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Objective: To evaluate the thermoregulatory responses of miners in
high-altitude quarries in Kyrgyzstan depending on the season, altitude,
and the nature of their physical activity.

Materials and Methods: The field study was conducted during the
winter and summer seasons at the Kumtor (elevation 4,200 m) and Mak-
mal (elevation 3,000 m) open pit mines. Forty-eight workers participated
in the study. The following parameters were measured: body and skin
temperature (at seven points), moisture loss, subjective temperature per-
ception, and weather conditions.

Results: It was found that during cold periods, physical exertion leads
to a significant decrease in average skin temperature (to 25.16°C) while
maintaining a stable body temperature. During the warm season, the dif-
ferences between these parameters are smoothed out. A regression analy-
sis revealed that the subjective sensation of cold and moisture loss during
the winter, particularly at Kumtor, are strongly correlated with air tem-
perature (determination coefficient R>=0.97), wind speed, and physical
exertion level.

Conclusion: High-altitude conditions, especially during the cold sea-
son, create significant thermal stress on miners, requiring the develop-
ment of individual work schedules, acclimatization measures, and ther-
mal protection. The study emphasizes the need to consider climate factors
in occupational safety and health in the mining industry. This is especially

relevant in the context of global climate change.
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TepMoperynaTopHbIe peakinuu

TOPHOPAOOYUX B BBICOKOTOPHBIX YCIIOBHUSIX
KeIprei3crana: Ce30HHBIE pa3andus

1 (PaKTOpPhI pHUCKa
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Heap uccaegopanus. OEHUTh TEPMOPETYISATOPHBIE PEAKIIUN OpraHu3-
Ma TOpHOPa0OYMX B YCIOBUSX BBICOKOTOPHBIX KapbepoB Keiprbizcrana B 3a-
BHCUMOCTH OT CE30Ha, BEICOTHI HAJl ypOBHEM MOPSI M XapakTepa (hu3nueckoit
AKTUBHOCTH PaOOTHHKOB.

MarepuaJsl 1 MeToAbl. [osieBoe uccienoBanre NpoOBOAWIOCH B 3MMHUI
1 JIeTHUH ce30HbI Ha Kapbepax KymTop (Bbicota 4200 M) u Makman (BbicoTa
3000 m). B uccnenoBanue yuyactBoBanu 48 paborHukoB. M3mepsaucs cie-
JYIOIIUE MOKa3aTelii: TeMIeparypa Tejia U KOXH (B CEMH TOYKax), ypOBEHb
BJIAronoTepb, CyObEKTUBHOE BOCIPUATHE TEMIIEPATYPHI, a TAKKE MOTOAHbIE
YCIJIOBUSL.

Pe3yabTarbl. YCTAaHOBJICHO, YTO B XOJIOMHBINA MEpUo] Npu (puznyecKoi
Harpy3ke IpOUCXOJUT BBIPAXKEHHOE CHI)KEHUE CPEIHEB3BEILIEHHOMN TemIie-
patypsl koxku (10 25,16°C) npu cTaOWIBHON TeMIiepaType Telia, B TEIbINA
CE30H pa3IMyMsl MEXKIy STUMH IOKa3arelasiMu criaxusarorcs. [IpoBenén-
HBI PETPECCUOHHBIN aHAIN3 MTOKa3al, YTO CYOBEKTHBHOE OUIYIIEHUE XOJI0-
7la ¥ BJIAarornoTepy B 3UMHUH Mepuos, ocodenHo Ha Kymrope, UMEIOT Cuilb-
HYIO KOPPEJSIIHIO ¢ TEMIEpaTypol Bo3ayxa (Kod((UIIMEHT JeTepMUHAIIUN
R?=0,97), ckopocThO BeTpa U YpOBHEM (DH3MUECKON HATPY3KH.

