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Assessment of parameters
reflecting the reactivity of the
autonomic nervous system of
Polish firefighters on the basis of
a test in a smoke chamber

tukasz Dudzinski®*, tukasz Czyzewski? and Mariusz Panczyk?

!Department of Medical Rescue, John Paul Il University in Biata Podlaska, Biata Podlaska, Poland,
2Geriatric Nursing Facility, Medical University of Warsaw, Warsaw, Poland, *Faculty of Health Sciences,
Medical University of Warsaw, Warsaw, Poland

Objective: Measurement and analysis of heart rate variability in a population of
professional firefighters based on heart rate (RR) recording. Assessment based
on a smoke chamber test in correlation with age, length of service, body mass
index.

Materials and methods: The smoke chamber test for the officers of the State Fire
Service (SFS) is aimed at improving the skills and techniques of working in special
clothing and in a respiratory protection set (RPS) under high psychophysical
burden. The study was divided into 3 stages: 1. measurement of parameters
at rest — sitting position for 5min, 2. measurement of parameters during the
firefighter’s activity, effort related to the training path and the test in the smoke
chamber, indefinite time (different for each firefighter), 3. measurement of
parameters at rest after exercise — sitting position for 5min. Each firefighter
included in the study had fitted onto his chest a Polar H10 band with a sensor
(size XXL) that measures parameters HR, HRV (sensor connected via Bluetooth
to an application on the phone of a person controlling the test).

Results: The study involved 96 firefighters aged 19-45 (Mean 27.9; SD 74),
with 1-19years of service (Mean 5.2; SD 4.6). The study included 75 firefighters
who completed the entire activity and their results were recorded completely
in a way that allowed for analysis and interpretation. Results of 17 firefighters
were selected (parameters describing HRV changes was carried out, which are
important from the authors’ experience: RMSSD, HF ms?, DFA ol).

Conclusion: The presence of excessive body weight did not affect HR
parameters, which may be related to the limited possibilities of using the BMI
index among people with high muscle mass. Longer work experience has a
health-promoting effect on heart rate values through increased adaptation of
the circulatory system to increased effort and stress. HRV parameter and ANS
activity have a wide range of clinical applications, in addition to monitoring health
status in the course of diseases, ANS activity can be analyzed in correlation with
occupational risk factors.

KEYWORDS

psychophysical burden on firefighters, smoke chamber test, rescue and firefighting
operations, sinus rhythm variability, health risk

01 frontiersin.org


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2024.1426174&domain=pdf&date_stamp=2024-07-19
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full
mailto:lukasz_dudzinski@o2.pl
https://doi.org/10.3389/fpubh.2024.1426174
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2024.1426174

Dudzinski et al.

1 Introduction

Firefighters are a uniformed formation, which in its statutory
activities is tasked with saving human life, health, rescuing animals,
rescuing property, counteracting natural disasters, industrial
accidents, and catastrophes. Firefighters often operate in the danger
zone, where other services (National Emergency Medical Services,
Police) cannot stay, and evacuation of injured people outside the
danger zone requires the firefighter to be in good health and in good
physical condition (1, 2).

Firefighters undergo health examinations every year. In addition,
they undergo a fitness and performance assessment during a smoke
chamber test. Each firefighter is required to go through the smoke
chamber path with the frequency of the test at least once every three
years in accordance with the guidelines of the National Headquarters
of the State Fire Service (NHSFS). In the smoke chamber, firefighters’
resistance to psychophysical burden is tested in conditions similar to
real operations. During tests and improvement exercises, orientation
and the ability to move in smoky conditions and confined spaces are
checked. A rescuer wearing a breathing apparatus overcomes various
obstacles in conditions of increased temperature, noise and light
effects. The test in the chamber is physically burdensome for
firefighters, additional burden is the increased temperature in the
chamber and full uniform, as well as the weight of the air cylinder
carried on the back during the test (3, 4).

Heart rate variability (HRV) is a non-invasive, objective and
validated method for assessing the autonomic nervous system. The
analysis of differences in the time interval between successive peaks
of the R waves of the QRS complex (in electrocardiogram) has a wide
range of clinical applications. The measurement of this RR interval is
used to calculate heart rate variability. Heart rate variability is believed
to reflect modulation of sinus node automaticity by the sympathetic
and parasympathetic parts of the autonomic nervous system.
Numerous studies indicate clinical use of cardiac rhythm variability
in determining the prognosis after myocardial infarction and the risk
of sudden cardiac death, disease prevention, and even autonomic
function in the post-COVID-19 period (5-7).

The parameter can be used as a predictor of human health, as
heart rhythm is modulated by a wide range of physiological processes.
The availability of modern, high-quality sensors and the low data rate
of heart rate signals make HRV easy to measure, transmit, store and
process. However, there are also significant obstacles preventing the
wider use of this technology. HRV signals are non-stationary,
non-linear, and resemble noise to the human eye (8).

