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ABSTRACT
Occupational heat stress apart from adverse heat-related health consequences also induces DNA
damage in workers exposed to high working temperatures. We investigated the association
between chronic heat exposures and Micronuclei (MN) frequency in lymphocytes of 120 workers
employed in the steel industry. There was a significant increase in the MN-frequency in exposed
workers compared to the unexposed workers (X2 = 47.1; p < 0.0001). While exposed workers had
higher risk of DNA damage (Adj. OR = 23.3, 95% CI 8.0–70.8) compared to the unexposed
workers, among the exposed workers, the odds of DNA damage was much higher for the workers
exposed to high-heat levels (Adj. OR = 81.4; 95% CI 21.3–310.1) even after adjusting for
confounders. For exposed workers, years of exposure to heat also had a significant association
with higher induction of MN (Adj. OR = 29.7; 95% CI 2.8–315.5). Exposures to chronic heat stress
is a significant occupational health risk including damages in sub-cellular level, for workers.
Developing protective interventions to reduce heat exposures is imperative in the rising tem-
perature scenario to protect millions of workers across the globe.
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Introduction

Globally, a rise in temperatures has paved the way
for health threats for millions of people [1,2]. Excess
heat exposures is not only an environmental threat
but also an occupational hazard for a large worker
population engaged in hard manual labor in tropical
settings [3] exposed to heat stress and strain [4].
Workers in high-heat industries such as iron and
steel, foundries, smelters, brick-firing and ceramic,
glass and rubber, bakeries, commercial kitchens, and
mining are already subjected to high heat exposures
on a day-to-day basis and have high potential for
heat-related illnesses like heat exhaustion, heat
stroke, and death [5–9] which is likely to increase
in the future climate change scenario [10,11].

According to the reports of global climate risk
index [12], India is classified under the most vulner-
able regions exposed to extreme weather conditions
with resulting huge economic loss due to heat-
induced decreased health, work capacity, productiv-
ity consequences, and fatalities [8,13,14]. In

particular, the southern region is most influenced
by climatic fluctuations [15], has high-heat condi-
tions for the most part of the year that largely influ-
ences the indoor workplace temperatures [16]
further worsened by heat generated from the pro-
cesses with consequent undesirable health and pro-
ductivity [10,17–19].

Earlier reports have shown that heat stress not
only inhibits DNA repair processes but can also act
as a DNA damaging agent [20,21]. Some animal and
human studies concluded that oxidative stress is the
main factor responsible for DNA damage caused by
heat stress [20,22]. The oxidative stress and resultant
altered cellular redox environment within the cells
cause protein degradation, DNA damage, cell death
[23], compromised sperm quality and an increased
risk of infertility [24,25]. It was reported that workers
exposed to high heat conditions had high levels of
DNA damage and over-expression of HSP70 levels
[26,27]. Rocket et al. [28] showed that the expression
of a number of DNA repair genes such Ogg1, XPG
and Rad54 were all down-regulated when DNA
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microarrays were used to investigate the changes in
global gene expressionwhen exposed to heat stress at
43°C. Heat stress-induced cryptorchidism results in
decreased expression of DNA polymerase b and
DNA ligase III, both of which are involved in the
final stages of DNA repair [29].

A micronucleus (MN) is a small extra nucleus
separated from the main nucleus formed by the
condensation of acrocentric chromosomes or by
the whole chromosome which has failed to incor-
porate into the daughter nuclei at the time of cell
division [30]. The MN assay has been employed to
determine the genotoxic and mutagenic capacity of
various chemical stressors/agents that could lead to
the production of MN [31]. The MN formation,
a marker of genomic damage, was elevated in tem-
perature-dependent studies conducted in human
keratinocyte cell line in a statistically significant
manner [32,33] and high temperatures induced
MN formation in human lymphocytes that further
enhanced when combined with other occupational
risk factors [26]. Kantidze et al deduced from their
experimental studies that heat stress directly results
in the formation of various DNA damage and dou-
ble strand breaks depending on the cell type and
level of the heat exposures [11,20,24,26,33–35].