3aki0uenue. BeiCOKOropHBIE YCIIOBHS, OCOOCHHO B XOJIOMHOE BpEMs
rozia, CO3ar0T 3HAUUTENIbHYIO TEPMUUECKYIO HArpy3Ky Ha OpraHu3M ropHo-
pabounx, 4yTo TpeOyeT pa3paObOTKN WHAMBHUIYATbHBIX PEKUMOB TPyJa, Mep
aKKJIMMAaTH3aIMH ¥ TET03auThl. VccienoBanue noguépkuBaeT HeoOXonu-
MOCTbH YYHUTHIBATH KIIMMAaTHYECKHE (PaKTOPHI IPU OXpaHe TPpylna B TOPHOIO-
OBIBArOIIEH MPOMBIIIICHHOCTH. JTO 0COOEHHO aKTyaJbHO B YCIOBHAX IJIO-

OaJIbHBIX KINMATHYECKUX U3MEHEHHUH.
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INTRODUCTION

The formation and development of the mining
industry in Kyrgyzstan occur under complex natu-
ral and climatic conditions. A significant portion of
large industrial open-pit mines, including Kumtor,
Makmal, Saryjaz, and others, is located at altitudes
ranging from 2200 to 4200 meters above sea level.
At such altitudes, the climate is characterized by
intense solar radiation, low air temperatures, re-
duced atmospheric pressure, and high wind loads.
These features necessitate special attention to oc-
cupational safety, hygiene, and human physiology
in mountain mining conditions [1, 2].

In recent years, the assessment of the functional
state of workers in high-altitude conditions has be-
come particularly relevant due to the increasing in-
dustrial development of mountainous regions and
climate change. Despite advancements in hygienic
standards and technological recommendations, the
problem of thermal state and heat balance under
combined exposure to cold, hypoxia, and physical
exertion remains understudied. The growing num-
ber of studies in this field highlights the importance
of understanding human adaptation to extreme mi-
croclimates, especially during prolonged outdoor
work [3, 4].

Existing research shows that, in high-altitude
conditions, skin temperature on the extremities is
significantly lower than on the torso, indicating
blood flow redistribution and activation of ther-
moregulation mechanisms. Concurrently, shifts in
oxygen consumption, increased heat production
via shivering thermogenesis, and reduced heat loss
due to vasoconstriction have been observed [5, 6].
This underscores the need for a comprehensive
assessment of thermal state, accounting for real
meteorological conditions, labor specifics, and al-
titude adaptation.

RESEARCH OBJECTIVE
To assess changes in the thermal state and struc-
ture of the heat balance among miners in various
quarries of Kyrgyzstan depending on the season,
altitude and working conditions.

PARTICIPANTS AND METHODS

Study design: A prospective field study with
comparative analysis elements was conducted to
assess thermoregulatory responses in real produc-
tion conditions.

Location: The study was carried out at the
Kumtor (4200 m) and Makmal (3000 m) mines
during two seasonal periods: winter (December—
February) and summer (July—August).

Participants: The study included 48 miners
aged 25-55 years. Anthropometric data are pre-
sented in Table 1. Inclusion criteria: >3 years of
work experience, absence of chronic diseases, par-
ticipation in regular production cycles. Exclusion
criteria: acute infectious diseases, cardiovascular
insufficiency, acclimatization disorders.

Methods: Measurements included:

- Skin temperature at body sites (forehead,
chest, shoulder, hand, thigh, calf, foot);

- Average body temperature (ABT);

- Mean weighted skin temperature (MWST);

- Thermal sensation using a subjective percep-
tion scale (1-5 points);

- Moisture loss (g/h) via body weight changes
and evaporation assessment;

- Physical workload via energy expenditure cal-
culations and oxygen consumption using metabol-
ic equivalents (METs).

Protocol: Measurements were taken under
standard conditions: at rest and during moder-
ate-intensity work (road and drilling operations).
Weather parameters (air temperature, humidity,
wind speed) were recorded using certified meteo-

Table 1. General Characteristics of Participants

Altitude above sea level, m

Indicators 2800 4200
Number of participants 24 24
Age , years 25-40 25-40
Weight body , kg 69+0.96 70+1.05
Height , cm 168+0.68 168+0.9
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rological instruments.