One of the methods of measuring HRV is to use a band with a
sensor placed on the chest. The sensor is provided with a transmitter
connected via Bluetooth to an application on a phone or other mobile
device that allows access to the raw heart rate data (RR intervals), from
which the HRV parameter can be calculated. So far, HRV analysis has
been used mainly in cardiology, but now it is used in sports and in
monitoring the workload of uniformed services (9).

The assessment of the autonomic nervous system (ANS) in
firefighters using HRV analysis in firefighters has been carried out in
recent years in several research projects outside Poland. The Gendron
study concerned the dependence of HRV in the period preceding
firefighting activities. Fire extinguishing action is modulated by
different work cycles (simulated extinguishing actions in correlation
with the passive rest period) (10).
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Buecher undertook work on classifying the cognitive and physical
stress of firefighters based on heart rate variability parameters. The
study was carried out on a group of 85 firefighters in a cage maze,
which is methodologically similar to the test in a smoke chamber in
our own study (11).

Measurement and analysis of heart rate variability in a population
of professional firefighters based on heart rate (RR) recording.
Assessment based on a smoke chamber test in correlation with age,
length of service, body mass index.

2 Materials and methods
2.1 Design

The smoke chamber test for the officers of the State Fire
Service (SFS) is aimed at improving the skills and techniques of
working in special clothing and in a respiratory protection set
(RPS) under high psychophysical burden. Elements that burden
and make it difficult to complete the test include limited visibility
(darkening and smoke), limited space, increased temperature
and noise.

The physical exertion caused by the exercises provided for the
path (squeezing through narrow spaces, moving on your knees,
crawling) reflects the realism of real rescue and firefighting operations.
The smoke chamber test was carried out at the Training Centers of the
Provincial Headquarters Lublin of the State Fire Service in Poland.

Before proceeding to the actual part of the test, firefighters
undergo a stress test (Figure 1). The test was carried out in special
clothing, gloves, helmet, firefighter footwear with the RPS on, but not
connected (the breathing apparatus is on the back without a mask
attached). The effect of fatigue in the smoke chamber is increased by
the burden on the respiratory tract of the connected RPS set and the
burden associated with carrying an air cylinder on the back (Figure 2).
Breathing through the RPS, even without engaging in any activities,
i.e, while standing still, burdens organism through increased
respiratory effort. During the test, firefighters are dressed in full
special (combat) clothing (12).

The kit includes: 1. compressed air cylinder, 2. frame with
shoulder straps and hip belt, 3. immobility indicator, 4. manometer
indicating the air filling level of the cylinder, 5. breathing apparatus, 6.
mask with panoramic glass, 6a. inhalation valve - connection point
for the mask with the breathing apparatus, 7. cylinder valve.

2.2 Study procedure
The study was divided into 3 stages:

- Stage 1 — measurement of parameters at rest - sitting position
for 5min.

- Stage 2 - measurement of parameters during the firefighter’s
activity, effort related to the training path and the test in the
smoke chamber, indefinite time (different for each firefighter)-
this part included the time of the training track (Figure 1), the
time of moving between stations, and the time of the actual
chamber. According to the regulations, the passage time of the
smoke chamber is limited to the capacity of 1 compressed air
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FIGURE 1

Training path — subsequent stages of fatigue before the smoke chamber. Source: State Fire Service: Smoke Chamber Test Regulations. (A) Belt
ergometer (walking on a treadmill)- 6 min activity- speed depending on the firefighter's age, (B) bicycle ergometer (stationary bike with a load)- 1 min
with a load depending on the firefighter's age category, (C) pull-up hammer (raising and lowering a specific weight)- the number of pull-ups from 10
to 20 — depends on the age category of the firefighter, (D) endless ladder (moving ladder)- 2 min — speed depending on the firefighter's age (12).

FIGURE 2
Respiratory protection apparatus. Source: Authors’ private archive.

cylinder. The condition for passing the training path is that the
test participant completes it using one breathing apparatus.

- Stage 3 - measurement of parameters at rest after exercise —
sitting position for 5min.

In the statistical analysis of HR and HRYV, the above 3 stages are
called: PRE, DURING, POST. Each firefighter included in the study
had fitted onto his chest a Polar H10 band with a sensor (size XXL is
intended for chest circumference in the range of 70-115cm) that
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measures parameters (HR, HRV). At each stage, the band was
connected via Bluetooth to an application on the phone of a person
controlling the test, which allowed access to the raw heart rate data
(RR intervals), from which the HRV parameter was calculated.

Polar H10 sensors are new and have been used by firefighters since
new, they did not require calibration, approved for sale in Poland with
a wide range of applications in many fields of sports, calibrated with a
mobile device through a dedicated application from the manufacturer’s
online website. The smoke chamber is permitted by the regulation of
the Minister of Internal Affairs and Administration of September 16,
2008 on detailed health and safety conditions for firefighters of the
State Fire Service (Journal of Laws No. 180, item 1,115). based on the
opinion of the Scientific and Research Center of the State Fire Service.
This is a standardized test for the whole of Poland according to the PN
EN 60439-1 and PN EN 60335-1 standards. The regulations assume
that before starting the test the chamber staff conducts an initial
instruction, which includes a discussion of: the purpose of the
exercises, the structure of the chamber, the organization and sequence
of the exercises, the devices and tasks to be performed on the path, the
health and safety rules during the exercises.