MN is an early marker of DNA damage [36]
and measures the extent of chromosome break-
age in early cell divisions [37,38], and unlike
comet assay biomarker, which is indicative of
current exposure over the previous few weeks,
the MN assay detects fixed mutations that per-
sist at least one mitotic cycle [39]. MN fre-
quency and MN in a cell is as an excellent
biomarker to estimate the damage due to
environmental stressors and carcinogenic
agents that can induce genotoxicity [36].
Though in the recent times there has been
a rise in the number reports on various work-
place exposures and DNA damage [35,40–43],
heat exposures which are a very common expo-
sure in occupational settings across the globe is
still under-addressed [38].

With this background, this preliminary study
was conducted as a follow-up of a larger study
done by the authors [17] to understand the asso-
ciation between chronic occupational heat expo-
sures and DNA damage in worker population

exposed to high-heat work environments in the
steel industry in Southern India.

Results

Demographic variables

The general characteristics of the study population
(both exposed and unexposed group) are given in
Table 1. All workers who were identified to parti-
cipate in the study were males and were perma-
nent employees of the industry. The age of the
workers ranged between 26–39 years and the pre-
valence pattern of both smoking (X2 = 1.52;
p = 0.216) and consumption of alcohol
(X2 = 0.002; p = 0.964) was not different between
the exposed and unexposed workers. About a third
of the workers had more than 10 years of experi-
ence/exposure in the industry.

Heat stress, heat strain profiling and workers’
perception of heat and health

The WBGT ranged between 22.1°C – 41.7°C in the
various work sections (Table 2) and among the work-
ers, nearly 63.3% had WBGT exposures above the
Threshold Limit Value (TLV) of >27.5°C for workers
with heavy workload due to direct heat exposures
from furnaces and/or hot processes categorized as
exposed group. 36.6% of workers were in the unex-
posed group with WBGT exposures < 27.5°C. Inside

Table 1. Distribution and comparison of workers’ characteristics
of exposed and unexposed workers in the steel industry.

S. No Variables

Exposed
group
(WBGT
>27.5°C)

Unexposed
group
(WBGT
≤27.5°C)

1. Numbers of workers (N) 76 44
2. Age (y)

(Mean ± SD)
27–39

31.8 ± 2.7
26–38

30.8 ± 3.1
3. Gender (N) (Male) 76 44
4. Smoking (n, %) 12 (15.7) 11 (25)
5. Alcohol (n, %) 17 (22.3) 10 (22.7)
6. Years of Exposure (Range)

(Mean ± SD)
5–15 y
9.1 ± 2.5

5 – 12 y
7.0 ± 3.1

7. Self-reported heat stress
symptoms (n, %)

63 (82.9) 38 (86.3)

8. Measured heat strain symptoms
(n, %)
CBT
SwR
USG

71 (93.4)
23 (17.5)
22 (16.7)
23 (17.5)

37 (84.1)
12 (5.3)
10 (4.4)
11 (4.8)
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the industry, high process-generated radiant heat was
prevalent in almost all areas, and results of the area
WBGT measurements reflect the heat exposures of
the 120 workers (Figure 1).

Physiological responses

Increased physiological strain as indicated by the rise
in CBT >1°C, SwR> 1L/hr and USG > 1.020 was
higher among exposed workers (93.4%) compared
to the unexposed workers (84.1%). The measured
physiological responses as Core Body Temperature
(CBT), Sweat Rate (SR) and Urinary Specific Gravity
(USG) in various work areas given in Table 1 clearly
showed that the heat strain symptoms were higher
among the workers in work locations with very high
chronic heat exposures compared to the unexposed
workers.

Workers perception of heat and health

The results of the 120 workers’ self-reported affirma-
tive response for any one of the heat-related symp-
toms such as excessive sweating or thirst, tiredness,
cramps, headache, nausea/vomiting, fainting, prickly
heat or urinogenital issues was 84.1% (n = 101).

DNA damage and MN frequency in lymphocytes
of workers

The frequency of MN scored manually was recon-
firmed in select samples using the automated cytoge-
netic imaging and the results obtained from both of
the methods are presented in Table 3. The results of
DNA damage assessed by MN frequency for the
exposed and unexposed workers in the Bi-Nucleate
cells (BN) are summarized in Table 4. The mean MN
frequency in workers exposed to chronic high-heat
conditions was much higher than the MN frequency
encountered in the unexposed workers’ category
which was significantly associated. The dependent
variable was categorized as a dichotomic variable
using a cut-off value corresponding to the baseline
MN frequency of 0.07 MN/cell based on a previous
study to find the risk [44]. As can be seen fromTable 4,
the mean MN frequency encountered in workers
exposed to chronic high-heat conditions was signifi-
cantly higher than those encountered in the unex-
posed workers(X2 = 47.1; p < 0.0001).