Mean weighted skin temperature (MWST)
was calculated using Hardy and Dubois’ formula
(1938) [7], based on skin temperature measure-
ments at seven body sites (forehead, chest, shoul-
der, hand, thigh, calf, foot) weighted by their sur-
face area proportions:

MWST = 0.0886t,  +034t, +
+0.1340t,  F0.045-4 023t +
+0.125, +0.0644-1, [1]

Measurements were conducted indoors (after
30 minutes of rest) and outdoors (during work).
Seasonal measurements were taken in winter (De-
cember-January) and summer (June-July).

Clothing insulation (clo units) was assessed us-
ing the 1.S. Kandror scale (1974) [8]. For this pur-
pose, the quantity and quality of clothing were re-
corded. Thermal sensation during the studies was
studied using the Bedford scale, which contains 7
gradations [9]: very cold (1 point), cold (2 points),
cool (3 points), comfortable (4 points), warm (5
points), hot (6 points), very hot (7 points).

The amount of moisture loss was calculated
based on the data on heat loss by evaporation from
the body surface using the formula:

E (g/hour) = 17000-60-L/0.577, [3]
where 17000 is the average surface area of the hu-
man body, cm?; 60 is the coefficient for converting
minutes to hours; L is the amount of heat loss due
to evaporation from the body surface, cal/min cm?;
0.577 is the caloric equivalent of evaporation of 1g of
sweat; E is the amount of moisture loss, g/hour.

Thermoregulatory strain was classified per
Kandror’s physiological scale (1974) [8], distin-
guishing nine types of thermal load (heating: 1-T
to 4-T; cooling: 1-C to 4-C; comfort: N).

Statistical Analysis: Data were processed using
SPSS 26.0. Descriptive statistics, ANOVA, paired
t-tests for comparing values under different con-
ditions, and linear regression analysis were were
applied to establish the dependence of indicators
on weather conditions.

Ethics: The study was approved by the local eth-
ics committee of the International Higher School
of Medicine (Protocol No. 3 dated 23/11/2015).
Participants provided informed consent. All bio-
ethical standards were observed, including ano-
nymity and voluntary participation.

RESULTS AND DISCUSSION

The results of measuring the heat balance of
miners are presented in Tables 2 and 3.

The analysis of the data revealed clear differ-
ences in the thermal state of mine workers depend-
ing on the season, altitude, and the nature of the
work performed. During the cold period, especial-
ly under physical exertion, a significant decrease
in the mean weighted skin temperature (MWST)
was observed, while the average body temperature
(ABT) remained relatively stable. At the Kumtor
mine, during work performed in the cold season,
the MWST dropped to 25.16°C, which is 7-8°C
lower than in a state of rest.

In the warm season, the differences between
the mines and physiological states were less pro-
nounced. ABT remained within the range of 35.2-
36.7°C, and MWST — within 32.4-33.2°C. Figure
1 illustrates the comparison of MWST and ABT
by season (cold and warm) and by mine (Kumtor
and Makmal), under both rest and physical work
conditions. It is evident that in the cold season,
MWST sharply decreases during physical work,
especially at Kumtor. In the warm season, the dif-
ferences level off, and the values of MWST and
ABT stabilize. ABT is less variable compared to
MWST, especially among adapted workers.

The obtained data on mean weighted skin tem-
perature (MWST) and average body tempera-
ture (ABT) confirm a reduction in climatic stress
during the summer period and better stabilization
of the body’s thermal state.

Water loss and subjective thermal sensation
provide additional means of assessing the level
of physiological strain. Figure 2 presents the wa-
ter loss of mine workers by season and working
conditions. As shown in the figure, water loss in-
dicators also varied depending on the season and
the nature of the work. The highest values were
recorded during work at Kumtor in the cold period
(46.02 g/h), and the lowest — during rest at Mak-
mal in summer (17.70 g/h).

This may reflect both increased evaporation and
intensified thermoregulatory effort. These findings
highlight the impact of climate and physical work-
load on evaporative loss.