The firefighter performing the test signs a declaration that he has
not consumed alcohol or other psychoactive substances in the last
48h, and has not performed any activities involving long-term
physical exertion in the last 24 h; in addition, the firefighter must have
a current medical certificate and occupational health and
safety training.

2.3 Smoke chamber test protocol

The training path is covered in special clothing, a helmet, special
footwear, special gloves, a balaclava and respiratory protection
equipment. The mask is connected to the breathing apparatus and
placed on the face. The minimum length of the training path, made
on two levels (crawling level, walking level) — 24 m. The path is made
of modular elements, forming a square in the base with a side length
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of 750+800 mm, connected to each other and forming one whole. The
height of the crawling level - 0.87+0.9 m.

The lighting in the chamber is identical for all participants: the
number of lamps installed in the chamber compartments must allow
for obtaining the light intensity level in accordance with the Polish
Standard PN-EN 12464-1.

The authors do not know what the optical density of the smoke
is inside the chamber. The temperature in the upper part of the
chamber increased to 70°C. For the authors, it is important that all
participants have the same conditions. During the test/
improvement exercises, the participant is under constant
supervision of the chamber staff and devices monitoring the
course of the test/improvement exercises. The conditions in the
chamber are difficult, the firefighter with the sensor is
moving dynamically.

There is a large amount of metal obstacles-manhole - installed in
place of the floor element with a hole with a diameter of 600 mm,
closed with a hinged cover, enabling passage between levels - number
adapted to the route of the path, short pipe — made of plastic, length
200 mm, diameter 600 mm, with a frame to be placed on the path, long
pipe — made of plastic, one module long, diameter 600 mm, with two
frames to be placed on the path, grate (door) large sliding — an obstacle
made of grate, installed inside the walking level, After moving which
there is a passage of approx. 600 mm to the next segment - 1 piece,
small sliding grate (door) — an obstacle made of grate, installed inside
the crawling level, after which after which it remains to move approx.
600 mm to the next segment, large horizontally narrowed grate - an
obstacle made of a grate with horizontal division, half filled with grate,
mounted inside the walking level.

There are also electronic devices: camera with a built-in infrared
illuminator with a resolution of min. 480 lines and visibility min.
20 m, for observation in the light and in the dark in the presence of
smoke, with a mounting base and a protective barrier. The camera
is placed in a place and in a way that ensures observation of the
entire chamber space, controlled from the control panel. The
number of cameras adapted to the layout of the training path,
thermal imaging camera (does not require cooling), with a set of
accessories for observing exercises in the presence of smoke, placed
in a place and in a way that ensures observation of the entire space
of the chamber, controlled from the control panel, also fogging and
heating devices.

All chambers in Poland have the same procedure, dimensions,
structure, and training path - which ensures repeatability and standard
of the test from the technical side (2, 12).

2.4 Data collection procedure details

- the Polar H10 sensor sent the test record (date, time, duration of
the test, obtained parameters) to a virtual individual profile (set
up by the authors of the study) on the Polar manufacturer’s
website: www.flow.polar.com.

- the results were exported to an MSExcel file with the data
provided by the software.

- raw results from the Ms. Excel file were processed with
Kubios software.
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Stress factors in the chamber environment: temperature, smoke
density and noise level in the smoke chamber - are not known to the
authors. These are parameters standardized for the whole of Poland
and generated automatically by the smoke chamber software.

For the purposes of statistical calculations, the following data were
obtained from each firefighter:

- age.
- seniority.

- another test in the smoke chamber.
- height and weight (BMI).

After leaving the chamber, each firefighter was asked whether the
PolarH10 band hindered his activity — a closed question: yes/no
(Figure 3).

2.4.1 Ethical considerations

The described cases are fully anonymous, the analysis is in
accordance with the principles of the Declaration of Helsinki and the
GDPR regulations. All firefighters included in the study gave informed
consent to participate. The consent of the bioethics committee of the
XXX XXX University No. 19/2022 of 19.12.2022 was obtained for the
implementation of the above project. In addition, the consent of the
Provincial Commander of the State Fire Service was obtained for the
implementation of the practical part of the study.

2.4.2 Characteristics of the study group

Firefighters from the district and municipal headquarters of the
State Fire Service in the Lublin Voivodeship took part in the study. The
study group consists of firefighters holding various official positions
in the combat division (commander, rescuer, driver). The study was
anonymous and voluntary, of which the participants were informed.
At the same time, the subjects were informed that they could stop
participating in the study at any stage.

2.5 Statistical analysis

Results concerning quantitative variables (HR min, HR max, HR
mean) were presented as average values + standard deviation. Results
(RMSSD, HF ms?, DFA al) were presented as median and interquartile
range (IQR). The Kolmogorov-Smirnov test was used to assess the
normality of the distributions.

