP, Ostrovsky A.A., 2012; Bizjak G
et al., 2013; Wright M., 2010; KuchmaV.R. et al,
2013; Behar-Cohen T et al., 2011; Zakgeim A.L.,
2012; Teksheval..M., 2012; Siney D.H.,2010; Due
D., 2012). It gives ground to considerations that
the experimental investigations aimed at hygienic
and psychophysiological evaluation of LED
lighting would have importance.
M ethodology

Taking into account the theoretical and
experimental material covering the effect of factors
relating to the lighting conditions on visual
performance and fatigue we have elaborated a
comprehensive methodology for
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psychophysiologic and hygienic evaluation of the
LED lighting equipment (Amelkinaet. a., 2013). In
this sense the investigations of the visual organ
functional state and of visual fatigue progression
under the LED lighting conditionswere of specific
concern since the rated features of the lighting
equipment are primarily connected with the visual
functions. Given the nature of the visual activity
we have chosen the most responsive indicators of
the visual organ state:

a absol ute accommodation extent and time of
achromatic asthenopia (accommodative-
muscul ar system);

b) distance visual acuity, projected blind spot
area, chromatic vision acuity (receptor
system);

C) critical flicker fusion frequency (CFFF)
(central division).

The integral evaluation of LED lighting
efficiency was carried out on the basi s of the visual
fatigue indicator measured after completion of
visual activity:

t
A 1 t—‘ 100%
i
where
t— time of achromatic asthenopia after activity
completion;

t, — time of achromatic asthenopia before activity
start.

For the purpose of investigations, there
was designed and installed a general-lighting
experimental research facility (ERF) ensuring LED
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lighting and luminescent lamp lighting variants
realization. The variants with LL lighting are
regarded as basic when compared with LED
lighting. The investigations were performed at
variousillumination intensity levels: 200, 400 and
1000 Ix and various correlated color temperature
values(Tc) of theillumination sources: 3000, 4000
and 5000K.

RESULTS

A group of volunteer students aged
between 20 and 25 yearswho passed apreliminary
clinical examination took part in the experiments.
The clinical examination of the visual organ
included measurement of refraction and vision
acuity; computer-aided tomography of the retina.
All of the enrolled observers had predominantly
emmetropic refraction, acuity of vision for the both
eyes — 1.0; no abnormalities in color perception.
Theenrolled observerstotaling to 60 personswere
randomized into two panels each containing 30 of
them: areference panel which participated in the
experiment being subject to luminescent lamp (LL)
lighting and a primary panel which was subject to

U 9xED lighting. The number of observers and the

number of experiments was determined based on
the requirements to obtain statistically reliable
data. Work schedulesfor the observerswere made
up. Each observer took part in the experiment at
thesametimewith regard to their daily biorhythms.
The experiment was carried out twice aday: from
9.00 am. to 12.00 a.m. and from 4.00 p.m. to 7.00
p.m. In accordance with work schedule man-hours

Table 1. Change of absolute accommodation extent after visual workload under LED lighting conditions

IHlumina-tion Tc, K Before activity After activity Correlationindex

AAE, confidence AAE, confidence r (between p(r)
intensity, Ix diopter, interval, diopter interval, before and

X X after activity)

200 3000 8.7 0.096 8.4 0.214 0.7458 p <0.05
400 9.0 0.208 8.8 0.120 0.8505 p<0,01
1000 9.9 0.157 9.7 0.186 0.7261 p <0.05
200 4000 9.4 0.133 9.0 0.115 0.6749 p < 0.05
400 9.7 0.168 9.5 0.188 0.6536 p <0.05
1000 10.1 0.132 10.2 0.179 0.1433 -
200 5000 9.3 0.107 8.7 0.147 0.7932 p <0.05
400 9.7 0.133 9.4 0.176 0.6598 p <0.05
1000 10.0 0.221 9.8 0.243 0.6272 p <0.05
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in LED lighting conditions made 488, and in Before the investigations start the
fluorescent lighting conditions with regard to  observers had a research techniques training
earlier results—522. course until obtaining stable results. After that a