At high temperatures and low humidity in
mountainous regions during the summer, active
evaporative losses occur, whereas in cold con-
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Table 2. Thermal State of Miners in Quarries of Kyrgyzstan in Cold Season

Quarries Kumtor (H=4200 m) Makmal (H=3000 m)

State of body Rest Road works Rest Road works
t=+18°C t=-18°C t=-27°C t=-27°C t=+19.5°C | t=-18.5°C

Parameters v=0.1m/s v=0.1m/s v=2.4m/s v=4.5m/s v=0.1m/s v=1.2m/s

=1.6g/1 =1.6g/1 =0.6g/1 =0.6g/1 =2.1g/1 =1.0g/1

1. trorehead (°C) 31.12+0.03 | 14.48+0.06 | 14.50+0.06 | 14.22+0.01 | 31.88+0.01 | 14.88+0.03
2. tenest (°C) 33.15+0.05 | 28.10+0.03 | 28.88+0.05 | 26.56+0.01 | 33.424+0.08 | 29.16+0.03
3. teore body (°C) 36.35+0.01 | 36.79+0.01 | 36.26+0.01 | 35.71+£0.01 | 36.26+0.01 | 36.36+0.01
4. tshoutder (°C) 32.63+0.06 | 28.67+0.06 | 28.82+0.08 | 26.52+0.01 | 32.60+0.01 | 28.43+0.03
5. thana (°C) 28.95+0.01 | 17.04+0.03 | 14.01+0.09 | 12.96+0.01 | 29.11+0.02 | 17.38+0.05
6. tmign (°C) 32.05+0.04 | 30.75+0.05 | 30.34+0.12 | 27.48+0.14 | 32.71+0.04 | 30.75+0.09
7. tear (°C) 32.63+0.07 | 30.14+0.04 | 29.35+0.04 | 27.18+0.01 | 32.42+0.07 | 30.27+0.13
8. tret (°C) 28.76+0.06 | 20.57+0.09 | 17.86+0.01 | 15.86+0.01 | 29.09+0.05 | 20.76+0.15
9. t2.5(°C) 4.20+0.03 11.32+0.01 | 14.86+0.14 | 13.6+0.01 4.31+0.06 11.78+0.02
10. t-5(°C) 4.39+0.02 7.59+0.16 11.02+0.06 10.7+0.01 4.33+0.06 8.39+0.12
11. MWST (°C) 33.02+0.04 | 27.62+0.07 | 27.38+0.07 | 25.16+0.03 | 33.28+0.05 | 28.01+0.07
12. ABT (°C) 35.57+£0.05 | 33.62+0.04 | 33.54+0.02 | 32.84+0.04 | 35.66+0.05 | 33.76+0.04

(ljéofg)emal sensation |3 9040.06 | 3.10£0.005 | 2.80+0.02 | 1.00£0.02 | 3.91+0.01 | 3.20+0.01
14. Moisture loss (g/h) 23.01+£0.01 | 46.02+0.01 | 17.70+0.03 | 21.24+0.01 | 24.78+0.01 | 30.09+0.04

15. Thermoregulation “N” “3x” “2x-4x” “N” “2x”
strain minimal moderate big significant minimal moderate

Table 3. Thermal State of Miners in Quarries of Kyrgyzstan Warm Season

Quarries Kumtor (H=4200 m) Makmal (H=3000 m)
State of body Rest Road works Reast Road works
t=+18 °C t=+14°C t=+12°C t=+18,0°C t=+16.0°C
Parameters v=0.2m/s v=0.7m/s v=0.9m/s v=0.2m/s v=1.0m/s
f=6.3g/1 =6.0g/1 =6.0g/1 =5.3g/1 =6.6g/1
1. trorehead (°C) 31.21+0.02 27.07+0.06 27.7340.02 31.70+0.05 28.21+0.01
2. tenest (°C) 33.07+0.04 32.67+0.09 31.68+0.01 33.44+0.04 32.60+0.02
3. teore body (°C) 36.25+0.01 36.72+0.02 36.64+0.01 36.25+0.01 36.62+0.01
4. tshouider (°C) 32.68+0.02 32.02+0.08 31.57+0.04 32.60+0.02 31.86+0.01
5. thana (°C) 29.53+0.05 26.90+0.11 25.234+0.02 29.91+0.11 25.454+0.01
6. tmign (°C) 32.71+0.06 32,91+0,09 33.1340.01 31.51+0.08 33.31+0.07
7. tear (°C) 32.53+0.05 32.23+0.03 31.72+0.04 31.08+0.08 32.24+0.02
8. tret (°C) 29.63+0.05 28.01+0.06 27.16+0.06 29.71+0.03 27.90+0.02
9. t2-5(°C) 3.54+0.01 5.77+0.02 6.4540.02 3.52+0.07 7.15+0.02
10. t.5(°C) 3.43+0.01 4.65+0.03 4.5240.01 3.734£0.07 4.7040.01
11. MWST (°C) 33.19+0.04 32.46+0.04 31.90+0.01 32.89+0.02 32.46+0.01
12. ABT (°C) 35.63+0.04 35.37+0.04 35.16+0.05 35.52+0.04 35.57+0.04
13. Thermal sensation (score) 4.00+0.00 4.53+0.03 4.20+0.02 4.00+0.00 4.25+0.02
14. Moisture loss (g/h) 33.63+0.04 24.78+0.03 28.32+0.03 17.70+0.02 26.55+0.04
15. Thermoregulation strain . N . N Ix . N . N
minimal minimal weak minimal minimal
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ditions, thermoregulation is primarily achieved
through changes in skin temperature.