In the comparative analysis of the stages of study (Pre, During and
Post) depending on: heart rate (HR) min, HR max, HR mean, RR
interval differences (RMSSD), high frequent (HF) ms” and detrended
fluctuation analysis (DFA) a1, Friedman ANOVA was used.

For results presented as average values + standard deviation,
groups were discretized according to Mean-based discretization.
For results presented as median and interquartile range (IQR),
groups were discretized according to Standard median splits.
Proportions in groups divided by age, BMI, employment experience
and activity were assessed with a Chi-squared test. Statistica 13
(StatSoft Inc., OK) used for the
statistical analysis.

software Tulsa, was

A significance level of p <0.05 was adopted.
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Assessment of work (effort with the band). Closed question: Was the smoke chamber test with the Polar H10 band on the chest difficult?
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TABLE 1 General characteristics of the study group.

I\ M SD Median IQR/2 Q1 (@K Min Max
Age [yr] 75 27.95 7.49 26.00 6.50 22.00 35.00 18.00 45.00
Seniority [yr.] 75 525 4.69 4.00 3.50 1.00 8.00 1.00 19.00
Activity [min.] 75 39.69 14.89 38.00 9.00 31.00 49.00 8.00 91.00
BMI [kg/m?] 75 25.37 223 25.59 1.40 23.92 26.73 20.06 30.96

M, mean; SD, standard deviation; IQR/2, semi-interquartile range; Q1, lower quartile; Q3, upper quartile.

3 Results

The study involved 96 firefighters aged 19-45 (Mean 27.9; SD 7.4),
with 1-19years of service (Mean 5.2; SD 4.6). The study included 75
firefighters who completed the entire activity and their results were
recorded completely in a way that allowed for analysis and
interpretation (Table 1).

From the group n=75 the results of 17 firefighters were selected
(Table 2; Figure 4). Analysis of selected parameters describing HRV
changes was carried out, which are important from the authors’
experience: RMSSD, HF ms2, DFA ol (Table 3).

Results with artifacts that make it impossible to generate
descriptive parameters HRV from raw RR records were not taken into
account for statistical calculations. The authors have raw records of RR
min, RR max, RR mean, time of the study, but these results were not
included because the separation was not consistent with the purpose
of the study (HRV changes).

Interaction plots with results from Table 2 are shown in
Supplementary Figure S1.

There is a significant difference between Pre HR min and Post HR
min, and between During HR min and Post HR min (adjusted
p-values <0.05). There is a significant difference between Pre HR max
and During HR max, and between Pre HR max and Post HR max
(adjusted p-values <0.05). There is also a significant difference between
During HR max and Post HR max (adjusted p-value <0.05). There is
a significant difference between Pre HR mean and During HR mean,
and between Pre HR mean and Post HR mean (adjusted
p-values <0.05).

There is a significant difference between Pre RMSSD and During
RMSSD, and between Pre RMSSD and Post RMSSD (adjusted p-values
<0.05). There is a significant difference between Pre HF ms2 and
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During HF ms2, and between Pre HF ms2 and Post HF ms2 (adjusted
p-values <0.05) (Table 3). In the comparative statistical analysis of HR
variability, statistically significant differences were shown in terms of
employment experience in Pre stage group (p=0.021) and Post stage
group (p=0.049) and activity in During stage group (p<0.001)
(Table 2).

In the comparative statistical analysis of HRV variability,
statistically significant differences were shown in terms of BMI in Pre
stage group (p=0.044) and Post stage group (p=0.044) (Table 3).

The effort with the band was well tolerated by the firefighters.
Firefighters who answered “YES” were asked to justify their answers:

1. Too small band circumference — pressure was felt and it
absorbed attention.
2. Pinching sensation at the height of the sternum.

4 Discussion

One of the parameters of HRV analysis is DFAal, which correlates
quite well with VO2max, which is the gold standard for assessing
performance. The choice of the Polar H10 to collect the parameters of
a firefighter in the smoke chamber is supported by current research,
in which the Polar H10 is a sensor that is more accurate for
measurement, at a relatively low cost, moreover, its size and mounting
on the chest does not adversely affect the planned task. This type of
solution is used in many sports (13).

In our own study, the sensor location was well tolerated by 98% of
firefighters — XXL size was used for all of them, which, according to
the manufacturer’s technical data.
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TABLE 2 Heart rate analysis.
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Pre During Post P

HR min 80.6+12.9° 84.4+13.0° 121.4%22.9 <0.001
Age<28yr 85.8£9.0 824+115 127.3+24.7

Age>28yr 773138 86.1+14.1 116.7+20.9

P 0.055 0.264 0.301

BMI<25 79.3+12.1 84.3+13.7 120.4+20.1

BMI>25 81.8+13.11 84.6+12.7 122.3+25.5

P 0.539 0.839 0.726

Seniority <5yr 86.3£8.9 833+11.2 128.3+23.4

Seniority >5yr 76.4+13.6 85.7+14.9 114.5%20.9

p 0.021 0.566 0.099

Activity (min) <38 79.7+12.2 84.9+125 122.3+253

Activity (min) >38 83.6+13.7 84.0+13.6 119.1£16.2

P 0.446 0.722 0.874

HR max 93.9+12.1% 189.0+13.1° 164.0£23.4 <0.001
Age<28yr 95.5+10.1 189.4+13.1 171.1+22.9