Results of MN assay conducted in the blood
lymphocytes of workers in both exposed and
unexposed groups revealed that the exposed work-
ers had higher odds of DNA damage compared to
the unexposed workers after adjusting for poten-
tial confounders (Adj. OR = 23.3; 95% CI 8.0–70.8
p < 0.0001). Level of heat exposure was

Table 2. Distribution of heat exposures (WBGT°C) across various work sections in the steel industry (n = 120).

Dry Bulb Temp.
(°C)

Wet Bulb
Temp.
(°C)

Globe Temperature
(°C) WBGT (°C)

Sl.
No Location

No. of workers
(n = 120) (Mean ± SD) (Mean ± SD) (Mean ± SD) Min Max (Mean ± SD)

1. Coke Oven 24 37.3 ± 3.4 28.4 ± 1.6 53.2 ± 13.5 37.0 41.7* 40.5 ± 1.9
2. Blast Furnace 20 37.2 ± 3.0 27.3 ± 1.2 41.1 ± 5.1 28.9 34.6 31.4 ± 2.0
3. Energy Optimising

Furnace
18 35.2 ± 3.7 26.5 ± 1.4 42.1 ± 5.7 27.8 35.3 31.2 ± 2.7

4. Continuous Casting Mill 14 42.4 ± 2.6 26.9 ± 1.1 51.5 ± 6.4 32.0 38.7 34.3 ± 2.5
5. Housekeeping &

Administration
44 26.0 ± 2.2 23.4 ± 3.3 30.9 ± 2.3 22.1 30.0 26.3 ± 2.2

Note: *Maximum WBGT recorded; Temp.: Temperature

Figure 1. Heat stress exposure (WBGT°C) profiles of the
exposed and unexposed workers in the steel industry (n = 120).
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significantly associated with the extent of DNA
damage and among the exposed workers, the
workers group exposed to WBGT >30°C (high-
heat exposed group) had 81-times higher odds of
DNA damage compared to the worker group
exposed to WBGTs of 27.5–30°C (medium-heat
exposed group), even after adjusting for other
potential confounders such as age, smoking, alco-
hol consumption, workload and other pre-existing
health conditions that could be a confounder such
as diabetes, hypertension or thyroid diseases. The
relationship between WBGT & DNA damage
between high-heat, medium-heat, and unexposed
groups is represented in Table 5 and Figure 2.

As is evident from Table 5, age and years of
exposures in the industry had a significant positive
association with DNA damage (p < 0.0001). The
odds of DNA damage was significantly higher in
workers under the age group < 30 years (Adj. OR
= 12.6; 95% CI 2.9–55.9; p < 0.0001) compared to
workers > 30 years after adjusting for key con-
founders such as smoking, alcohol and any pre-
existing conditions such as diabetes, hypertension
or thyroid diseases (Adj. OR = 16.5; 95% CI 3.9–
70.3; p < 0.0001).

Figure 3 shows the relationship between years of
exposure to heat and DNA damage that clearly

shows that the exposed workers with >10 years of
exposures had 70-times higher odds of DNA
damage compared to the unexposed workers with
same years of exposures in the same industry (95%
CI 2.8–315.5; p < 0.0001). Statistical analysis con-
ducted within the exposed group, workers with
>10 years of heat exposures, had higher odds of
DNA damage compared to workers with <10 years
of heat exposures (OR = 15.5; 95% CI 4.6–52.7; p <
0.0001) after adjusting for potential confounders.

The images of the select exposed and unexposed
samples with the MN frequency done manually
(Figure 4) and the automated cytogenetic imaging
using the Metafer systems (Figure 5) clearly show the
distinction in the MN frequency encountered in the
binucleate cells of exposed and unexposed workers.