Table 2. Change of absolute accommodation extent after visual workload under fluorescent lighting conditions

IHlumina-tion Tc, K Before activity After activity Correlationindex
AAE, confidence AAE, confidence r (between p(r)
intensity, Ix diopter, interval, diopter interval, before and
X X after activity)

200 3000 8.6 0.207 8.2 0.124 0,7287 p <0.01
400 8.8 0.200 8.6 0.101 0,6942 p < 0.05
1000 9.6 0.135 9.4 0.103 0,7362 p <0.01
200 4000 8.8 0.139 8.3 0.158 0,6872 p <0.05
400 9.1 0.145 8.8 0.101 0,7667 p <0.01
1000 9.8 0.141 9.6 0.116 0.8513 p < 0.001
200 5000 8.7 0.295 8.2 0.266 0.6345 p <0.05
400 9.1 0.170 8.7 0.228 0.8301 p < 0.001
1000 9.7 0.100 9.4 0.075 0.7175 p <0.05

Table 3. AAE change significance after visual workload under researched lighting variants

Illumination Tc, K Compared lighting variants Change significance according to
intensity, Ix the Student’s t-test
200 3000 LED lighting—fl uqr_&ecent lighting -
400 T -
1000 -
200 LED lighting— <0.05
4000 fluorescent lighting
400 <0.05
1000 <0.05
200 5000 LED lighting—fluorescent lighting <0.05
400 <0.05
1000 -

Table 4. AA time threshold change after visual workload under different LED lighting variants

Illumina-tion Tc, K Before activity After activity Correlationindex
AAE, confidence AAE, confidence r (between p(r)
intensity, Ix diopter, interval,  diopter interval, before and
X X after activity)

200 3000 112 0.1875 9.5 0.1739 0.6821 p <0.05
400 115 0.1634 101 0.2003 0.5449 p <0.05
1000 124 0.1811 116 0.1752 0.6216 p <0.05
200 4000 114 0.1309 9.7 0.1101 0.7563 p<0.01
400 116 0.2224 10.3 0.1504 0.7218 p<0.01
1000 125 0.1646 117 0.1491 0.6414 p <0.05
200 5000 113 0.2125 9.7 0.1525 0.7116 p <0.05
400 11.7 0.1949 10.3 0.1175 0.7116 p<0.01

1000 12.7 0.1380 116 0.1297 0.7378 p<0.01
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60-day-long series of laboratory experimentswas
carried out. After its compl etion the observerswere
repeatedly examined under clinical conditionsin
order to determine whether there was any negative
effect of LED lighting onthevisual organ. It worth
mentioning that the physicians were not aware of
the light sources used in the course of the
observers’ activity.

A laboratory experiment aimed at the
study of LED lighting effect on the visual organ
and the human body asawhol e (as compared with
fluorescent lighting) was conducted in |aboratory
# 316 of the Lighting engineering faculty of the
Ogarev Mordovia State University. Thelaboratory
included 4 workspaces: the first of them was
intended to be used for inspection (quantity
measurement) of the observers' visual functions
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prior to start and after completion; therest of them
which were experimental, were meant for research
under different lighting variants according to the
schedule.

The experiment procedure for each
lighting variant consisted of the following. In the
first workspace the observers (2 people) were
examined for distance visua acuity using Rot lamp.
These measurements were not taken every day
but twice aweek and only before start of activity
in order to control thisvisual function.

Then chromatic threshol ds measurements
weretaken uniocularly for the both eyes by means
of anomal oscope AN-59.