Age>28yr 92.5+13.2 188.7+13.2 158.4%22.8

P 0.575 0.903 0.095

BMI<25 943+12.1 189.2+ 14.1 164.3+23.3

BMI>25 93.4+122 188.9+12.4 163.8+24.1

P 0.742 0.744 0.975

Seniority <5yr. 96.2+10.1 189.1+13.9 171.5+22.7

Seniority >5yr 91.7+13.2 188.9+12.3 156.6+22.3

p 0.331 0.787 0.049

Activity (min) <38 93.9£9.6 1823133 160.9+23.1

Activity (min) >38 93.3+17.0 194.9+9.7 17224233

P 0.845 <0.001 0.168

HR mean 87.7+12.6 ** 147.5£15.2 136.9+24.3 <0.001
Age<28yr 89.2+8.3 149.2+16.3 143.7+24.7

Age>28yr 86.1+14.6 146.1+14.2 131.6%23.2

P 0.368 0.606 0.108

BMI<25 85.1+10.3 147.1+15.3 136.5+23.2

BMI>25 89.3+13.4 147.8+15.2 137.3£25.8

P 0.203 0.814 0.714

Seniority <5yr 90.4+8.1 148.5%16.1 143.3£23.6

Seniority >5yr 85.5+14.8 146.4+14.2 130.6%23.9

p 0.226 0.791 0.091

Activity (min) <38 87.0£10.7 147.9+17.6 137.8+25.6

Activity (min) >38 89.2+16.3 147.2£12.9 134.7+21.8

P 0.728 0.610 0.805

HR, heart rate; BMI, body mass index. *p <0.05 at post-hoc analysis with during activity. “p <0.05 at post-hoc analysis with post activity.

The measurement of HRV parameters is used in many clinical
conditions, in diagnosing the condition of patients after COVID-19,
after cardiac ischemia, complications of sepsis, multi-organ failure.
Asarcikli followed a group of post-COVID-19 patients, analyzing
autonomic function using HRV indices, taking into account the root
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mean square of consecutive RMSSD. Increased parasympathetic
activity has been demonstrated in patients with a history of COVID-
19, which may be related to autonomic imbalance. The same
parameter analyzed in our own study. RMSSD has a wide range of
clinical use, in 2022 the authors studied changes in people after
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FIGURE 4
Results of HR mean according to study stage (Pre vs. During vs.
Post).

COVID-19, instead we used the reading in a population of healthy
people subjected to significant occupational strain (physical and
mental) (14, 15).

Shaffer et al. divide measurements into short-term (minutes) and
long-term (>24h). The authors point out that long-term HRV records
can predict health outcomes: heart attack, stroke, and all-cause
mortality. In our own study, we made short-term measurements. Our
population consists of healthy and fit people, and the assessment
concerned adaptation to conditions of exercise, increased temperature
and stress. Short-term HRV measurements are also described by other
authors (16, 17).

An interesting observation of firefighters in conditions of
increased temperature in protective clothing was made by Dwornik
et al. This study did not include an HRV analysis, but the
temperature burden of protective clothing (Nomex) is similar to
the conditions created for firefighters in our own study. A
specialized outfit protects against fire, but can potentially
be dangerous for firefighters in action. It is associated with
increased internal body temperature, it causes rapid breathing,
increased heart rate, blood pressure, significant sweating and loss
of essential electrolytes. The study was based on the analysis of
several parameters: temperature, weight, heart rate, blood pressure,
and saturation (18).

Schneider et al. pay attention to changes in HRV observed for
psychological reasons. The authors observed changes in ANS function
for a variety of psychiatric disorders, including post-traumatic stress
disorder (PTSD)—a lower HRV compared to the control group. The
observations concerned the following parameters: root mean square
of successive differences (RMSSD), spectral components of low
frequency (LF) and high frequency (HF). One of the objectives of own
study was to observe differences in HRV under the influence of the
stress factor in a closed, smoky smoke chamber. HRV analysis for
behavioral changes was also studied by Zhu (19, 20).

Heart rate variability (HRV) analysis can be a useful tool for
detecting underlying heart problems and even general health
problems. Currently, such analysis is usually carried out under
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controlled or semi-controlled conditions. Because many common
HRV measures are sensitive to data quality, manual artifact correction
is common in the literature, both as an exclusive method and in
addition to various filters. With the proliferation of personal
monitoring devices that enable continuous HRV analysis,
opportunities for HRV analysis in a new setting are opening up. In our
own analysis, due to the complicated procedure and dynamic scenario
of effort for each firefighter, there was also a large number of artifacts,
the number of which in several cases led to the decision not to include
the result in the analyzed group (21).