Discussions

Heat stress & heat strain profiling and workers’
perception of heat and health

In the current changing climate scenario, heat expo-
sures are predicted to be one of the major health
burdens to human beings, especially in tropical set-
tings with hot humid climate for the most part of the
year [45]. In addition to exposures to high

Table 3. MN frequency scoring for 1000 cells done by manual scoring vs. automated methods for select samples in the steel
industry.
Sample
ID number & locations* WBGT °C Exposures

Manual Scoring
(MN Frequency)

Automated Scoring
(MN Frequency) Remarks

C-4 (Office room) 26.9 5 5 Match
C-10 (Office area) 24.6 4 6 Match
C-18 (Housekeeping) 26.1 3 5 Match
E 45 (EOF) 41.7 36 30 Match
E 17 (Coke Oven) 41.7 39 42 Match
E 30 (Coke Oven) 41.7 28 30 Match
E 50 (CCM) 37.0 16 15 Match
E 55 (CCM) 37.0 11 12 Match
E 10 (Coke Oven) 41.7 41 136 Over estimation in automated scoring
E 14 (Coke Oven) 41.7 43 155 Over estimation in automated scoring
E 59 (EOF) 40.0 12 5 Under estimation

Note: *C denotes unexposed & E denotes exposed samples

Table 4. DNA damage in the blood lymphocytes in the heat exposed and unexposed workers in steel industry (n = 120).

Groups WBGT (°C)
Sample
size

Number of BN cells
scored

Total Number
of MN

Mean ± SD of MN frequency/
1000 Cells

Adj.
OR;
95%-
CI

X Squared;
p-value

Exposed 34.3 ± 4.7 76 ~76,000 1874 24.7 ± 13.9 23.3 ǂ
8.0–
70.8

X2 = 47.1;
p < 0.0001Unexposed 26.3 ± 2.2 44 ~44,000 210 4.6 ± 2.0

Note: “Heat exposures” was adjusted for confounders like age, smoking, alcohol, NASIDs exposure to pesticide and Years of Exposure;
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environmental temperatures, people working in var-
ious industries are also exposed to excessive heat that
induces additional health burden [4]. Heat stress
profiles prevailing in the workplace evaluated via
area WBGT monitors in the industry showed high
occupational heat stress exposures (Figure 1) that
exceeded the recommended TLVs which has been
observed in other studies conducted in India [18,46].
Workplaces that exceeded the recommended TLVs

involved processes with high-heat exposure, like in
the steel manufacturing industry and/or were out-
door jobs, like agriculture, construction, etc. [17,47],
The measured WBGT in different sections of the
steel industry ranged between 22.1°C – 41.7°C with
average exposures of 33.5°C ± 3.2°C (Table2). In the
steel industry, most of the workers were exposed to
high process-generated radiant heat that prevailed in
almost all locations inside the production area,

Table 5. Logistic regression model of risk factors inducing DNA damage (MN frequency) in the study samples (N = 120).

S. no Study variables
DNA damage Present

N (%)@ Crude OR§ Adjusted OR§ 95%CI p-Value*

Regression Model (Total population)
I. Levels of exposure (WBGT)
1. No exposure

WBGT≤27.5°C
5 (11.3) 1.0 1.0 - -

2. Medium-heat exposure
WBGT >27.5°C–≤ 30.0°C

5 (29.4) 35.1 34.4 7.2–165.8 p < 0.0001

3. High-heat exposure
WBGT ≥30°C

54 (91.5) 84.2 81.4 21.3–310.1 p < 0.0001

II. Demographic variables
4. Age (>30 y/<30 y#) 31 (26) 1.2 - 0.6–2.5 p = 0.558
5. Years of Exposure

(>10 y/<10 y#)
29 (24) 2.6 2.2 1.2–5.7 p = 0.014

6. Smoking (Yes/No#) 10 (8) 0.7 - 0.3–1.9 p = 0.607
7. Alcohol (Yes/No#) 13 (10) 0.8 - 0.3–1.6 p = 0.335

Stratified analysis by category (Age and Years of heat exposures)
between exposed and unexposed Workers

I. Years of Exposure
> 10 y group of workers
< 10 y # group of workers

28 (23)
30 (25)

15.5
70.0

15.5
29.7

4.6–52.7
2.80–315.5

p < 0.0001
p < 0.0001

II. Age
>30 y group of workers
<30 y# group of workers

28 (23)
30 (25)

38.3
16.5

12.6
16.5

2.9–55.9
3.9–70.3

p < 0.0001
p < 0.0001

Note: *p-Value<0.05 is significant; §More than 1 denotes presence of risk; #-denotes reference group;): @DNA damage present only in exposed group
represented in table.