Then the observers entered one of
experimental workspaces depending on the
lighting variant under research — either using

Table 5. AA time threshold change after visual workload under different fluorescent lighting variants

Ilumina-tion Tc, K Before activity After activity Correlation index
AAE, confidence AAE, confidence r (between p(r)
intensity, Ix diopter, interval,  diopter interval, before and
X X after activity)

200 3000 10.3 0.117 o 8.2 0.125 0.7812 p<0.01
400 104 0.267 85 0.206 0.7124 p < 0.05
1000 11.4 0.253 95 0.187 0.6590 p < 0.05
200 4000 104 0.327 8.4 0.145 0.6377 p < 0.05
400 105 0.118 8.7 0.139 0.6642 p < 0.05
1000 11.7 0.223 10.6 0.199 0.7019 p < 0.05
200 5000 104 0.238 85 0.282 0.6981 p < 0.05
400 105 0.166 8.7 0.160 0.4501 p < 0.05
1000 115 0.297 104 0.218 0.5636 p < 0.05

Table 6. Evaluation of statistical correlation between light environment
parameters and AA time threshold change after visual workload

Compared lighting variants E, Ix Tc, K Statistical indicatorsin compared variants at
degrees of freedom f
[hy]? p C.10?
LED lighting—fluorescent lighting 200 3000 453 - 1.07
400 13.65 <0.05 3.20
1000 23.80 < 0.001 5.70
LED lighting—fluorescent lighting 200 4000 11.08 <0.01 2.60
400 52.92 < 0.001 8,80
1000 24.86 < 0.001 4.10
LED lighting—fluorescent lighting 200 5000 6.65 <0.05 211
400 9.44 <0.05 3.30
1000 11.96 <0.05 4.20
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fluorescent or LED light sources—to be tested for
projected blind spot areauniocularly for both eyes
by means of acampimeter.

After that the observers sat at adesk and
were adjusting to studied lighting conditions for
15 minutes. Upon the researchers’ command the
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observers were working with proof samples for 2
minutes. The next step was uniocular determination
of the nearest distinct vision point for each eye
followed by calculation of the absolute
accommodation extent (AAE). Then binocular
measurement of thetime of achromatic asthenopia

Table 7. Computer-assisted tomography of the retina values of the observers in the reference panel

Indicator 1% day 60" day Significance according
to the Student’s t-test
Foveolaminimum, um 165.4 £ 6.2 167.7+5.1 p > 0.05
Foveolaaverage thickness, um 198.05+ 3.4 2009+ 45 p > 0.05
Foveolavolume, mm3 0.15 + 0.003 0.15 + 0.003 p > 0.05
Macula volume, mm3 6.7 £ 0.05 6.7 £ 0.04 p > 0.05
Maculainternal temporal sector, um 250.7+25 250.8+ 2.6 p > 0.05
Maculainternal upper sector, um 2709+ 24 2709+ 25 p>0.05
Macula internal nose sector, um 270.05+ 2.3 269.8+ 2.7 p > 0.05
Maculainternal lower sector, um 268.9+ 2.6 269.6 +25 p > 0.05
Maculaexternal temporal sector, um 2199+ 27 220.6 £ 2.7 p > 0.05
Macula external upper sector, um 2280+18 2290+ 21 p>0.05
Macula external nose sector, um 2404+ 24 246.4 + 3.2 p > 0.05
Macula external lower sector, um 219.8+ 25 2123+ 3.4 p > 0.05
Optic disc area, mm? 2.1+ 0.06 22+0.04 p > 0.05
Disc rim volume, mm3 0.5+ 0.05 0.6 £ 0.04 p > 0.05
Disc rim area, mm? 1.6 + 0.07 1.7 £ 0.05 p > 0.05
Excavation area, mm? 0.5+ 0.06 0.4+0.05 p>0.05
Excavation volume, mm3 0.08 + 0.02 0.07 £ 0.02 p>0.05
Ratio of areato excavation 0.24 +0.02 0.29 + 0.02 p > 0.05

Table 8. Computer-assisted tomography of the retina values of the observers in the primary panel