Pham et al. point out the technical aspect and difficulty in
obtaining HRV; and the process of obtaining the parameter is complex
and therefore presents a challenge for users who may not have
adequate general knowledge to reliably obtain HRV indicators. This is
confirmed by our own study, a time-consuming process was
performed between the raw RR and the HRV parameter (22, 23).

In the literature on the subject in the population of firefighters, it
is worth mentioning 2 more studies. Saari et al. (24) investigated the
differences between resting and post-exercise state simulated on the
pitch. Differences in several parameters were observed: average heart
rate reserve (HRRes), heart rate variability from rest to post-exercise
stage (LnRMSSDRest-Post), recovery rate (HRR60) was measured 60's
after exercise.

Zhu studied, that HRV analysis plays an important role in examining
and detecting emotions. In this aspect, the study meets our expectations.
We wanted to visualize changes in HRV due to physical load (fatigue),
but also in emotional, negative changes (stress and heat stress) (25).

Marciniak used a far infrared sauna as a post-fire simulation to
address carcinogen issues. Inability of the ANS to fully recover after
calling for help, manifested by increased activity of the sympathetic
nervous system and delayed reactivation of the parasympathetic
nervous system (26). Both of these simulation studies on group of
firefighters are partially consistent with our own methodology -
reaction to physical exercise (pre-post), heat stress.

Numerous artifacts occurred in measurements according to our
methodology. As Krélak points out, HRV testing is sensitive to
artifacts even in controlled conditions (in our study, a controlled
smoke chamber). As the authors point out, it is possible to manually
correct changes or use filters, which is consistent with our research.
We used special software to interpret the results, which was then
manually corrected during a long process (27).

4.1 Strengths and limitations of the study

Our study had some limitations. A small group enrolled in the
study. The authors had no influence on the selection of the group in
terms of positions held in the State Fire Service (rescuer, driver,
commander). A breakdown by position could provide additional
inferences about the result correlated with the daily duties of
firefighters. In practice, firefighters who are in the group of rescuers
most often search rooms affected by fire, evacuate injured people, and
this group is most often exposed to the burden provided by the smoke
chamber. The results of some of the firefighters who participated in
the study were not included in the analysis (n=21) due to a large
number of artifacts in the heart rate recording, or connectivity
problems and incomplete recording of the entire exercise as intended
by the study (stage 2). The smoke chamber is entirely made of metal
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TABLE 3 HRV analysis.

10.3389/fpubh.2024.1426174

Pre During Post P
RMSSD 10.2 (8.0-11.5)%* 1.2 (1.0-2.6) 5.4 (1.0-7.1) <0.001
Age<35yr 10.5 (1.4-11.4) 1.2 (1.0-2.6) 1.0 (0.9-5.4)
Age>35yr 9.3 (8.2-12.4) 1.4 (0.95-3.0) 7.0 (3.7-8.3)
P 0.630 0.847 0.092
BMI<25 10.9 (10.2-11.5) 1.3 (0.9-2.6) 3.9(0.8-9.7)
BMI>25 8.4 (1.3-11.9) 1.2 (1.0-3.5) 5.4 (1.1-7.1)
P 0.291 0.615 0.763
Seniority <7yr 10.4 (1.3-11.6) 2.2(1.1-3.6) 3.2(0.9-6.7)
Seniority >7yr 10.2 (8.4-11.5) 1.1 (0.9-1.6) 7.0 (1.1-7.4)
P 0.564 0.112 0.441
Activity (min) <27 8.0 (1.3-11.2) 1.6 (1.1-2.6) 1.2 (1.0-7.4)
Activity (min) >27 11.0 (9.3-12.0) 1.1 (0.9-3.0) 6.6 (1.0-7.1)
P 0.083 0.248 1.0
HF ms? 26.0 (12.0-29.0) ** 0.00 (0.0-1.0) 4.0 (0.0-12.0) <0.001
Age<35years 27.0 (0.0-29.0) 0.0 (0.0-1.0) 0.0 (0.0-4.0)
Age >35years 19.5 (12.5-34.0) 0.0 (0.0-2.0) 9.5 (4.0-15.0)
P 0.961 0.847 0.229
BMI<25 32.5 (27.0-40.0) 0.0 (0.0-1.0) 4.0 (0.0-27.0)
BMI >25 13.0 (0.0-28.0) 0.0 (0.0-3.0) 4.0 (0.0-12.0)
P 0.044 0.725 0.802
Seniority <7yr 24.5(0.0-31.5) 0.5 (0.0-3.5) 2.0 (0.0-15.5)
Seniority >7yr 28.0 (13.0-29.0) 0.0 (0.0-1.0) 8.0 (0.0-12.0)
P 0.500 0.470 0.961
Activity (min) <27 12.0 (0.0-28.0) 0.0 (0.0-1.0) 0.0 (0.0-12.0)
Activity (min) >27 27.0 (18.0-32.5) 0.0 (0.0-2.0) 8.0 (0.0-14.5)
P 0210 0.847 0.773
DFA al 0.98 (0.93-1.11) 0.96 (0.88-1.09) 0.94 (0.85-1.04) 0.662
Age<35yr 1.06 (0.93-1.11) 0.97 (0.90-1.09) 0.92 (0.85-1.01)
Age>35yr 0.96 (0.92-1.05) 0.88 (0.79-1.07) 1.02 (0.89-1.07)
P 0.736 0.229 0.361
BMI<25 0.93 (0.91-0.98) 0.99 (0.87-1.19) 0.84 (0.70-0.89)
BMI >25 1.08 (0.94-1.14) 0.96 (0.88-1.06) 1.01 (0.93-1.10)
p 0.078 0.651 0.048
Seniority <7yr 1.07 (0.87-1.11) 1.02 (0.93-1.13) 0.90 (0.82-0.97)
Seniority >7yr 0.98(0.93-0.99) 0.88 (0.81-0.98) 1.03 (0.94-1.10)
P 0.961 0.075 0.194
Activity (min) <27 0.93 (0.83-1.08) 0.98 (0.90-1.13) 0.92 (0.84-1.01)
Activity (min) >27 1.02 (0.96-1.13) 0.88 (0.79-1.03) 0.98 (0.89-1.09)
P 0.194 0.075 0.413