“Heat exposures” was adjusted for confounders like age, smoking, alcohol, NASIDs exposure to pesticide and Years of Exposure;
“Years of exposure” was adjusted for confounders like age, smoking, alcohol, medication (NSAIDs) and exposures to pesticide;
“Age” was adjusted for smoking, alcohol, Years of exposure, medication (NSAIDs) and exposures to pesticide.
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which is apparent from the average high globe tem-
perature reading (53.2°C). The radiation in these
enclosed areas was primarily from the processes
often with minimal ventilation in these areas due to

the nature of the production processes [47]. Apart
from the environmental heat imposed on the work-
ers, high metabolic heat load is added for workers
engaged in heavy physical work that involves intense
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Figure 3. Relationship between years of exposure to heat and DNA damage (MN frequency) between the exposed and unexposed
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Figure 4. Micro nuclei assay images for both unexposed and
exposed workers using light microscope.

Figure 5. Micro nuclei assay images of different slide sections
for exposed and unexposed workers using automated cyto-
genetic imaging.
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arm and trunk work, carrying, pushing, and pulling
heavy loads throughout their shifts, which cate-
gorizes them as being at a high risk as far as heat
stress is concerned that could further be enhanced by
continuous physical workload to complete produc-
tion targets with less opportunity for self-
pacing [5,48,49].

The manifestation of excessive heat exposures are
usually expressed by an individual’s physiological
responses, viz., rise in CBT, SwR, and USG, and the
relationship between physiological indicators of heat
stress and associated adverse health risks are well
established [4]. Excessive sweating and tiredness/
weakness was reported by 84.1% (n = 101) workers
due to heat exposures and heavy workload [17,47].
The behavioral modifications by the workers in fluid
intake and urinating pattern also influences the phy-
siological indicators resulting in consequent adverse
health concerns [50]. Research has shown that exces-
sive sweating and consequent dehydration increases
heat strain [51] and increases the risk of developing
heat-related illness [52,53]. Heat and heavy workload
subjects the workers to a higher risk of heat-related
health illnesses (Crude OR = 1.9; 95% CI 1.4–2.5; p <
0.0001) which have been reported earlier in many
studies across the globe [7,13,17,54].

Heat stress and DNA damage (micronuclei
frequency)

The current study aimed to investigate the geno-
toxicity induced by exposures to high-heat stress
work environments which were measured by the
frequency of MN in the lymphocyte cells that have
been reported earlier [11,20,23,34]. Study con-
ducted by Xiao et al in workers’ exposed to coke
oven heat and other pollutants induced DNA
damage that was measured by MN frequency in
blood lymphocytes [26]. In our study, there was
a significant positive association between expo-
sures to heat and DNA damage that was signifi-
cantly different between the heat exposed and un-
exposed worker groups (X2= 47.1; p < 0.0001). The
risk of DNA damage was 34-times higher in the
exposed workers compared to the unexposed
workers [55] (Table 4) and among the exposed
workers, the “level of heat” had an impact on the
extent of DNA damage which was apparent from
the differences in MN frequency in medium-heat

and high-heat exposed workers. Workers with
high heat exposures (WBGT > 30°C) had an 81-
times higher risk of DNA damage compared to the
medium heat-exposed workers, even after adjust-
ing for potential confounders (Table 4). This can
be explained in the light of genomic instability that
increases the number of mutations and/or chro-
mosomal aberrations, which cytogenetically trans-
late into increases in the number of chromosomal
numbers and/or structure with formation of MN
[56]. Association between years of exposure to
chronic heat and MN frequency was significant
(p < 0.0001), similar to the observations of other
studies [20,26,28,31]. The workers <30 years of age
had a higher risk of DNA damage (OR = 38.3; 95%
CI 2.9–55.9) compared to the workers in the age
group >30 years (OR = 16.5; 95% CI 3.9–70.3),
which did not concur with the theory that aging is
associated with genomic instability and that higher
incidence of MN manifests in older age groups
[57]. This data could not be explained by other
factors such as smoking or alcohol associated with
risk of higher frequency of MN as there was no
significant difference between the smoker and
non-smokers in the exposed and unexposed
group, which has been a subject of controversy in
many studies [58]. The odds of DNA damage were
lowered after adjusting for the confounders such
as smoking, alcohol, intake of NSAIDs and years
of exposure to heat (Adj. OR = 12.5; 95% CI 2.9–
55.9). The only logical explanation would be the
years of exposure to heat as a risk factor that
increases the odds of DNA damage in the workers
as all other confounders are not significantly dif-
ferent between the two age categories. It must be
noted that the workers’ exposures to other occu-
pational risks factors such as lack of welfare facil-
ities, exposures to chemicals from manufacturing
processes and other risk factors in the work set-
tings are the same except for the “level of heat”
and “metabolic workload” for both the unexposed
and exposed groups.