Indicator 1% day 60" day Significance according
to the Student’s t-test
Foveolaminimum, um 165.6 +5.2 166.9+5.4 p>0.05
Foveolaaverage thickness, um 199.05 + 3.7 200.2+ 4.2 p > 0.05
Foveolavolume, mm3 0.15+ 0.003 0.15+ 0.003 p > 0.05
Maculavolume, mm3 6.7 £ 0.05 6.7 £ 0.05 p>0.05
Maculainternal temporal sector, um 250.8+ 2.3 2509+ 25 p>0.05
Maculainternal upper sector , um 2709+ 23 2709+ 25 p > 0.05
Maculainternal nose sector, um 270.05+ 2.4 269.8+ 2.6 p > 0.05
Maculainternal lower sector, um 268.8+ 2.5 269.5+ 2.7 p > 0.05
Macula external temporal sector, um 2195+ 24 2204+ 2.8 p>0.05
Macula external upper sector , um 2280+ 1.6 230.0+ 2.0 p > 0.05
Macula external nose sector, um 239.7+25 2473+ 3.6 p > 0.05
Maculaexternal lower sector, um 2195+ 2.6 2122+ 3.6 p > 0.05
Optic disc area, mm? 21+0.04 2.2+0.05 p > 0.05
Disc rim volume, mm3 0.5+ 0.04 0.6 £ 0.05 p > 0.05
Disc rim area, mm?2 1.6 £ 0.06 1.7 £ 0.06 p>0.05
Excavation area, mm? 0.5+ 0.05 0.4+0.05 p>0.05
Excavation volume, mm3 0.08 £ 0.01 0.06 £ 0.02 p>0.05
Ratio of areato excavation 0.23+0.02 0.28 + 0.02 p > 0.05
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Table9. Visual fatigueindicators

Illumination Tc, K Visual fatigueindicator, %

intensity, Ix under LED lighting under fluorescent lighting
200 3000 15.18 20.39

400 12.17 18.27

1000 6.45 16.67

200 4000 14.91 19.23

400 11.21 17.14

1000 6.40 9.40

200 5000 14.16 18.27

and measurement of the CFFF were taken by means
of KPFK-99*“Psychomat”.

Then aone-and-a-half hour long visually
intensive proofreading activity with anintellectual
element (A-2 category according to SP 52.
13330.2011) was performed. Thistype of work was
considered to be afunctional load in the research.

On completion of thework the observers
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Fig. 1. Psychophysiological “image” of fatigue
under LED lighting conditions (Tc = 3000 K)

were asked tofill in questionnaireson thelighting

variant subjective assessment and a complex of

measurementswas later performed inthefollowing

sequence:

a work with proof samples;

b) determination of the nearest distinct vision
point;

c) measurement of the CFFF;

d) testing for projected blind spot area
uniocularly.

Then the observers went back to thefirst
workspace and were repeatedly subject to
chromatic vision threshold measurements.

The investigation results were recorded
to the special protocols data from which was used
for statistical analysisusing Statistica6.0 program
and for making conclusions on the lighting
conditions efficiency.

DISCUSSION

Visual functionsresear ch

Studiesof theAAE showed that itsvalues
decrease in the course of strenuous work under
every lighting condition variant concerned (Tables
1,2).

The results of determining of the AAE
change significance after visual workload
according to the Student’s t-test allowed to
acknowledge that significant changes in the state
of AAE (p < 0.05) nevertheless not exceeding the
boundaries of natural variations for thisindicator
(0.5- 1.5diopter) wereobserved nearly inal lighting
variants.

Influence of the light environment
spectral structure on the studied change of
accommodation indicator at thefixed illumination
intensity level according to the Student’s t-test
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was found for the compared variants at Tc 4000 K
for every illumination intensity level and at Tc 5000
K for 200 and 400 1x.