#p<0.05 at post-hoc analysis with during activity. ’p <0.05 at post-hoc analysis with post activity.

elements: walls, grates, floor, ceiling, which in many cases disrupted
the connection between the sensor and the mobile device
with software.

The study on HRV among professional firefighters during
smoke chamber testing embodies several notable strengths that
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bolster its scientific value and practical relevance. Firstly, the
innovative study design is a significant asset, assessing the ANS’s
reactivity in a setting that closely mimics the high-stress
environments firefighters routinely encounter. This approach not
only enhances the applicability of the findings to firefighter training
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and health monitoring but also contributes to the existing body of
knowledge by providing a detailed analysis of physiological
responses under simulated yet realistic conditions. Additionally,
the comprehensive data collection across various physical activities
and rest periods, along with the inclusion of a diverse and
substantial sample size of 96 firefighters, ensures an analysis that
enhances the generalizability of the results to a broader
firefighter population.

Despite these strengths, the study faces several limitations that
could impact the interpretation and application of its findings.
Technical challenges were evident, particularly with the
connectivity and data accuracy from the HRV monitoring devices
in the metal-constructed smoke chamber, potentially leading to
data loss or inaccuracies. Moreover, the study primarily focuses
on physiological indicators without an extensive evaluation of the
psychological impacts of stress, which are vital for a holistic
understanding of firefighter well-being. Additionally, the apparent
exclusion of female firefighters from the study sample might limit
the findings’ applicability across the entire firefighter workforce,
as gender can influence physiological responses to stress
and training.

5 Conclusion

The study on HRV in firefighters undergoing smoke chamber
tests provides vital insights for enhancing firefighter health and safety
protocols. HRV measurements emerge as crucial indicators of a
firefighter’s capacity to handle the intense stress and physical
demands of their role. Implementing HRV monitoring in routine
health assessments could identify those at greater risk of stress-
related health issues, facilitating tailored training and recovery plans
that may reduce cardiovascular risks and improve overall
health outcomes.

Additionally, the research stresses the need for a comprehensive
training approach that incorporates both physical endurance and
stress management. Developing training programs that boost the
autonomic nervous system’s regulation could significantly enhance
stress resilience among firefighters.

Overall, this study establishes HRV as a valuable tool for
predicting and improving firefighters’ health and operational
readiness. Future research should focus on refining data collection
techniques and broadening the participant base to strengthen the
applicability of HRV assessments in fire services, ensuring better safety
and effectiveness for all firefighters. The difficulty in the
implementation of the methodology is related to the construction of
the stationary smoke chamber (metal structural elements, sensors,
cameras, installations), which hinders Bluetooth connectivity.

Data availability statement

The datasets presented in this article are not readily available
because data of uniformed service officers. Requests to access the
datasets should be directed to lukasz_dudzinski@o2.pl.

Frontiers in Public Health

10.3389/fpubh.2024.1426174

Ethics statement

The studies involving humans were approved by John Paul II
University in Biata Podlaska, Poland. The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

LD: Conceptualization, Data curation, Funding acquisition,
Investigation, Methodology, Project administration, Resources,
Software, Supervision, Validation, Visualization, Writing - original
draft, Writing - review & editing. £C: Formal analysis, Supervision,
Writing - review & editing. MP: Formal analysis, Supervision,
Validation, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Financing was
obtained for a research project implemented from funds under the
Regulations for supporting the professional development of John Paul
IT University employees no. PB/10/2022.

Acknowledgments

The authors would like to thank to Dr. Jakub Gasior from Medical
Univeristy of Warsaw for assistance in data analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/
full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1426174
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
mailto:lukasz_dudzinski@o2.pl
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2024.1426174/full#supplementary-material

Dudzinski et al.

References

1. Rules for equipping and using smoke chambers in the state fire service. Main
command of the state fire service. Warszawa: General Headquarters SFS (Main
Command (2013). Available at: www.gov.pl/web/kgpsp/

2. System of approval and technical and quality acceptance of equipment used in the
units of the state fire service. J6zeféw: Wydawnictwo CNBOP-PIB (2014).