The results are similar to another study in which
the authors observed DNA damage and HSPs in
workers exposed to benzene and heat stress in the
paint industry [59]. While numerous in-vitro stu-
dies have been performed regarding the effects of
hyperthermia on DNA damage, the few experimen-
tal studies conducted in humans [60] on the effect
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of hyperthermia on DNA damage [61] and the
release of HSPs [62,63] support the findings of
our study that heat could have an association in
the induction of DNA damage with consequent
HSP release in human subjects. Professional or
occupational drivers and individuals who have
long daily commuting are more prone to having
increased scrotal temperatures that were associated
with sperm damage [64]. In a review on the causes
and effect of heat stress on sperms,
Durairajanayagam et al. discussed the effect on
temperature on the sperm concentration & count
and reported 30% lower sperm concentration &
count during hotter seasons [24]. In addition to
damaging DNA, hyperthermia also causes
a decrease in DNA synthesis and the degradation
of many mRNAs and proteins necessary for cell
survival [65]. The significant positive correlation
between heat stress exposures and DNA damage
in our study corroborates with previous reports
[53–55] that DNA damage is a potential conse-
quence of chronic high-heat exposures. Long-term
increase in temperatures due to climate change is
likely to increase the incidence of heat-related ill-
nesses [66] and an understanding of the impacts of
heat stress at a sub-cellular level is essential.

The study is preliminary in nature and the first of
its kind to explore the association between occupa-
tional heat exposures andDNA damage in organized
Indian occupational settings. One of the major lim-
itations of the study is the cross-sectional study
design, the small sample size, and samples being
collected only from one industry. The inclusion of
more industrial sectors with various exposure pat-
terns and heat levels are warranted to come to con-
clusive conclusions about the dose-response
relationship between heat exposures and DNA
damage. Within the limitations of the study, the
findings do concur with other studies that have also
shown associations between high-heat stress expo-
sures and DNA damage [11,20,24,26,34,35].

Conclusions

Heat-related illnesses are one of the silent causes of
morbidities and mortalities worldwide and will
continue to increase in severity with the rise in
global temperatures due to climate change. Heat
stress not only affects workers health and

productivity but also inhibits DNA repair systems
and can also act as a DNA damaging agent. In
summary, this preliminary research evidence indi-
cates that high-heat exposures can potentially
induce DNA damage and genetic damage, an area
of research that has been under-addressed at
a global level. Need for further longitudinal and in-
depth studies to understand the long-term effects is
warranted to be conclusive about the heat and DNA
damage dose-response relationship. A complete
understanding of heat-related illnesses at physiolo-
gical, as well as molecular level, is required to facil-
itate the design of more efficient preventive and
treatment strategies. Given the research evidence,
preventive actions must prioritize safe workplace
conditions for the workers which may be achieved
through adequate ventilation and feasible interven-
tions. In general, the study highlights the need for
protective labor policies for the working population
exposed to chronic high-heat work environments
with an aim prevent adverse heat-related health
implications for the working population in the hot-
ter world as climate change proceeds.