Thehighest AAE value both prior to work
start and after its completion was recorded under
LED lighting conditions. The value of AAE after
thework completion under LED lighting conditions
exceeded thebasic variant valueby 0.6 —0.7 diopter
(6.3—8.4%) at Tc 4000 K within theillumination
intensity rangefrom 200to 1000 Ix; 0.5—0.7 diopter
(6.0—8.0%) at Tc 5000 K within theillumination
intensity range from 200 to 400 Ix. Thus, it was
ascertained that
a AAE value decrease in the course of work,

determined primarily by the type of visual
tasks, is of local nature and deals with
reversible processes in the visual organ;
by the start of the next day the indicators of
AAE cometotheinitial values,

b) the visual organ accommodates better
under LED lighting which could be explained
by the higher ciliary muscle activity and is
obviously connected with biological
necessity in the LEDs radiation spectrum.

In the course of the experimental
investigations it was discovered that the higher
visual fatigue leads to the lower achromatic
asthenopia (AA) time threshold which is used to
determine the eye muscles state. Significance of
the achromatic asthenopia time threshold change
due to visual activity was found out in all of the
lighting variants (p < 0.05). Theresearch results of
achromatic asthenopiatimethreshold aregivenin
Tables4-5.

Influence of illumination intensity level
on the achromatic asthenopiatime change during
the one-and-a-half hour long visually intensive
activity was proved by means of [hy]?test with
high significance values nearly under al lighting
variants, although the correlation value is small
(Tableb).

Influence of the radiation spectral
structure under the fixed illumination intensity
conditions on the achromatic asthenopia time
change is characterized by a high degree of
relevance. In all compared variants change
significance according to the Student’s t-test has
p<0.05.

The achromatic asthenopia time both
prior to thework start and after its completion had
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longer duration under LED lighting conditions.
Thisevidencesfavorable effect of LED lighting on
the muscle function of the visual analyzer: usual
muscl e tone was achieved with the reduced muscle
efforts. Therefore LED lighting ensures better
working conditions for the accommodative-
muscular system of the visual organ.

In the course of study of the projected
blind spot area it was ascertained that the retinal
fatigue evaluated by the peripheral vision state
led to the positive increase of the physiological
blind spot areaafter completion of intensivevisual
activity. The range of increase as compared with
theinitial valuefor LL lighting variants made 6.57
—12.06 %; for LED lighting variants—3.87 — 10.77
%. It was determined that in the course of visua
workload at Tc 3000 K LED lighting facilitates|ower
visual fatigue as compared with luminescent
lighting (p < 0.05). For the variantswith Tc 5000 K
the differences between LED and luminescent
lighting as related to the studied indicator were
not significant (p > 0.05).

In the course of study of the chromatic
vision acuity there was detected an uneven pattern
of change of the chromatic thresholds depending
on different lighting variants. Analysis of the
obtained results demonstrates that during visual
activity under luminescent and LED lighting the
retina state was not similar which was obviously
connected with photochemical reactionintheretina
which may slow down or become more intensive
under action of radiation within the different
portions of the visible spectrum. However, the
spectral distribution influence was detected only
in regard to c-receptor of the retina: for radiation
with Tc 4000 K (1000 Ix) and Tc 5000 K (400 and
1000 Ix). For the other studied conditions the
spectral distribution influence was insignificant
which can be explained by the nature of visual
tasks - work with achromatic objects not connected
with determining of color differencesaswell asby
the qualitative lighting characteristics - favorable
radiation spectral distribution, absence of light flux
flicker.

Assessment of the state of the visual
organ central division was made by means of the
critical flicker fusion frequency (CFFF) method.
Analysis of the CFFF absolute values as of the
time prior to thework start and after its completion
didn’'t allow to determine the most preferable
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radiation structure: the Student’s t-test did not
confirm significance of the differences within the
studied range of illumination intensity and Tc. In
other words, the CFFF index under LED lighting
conditions is not lower then under LL lighting.
Theinvestigation results|ead to the inference that
LED lighting does not have suppressive effect on
the CNS status. The CFFF decrease in the course
of experiment is pertaining to the intensive visual
activity being performed, this process has a
reversible nature - by the start of the next day the
indicators of theinitial values reestablished.