The thermal sensations of miners under various
conditions throughout different periods of the year
are presented in Figure 3.

The analysis of thermal sensation revealed that
during the cold season, while working at Kumtor,

the subjective assessment of thermal comfort de-
creased to 1.0 point, whereas in the warm season
all values exceeded 4.0, indicating an overall feel-
ing of thermal comfort.

The results of one-way analysis of variance
(ANOVA) showed statistically significant differ-
ences in MWST and moisture loss between seasons

Warm

Fig. 1. Comparison of MWST and ABT of mine workers by season and mining site
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Fig. 2. Moisture losses of miners by season and mining site
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(p<0.001), as well as between work sites (p<0.05).
However, ANOVA across four working conditions
(rest/work during the summer and winter seasons
at Kumtor and Makmal) showed no statistically
significant differences (F=1.08; p=0.45).

Regression analysis confirmed a strong de-
pendence of MWST on ambient air temperature
(R?>=0.97), wind speed (R?=0.82), and physical
workload (R?=0.88), with air temperature identi-
fied as the primary predictor.

The obtained results indicate a high sensitivity
of skin thermoregulation to temperature and wind
speed, especially in high-altitude environments.
The pronounced decrease in MWST, while main-
taining stable ABT, likely reflects effective adap-
tation of miners’ bodies, achieved through periph-
eral vasoconstriction and activation of physical
thermoregulatory mechanisms.

These findings confirmed the dominant influ-
ence of air temperature and physical workload on
MWST, underscoring the need to consider these
factors when developing work-rest schedules and
individual protective measures.

This study aims to analyze the impact of
high-altitude climatic factors on the thermal state
of miners under real working conditions. These
data are of significant importance to the fields of
occupational physiology, hygiene, and the organi-
zation of health protection in the mining industry.

The key findings of the study include: a signif-

. Kumtor (rest)
mm Kumtor (work)
al H Makmal (rest)
M Makmal (work)

w
T

N

Thermal Sensation (points)

-
T

icant decrease in mean weighted skin temperature
(MWST) under cold conditions and physical exer-
tion; stable average body temperature (ABT) val-
ues even in unfavorable weather conditions; and a
marked deterioration in subjective thermal sensa-
tion and an increase in moisture loss among work-
ers during the cold season. These findings indicate
a high level of physiological adaptation, achieved
through the activation of physical thermoregula-
tion — vasoconstriction, changes in skin tempera-
ture, and increased heat production.

The statistical data obtained complement the
physiological observations: although differences
between experimental groups did not reach sta-
tistical significance according to ANOVA results
(p>0.05), the observed trend of decreasing MWST
under cold and strenuous conditions is support-
ed by regression analysis, which demonstrated a
negative correlation between ambient temperature
and MWST. This underscores the importance of
expanding sample sizes and conducting detailed
monitoring of microclimatic conditions in future
studies of this kind.