Methods

Study design and study population

We conducted a cross-sectional study to assess occu-
pational heat stress and its association with damages
at the subcellular levels (DNA) in a steel industry
located in southern India which was a follow-up of
a previous study conducted by the authors [17]. Prior
ethical clearance from the Institutional Ethics
Committee (IEC) and permission from the concerned
management was obtained for the study. We selected
the industry for the study as the workers in the steel
industry were exposed to chronic high-heat BF-II on
a regular basis. The willingness of the management to
participate in the study and acceptance for further
follow-ups with workers such as medical surveillance
was an added reason for the selection of this industry.
After we conducted a walk-through survey and made
spot WBGT measurements within the industry, we
recruited 120workers employed formore than 5 years
in the same industry from various locations within the
industry who volunteered and consented for the
study. The 5-year cut-off was kept to rule out any
other risk occupational risk factors, that may drive the
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association due to any recent exposures from a change
of job from other occupational sectors. The risks and
benefits of participating in the study were explained to
the workers and signed informed consent was
obtained. The workers who had 5 years’ experience
in the same industry also had the following advan-
tages: 1) they were tenured workers with occupational
health records and 2) experienced workers were only
posted in keymanufacturing areas, most of which had
very high-heat exposures. The identified areas were
Coke Oven (CO), Blast furnace (BF), Continuous
Casting Mill (CCM), Energy Optimizing Furnace
(EOF), Blooming Mill (BM), Coke Oven (CO), and
the Power Plant (PP). Based on the spot WBGT
measurements done for screening purposes, we
included 76 workers with WBGT exposures ≥ 27.5°
C (ACGIH – Threshold Limit Value (TLV) [67] who
were employed in areas where they had direct expo-
sures to process-generated heat like from furnaces.
Among the exposed workers, workers with exposures
≥30°C were categorized as high-heat exposed group
and workers with exposures 27.5–30°C were categor-
ized as a medium-exposed group. We categorized the
other 44 workers based on their exposures to tem-
peratures <27.5°C (below TLV) as unexposed workers
who were employed in jobs such as housekeeping,
offices, who were not directly exposed to process
generated heat after frequency matching them to the
exposed workers by age and years of experience in the
industry.

Assessment of heat stress, physiological strain
and workers perception on health

Heat stress measurements
We made quantitative assessments of environmen-
tal area heat stress using a calibrated portable heat
stress WBGT monitor, (QuesTemp°34; QUEST
Technologies, USA) during the hottest part of
the day, (10am–4pm) which has an accuracy level
of ±0.5°C between 0°C and 120°C of dry bulb
temperature and ±5% relative humidity, as per the
protocols recommended by NIOSH [68]. We used
the WBGT permissible heat exposure TLV to eval-
uate the risk of heat stress and the corresponding
WBGT under which continuous work during
an hour could be safely undertaken. In each work
location, we measured WBGT at least twice a day
and the average WBGT of the measurements was

used as workers’ exposure during the shift. Then
clothing correction was made to the WBGT values
depending on the kind of clothing/uniform worn
by the workers as per the ACGIH guidelines [67].
The heat exposures (heat stress index that com-
prises temperature, relative humidity, radiation,
and wind velocity) was recorded for each worker
plus workload, clothing factors were collected by
using standard methods [69].

Physiological strain measurements

We collected data on physiological parameters,
such as core body temperature (CBT), Sweat Rate
(SwR), and Urine Specific Gravity (USG) [70], as
per the standard internationally accepted proce-
dures for workers. CBT was assessed using 3M,
Quest Temp Personal II monitors. The aural sen-
sor has an electronic accuracy of better than ± 0.1°
C over the temperature range of 32°C to 40°C.
This gives minute-by-minute CBT variations
experienced by the worker through the shift. We
measured it before the onset of work (pre-
exposure CBT) and after at least 2 hours into
their work shift (post-exposure CBT). The workers
were made to sit in a comfortable chair before the
pre and post measurements were taken. The sweat
rate was calculated using the formula of the
Canadian Sports Association [71]. The body
weight was measured, using a weighing scale
(accurate to 0.1 kg) before the start and end of
the work. Data on the quantity of liquid consump-
tion during the study time in a work shift and the
time gap between urinations were collected from
the study participants to check the Sweat rate. The
urine sample was collected after their work shift.
USG was measured via a standard Urinometer.
The reference range used for the physiological
parameters was 1) Raise in 1°C in post-exposure
CBT [4]. 2) SwR of 1.0 L/h [71] and 3) USG was
between the ranges of 1.010–1.020 [69].