Based on the results of the conducted
research in the reference and primary panels on
the 60" experimental day, it was ascertained that in
both panel s after completion of the experiment the
vision acuity of the both eyes remained the same
and made 1.0, therefraction was a so predominantly
emmetropic withinthe physiological standard limits.
Computer-assisted tomography of the retina
allowed studying its different values which are
givenin Tables7 and 8.

The analysis of the survey data did not
confirm reliable differences in studied indicators
for the observersboth in thereference and primary
panels. The foveola profile did not change, the
retina architectonics was not affected, the optic
disc was of normal size, the disk rim extent and
area had no abnormalities; the physiologic
excavation extent was normal, the area was not
enlarged; correlation of the optic disc excavation
areatothe optic disc areawerewithin normal limits:
for the reference and the primary panels 0.029 +
0.02 and 0.28 = 0.02 correspondingly; the
peripapillary nervefiberswere not damaged. It leads
to the conclusion that the observers' retina state
did not undergo significant changes and was not
harmfully affected during intensivevisual activity
under both LL and LED lighting conditions.
Visual fatigueresearch

Values of the visual fatigue indicator are
givenin Table 9, data of which evidence decrease
of the visual fatigue with increase of the
illumination intensity level. Asit was found such
decreaseisnot significant at 1000 Ix at any level of
Tcbothfor LL and LED lighting conditions.

It was ascertained that during the one-
and-a-haf hour long visually intensive activity LED
lighting induced lower visual fatigue. Significant
influence of the spectral distribution onthe visual
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fatigue indicator was proved for al of the studied
lighting variants with p < 0.05 according to the
Student’s t-test. Analysis of the obtained results
allowed making the conclusion that the light
environment created by means of LEDs enabled to
ensure the lower visual fatigue and
correspondingly the higher visual performance as
comparedto LL. LED lighting may be considered
asmorefavorablefrom the point of view of hygiene
during intensive visual activity by contrast to the
basic lighting variant. In accordance with the
results of analysisof thevisual functionsdynamics
aswell as of other indicators describing the body
functional state (Amelkina S.A. et al., 2014) we
have composed a psychophysiological “image”
of fatigue under LED lighting conditions, example
of whichisgiven on Figure 1 for theillumination
intensity of 400 Ix and Tc 3000 K. As it appears
fromtheFigure, only 9 among 21 studied indicators
had the significant preferencetowardsLED lighting
conditions, the other 12 had dynamics
corresponding to LL lighting conditions. For Tc
4000 K therewasdetermined significant preference
for 7indicatorsand for Tc 5000 K —for 8 indicators.

CONCLUSON

In the course of the experimental
investigationsit was ascertained that LED lighting
does not entail harmful effect on the visual organ
and the human body as a whole. The reported
changesin the studied functional indicators of the
visual organ in the course of visual activity are
within the set boundaries of the physiological
variations and have areversible nature.

The elaborated comprehensive
methodology for psychophysiological and
hygienic evaluation of the LED lighting conditions
effect on the status of the visual organ and the
human body as a whole may be used both for
investigation of LEDs or any other LSs lighting
conditions and for studying the lighting effects
on various age and gender groups. The undertaken
research efforts allows elaborating the
scientifically based recommendations for use of
LED light luminaires (with due account for the
spectral distribution) in the public and
administrative, accommodation and production
premises. Use of LED L Ss creates opportunities
for the visual activity efficiency increase under
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the studied lighting conditions at time of intensive
visua worksperformance (up to 15%). Thematerial
obtained in the experimental investigations may
be taken into account during designing of the
lighting equipment with LED light luminairesaimed
both for newly constructed buildings and for
remodeling of the existing lighting systems. Inthis
case replacement of LL lighting fixtures by LED
oneswill ensure significant decrease of the extent
of electric power consumed for lighting purposes.
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