These findings are consistent with a number of
studies investigating the physiological responses
of'the human body under high-altitude and extreme
microclimatic conditions. For example, Young A.J.
and Sawka M.N. (2000 and 2002) emphasized that
cold exposure under reduced atmospheric pressure
leads to significantly restricted skin perfusion and

Fig. 3. Subjective thermal sensation of miners by season and mining site
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reduced extremity temperature [10, 11]. Similar
conclusions were drawn by Castellani J.W. et al.
(2001), who found that even with adequate cloth-
ing insulation, thermoregulation among climbers
and mountain workers requires high energy expen-
diture [12].

Studies by Mékinen (2006) and Wiggen et al.
(2011) highlight the impact of combined cold and
physical exertion on the development of physio-
logical fatigue and reduced cognitive performance
[13, 14]. This directly corresponds with our ob-
servations of impaired thermal sensation and in-
creased moisture loss during the cold period.

Moreover, our observations align with the con-
clusions of Schlader Z.J. et al. (2011), who investi-
gated the role of local and central vasoconstriction
in regulating heat exchange and maintaining ther-
mal homeostasis during cold exposure [15].

More recent research also supports and ex-
pands upon our findings. For instance, Wang S.
et al. (2025) demonstrated significant changes in
physiological parameters (skin temperature, heart
rate) and cognitive functions — especially during
complex tasks — in workers performing physical
labor under high heat and humidity conditions
[16]. Habibi P. et al. (2024), in a systematic review,
highlighted the increasing burden of heat stress
and declining work capacity amid climate change,
emphasizing the need for acclimatization and pro-
tective measures [17]. Zhang Y. and colleagues
(2024) reported impaired attention and memory in
operators exposed to extreme microclimates, rein-
forcing our conclusion regarding the importance
of adaptation in high-altitude environments [18].

Thus, our findings are supported by both clas-
sical and contemporary field and experimental
studies conducted in various countries and con-
texts, contributing to the global understanding of
thermoregulation in occupational settings at high
altitudes.

Our data can be explained by the interaction
of several factors: reduced atmospheric pressure,
low humidity, enhanced heat loss due to increased
air movement, and the necessity of performing
physical labor. The fact that MWST dropped by
7-8°C while ABT remained stable suggests heat
conservation through peripheral vasoconstriction,
helping to maintain internal temperature despite
increased energy expenditure for heat production.

Among the strengths of the present study are its
field-based design in real production conditions,
the use of objective physiological and climatic
parameters, and comprehensive statistical data
analysis. Nonetheless, certain limitations include
the lack of data on cardiovascular and respiratory
parameters, the small cohort size limiting general-
izability to other climatic regions, and the inability
to conduct long-term dynamic monitoring of adap-
tation processes.

The practical significance of these results lies
in their potential application for developing in-
dividualized work-rest regimes, substantiating
requirements for thermal protection, dietary rec-
ommendations, and acclimatization protocols for
workers in high-altitude areas. These findings can
also inform the development of remote monitoring
systems for workers’ physiological status.

In the future, it is advisable to conduct more
in-depth physiological studies focusing on heart
rate variability, blood oxygen saturation, stress
hormone levels, and nutritional specifics, as well
as modeling heat exchange using bioengineering
methods.

In conclusion, the present study demonstrated
that the high physiological burden associated with
cold and altitude requires continuous monitoring
of workers’ thermal status. The identified correla-
tions and risk factors should be taken into account
when developing occupational standards and pre-
ventive programs against hypothermia and fatigue
in open-pit mining operations at high elevations.

CONCLUSION

The present study confirmed the high sensitiv-
ity of miners’ thermal state to the extreme condi-
tions of high-altitude environments. It was estab-
lished that working in open-pit mines during the
cold season leads to a marked decrease in skin
temperature, while core body temperature remains
relatively stable. These changes are accompanied
by an increased subjective sensation of cold and
elevated moisture loss, particularly at high-altitude
sites.

The conducted analysis revealed a strong de-
pendence of thermoregulatory parameters on am-
bient air temperature, wind speed, and the nature
of physical workload.

The obtained data can serve as a basis for opti-
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mizing working conditions, developing individu-
alized work schedules, and implementing protec-
tive systems aimed at reducing thermal strain and
the risk of hypothermia.

Incorporation of recent research highlights the
relevance of this topic in the context of global cli-
mate change and the growing need for adaptive
strategies.
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