Workers’ perception of heat and health impacts

We collected a total of 120 perception questionnaires
using a modified version of an internationally vali-
dated HOTHAPS (High Occupational Temperature
Health and Productivity Suppression) questionnaire
from the workers [47]. Data on the workers’
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perceptions of heat exposures, clothing acclimatiza-
tion, symptoms of potential health impacts, were
collected. An elaborate section with questions on
self-reported heat-related health illnesses was admi-
nistered and the interviewer explained the symptoms
of each illness. We also made observations about the
workplace conditions, provision of cooling interven-
tions and coping mechanisms of workers in mana-
ging heat stress.

Heat stress-induced DNA damage measured
using micro nuclei assay

Prevalence of high chronic heat exposures and
heat-related health illnesses was common in the
steel industry and workers were highly vulnerable
to risks of adverse health issues. The steelworkers
were selected to study the association between heat
stress and DNA damage due to the very high
chronic heat exposures on a daily basis.

We used the standard methods used for the MN
assay method [57,72–75]. About 2–3 ml of periph-
eral blood was collected in a heparinized container
and transported to the laboratory at 4 ± 1°C. In
a culture flask, 80% of RPMI 1640 medium with
20% of FBS, 1-ml of the peripheral blood and
40 μg/ml of phytohemagglutinin (PHA) were
added. The cultures were incubated at 37°C for
72h. At the 44th hour, cells were blocked at cyto-
kinesis stage using cytochalasin-B (4 μg/ml) [76]
and further incubated for 24 h at 37°C. At the end
of the 72nd hour, the cells were treated with hypo-
tonic (0.45%) solution and fixed with Carnoy’s
Fixative. The slides were cast and stained with
10% Giemsa followed by scoring the slides at 40X
magnification under the light microscope (Nikon
Eclipse) MN and documentation. Slides of the
exposed and unexposed samples (with about
1000 cells) were analyzed for each sample and
the MN frequency was calculated using the
Fenech formula [77].

MN Frequency ¼ Total number of MN=

Total number of cells scored:

Standard Error ¼ Sq No: MNð Þ=
Total no: cells scored:

The MN frequency, an indicator of DNA damage,
in the exposed group ranged between 0.026–0.45
as against 0.007 which was the baseline in regular
population [44,78].

Reconfirmation of micro nucleus using
automated cyto-genetic imaging

For reconfirmation, increased accuracy and to
remove any researcher bias/error, we assessed
MN induction using a semi-automated Metafer™
DNA damage scoring platform (Meta System,
Althlussheim, Germany). The Metafer MN scoring
platform consists of a motorized slide loading plat-
form, Carl Zeiss Axio Imager fluorescence micro-
scope, and a Charge-Coupled Device (CCD)
camera. Image acquisition was carried out by
using Metafer 4 software (version 3.12.137). We
loaded the stained slides on to a motorized slide
scanning platform of the Metafer system, scanned
the slides and the images of nuclei and MN were
captured with 10X objective. A 100X objective was
used for MN scoring by relocating the cell and MN
on the slide form the coordinates displayed in the
gallery view. The MN module for MetaferSearch
finds cells on a slide and automatically counts the
MN. Each BN cell is captured and the image is
displayed in the gallery. A real-time histogram lists
the BN cells with the micronuclei counts. Non-
overlapping, DAPI stained circular/oval nuclei
with a size between a third and a sixteenth of the
main nuclei were scored as MN [79].

Statistical analysis

Baseline characteristics between participants and
non-participants were compared. Continuous
data is represented as Mean ± SD. For single
proportions like the prevalence of heat stress and
heat-related health problems, etc. were tested for
significance using the Chi-square test and Crude
Odds Ratio (OR). The dependent variable was
categorized as dichotomic variables using a cut-
off value corresponding to the baseline MN fre-
quency of 0.07 MN/cell in southern India based on
a previous study [44] to find the risk of DNA
damage due to heat exposures between the
exposed and unexposed worker groups. Hence
binary logistic regression was used for analysis
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using a stepwise method to control for possible
confounders [55]. The adjusted ORs thus calcu-
lated is presented with the corresponding p-values
and 95% CI. The level of significance was taken at
5% level. SPSS-licensed statistical software version
16, and “R” software were used for statistical ana-
lysis and graphs were created using Microsoft
Excel.
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