3. Regulation of the minister of internal affairs and administration on detailed health
and safety conditions for the service of firefighters of the state fire service (Dz. U. Nr 180,
poz. 1115). (2021).

4. Regulation of the minister of interior and administration on the National Rescue
and firefighting system (Dz. U. 2017. poz. 1319). (2017).

5. Johnston BW, Barrett-Jolley R, Krige A, Welters ID. Heart rate variability:
measurement and emerging use in critical care medicine. ] Intensive Care Soc. (2019)
21:148-57. doi: 10.1177/1751143719853744

6. Hasty F, Garcia G, Dévila H, Hendricks S, Chong S. Heart rate variability as a
possible predictive marker for acute inflammatory response in COVID-19 patients.
Military Med. (2021) 186:e34-8. doi: 10.1093/milmed/usaa405

7. Tiwari R, Kumar R, Malik S, Raj T, Kumar P. Analysis of heart rate variability and
implication of different factors on heart rate variability. Curr Cardiol Rev. (2021)
17:€160721189770. doi: 10.2174/1573403X16999201231203854

8. Faust O, Hong W, Loh HW, Xu S, Tan R-S, Chakraborty S, et al. Heart rate
variability for medical decision support systems. Comput Biol Med. (2022) 145:106100.
doi: 10.1016/j.compbiomed.2022.105407

9. Siecinski S, Kostka P, Tkacz E. Heart rate variability analysis on electrocardiograms,
Seismocardiograms and Gyrocardiograms on healthy volunteers. Sensors. (2020)
20:4522. doi: 10.3390/520164522

10. Gendron P, Laurencelle L, Lajoie C, Trudeau F, Houle ], Goulet ED. Change in
heart rate variability during two firefighting work cycles. Int ] Occup Saf Ergon. (2023)
29:453-60. doi: 10.1080/10803548.2022.2159173

11. Buecher J, Soujon M, Sierro N, Weiss J, Michel B. Firefighter stress monitoring:

model quality and Explainability. Annu Int Conf IEEE Eng Med Biol Soc. (2022)
2022:4653-7. doi: 10.1109/EMBC48229.2022.9871470

12. Regulations for tests/exercises in the smoke chamber. Main command of the state
fire service. Poland: Scientific and Research Center for Fire Protection in J6zefow (2019).
Available at: www.gov.pl/web/kgpsp/

13. Peltola MA. Role of editing of R-R intervals in the analysis of heart rate variability.
Front Physiol. (2012) 3:148. doi: 10.3389/fphys.2012.00148

14. Tarvainen MP, Lipponen J, Niskanen JP, et al. (2017). Kubios HRV (ver. 3.0.2). User’s
Guide. Available at: http://www.kubios.com/downloads/Kubios_ HRV_Users_Guide.pdf

Frontiers in Public Health

10

10.3389/fpubh.2024.1426174

15. Asarcikli LD, Hayiroglu MI, Osken A, Keskin K, Kolak Z, Aksu T. Heart rate
variability and cardiac autonomic functions in post-COVID period. J Interv Card
Electrophysiol. (2022) 63:715-21. doi: 10.1007/s10840-022-01138-8

16. Malik M. Heart rate variability: standards of measurement, physiological
interpretation and clinical use. Task force of the European Society of Cardiology and the
north American Society of Pacing and Electrophysiology. Circulation. (1996)
93:1043-65. doi: 10.1161/01.CIR.93.5.1043

17. Gronwald T, Hoos O. Correlation properties of heart rate variability during
endurance exercise: a systematic review. Ann Noninvasive Electrocardiol. (2020)
25:€12697. doi: 10.1111/anec.12697

18. Shaffera F, Meehan Z, Zerr C. A critical review of ultra-short-term heart rate
variability norms research. Auton Neurosci. (2020) 14:1-11. doi: 10.3389/
fnins.2020.594880

19. Taoum A, Bisiaux A, Tilquin E, Guillou LE, Carrault G. Validity of ultra-short-term
HRYV analysis using PPG-A preliminary study. Sensors (Bazylea). (2022) 22:7995. doi:
10.3390/s22207995

20. Ortega E, Bryana C, Christine N. Pre-performance physiological state: heart rate
variability as a predictor of shooting performance. Appl Psychophysiol Biofeedback.
(2018) 43:75-85. doi: 10.1007/s10484-017-9386-9

21. Dwornik T, Binkowska A. The impact of high temperatures on the work of a
firefighter in Nomex protective gear. Critical Care Innov. (2023) 6:21-36. doi: 10.32114/
CCI.2023.6.3.21.36

22.Pham T, Lau Z], Chen A, Makowski D. Heart rate variability in psychology: a
review of HRV indices and an analysis tutorial. Sensors. (2021) 21:3998. doi: 10.3390/
s21123998

23. Schneider M, Schwerdtfeger A. Autonomic dysfunction in posttraumatic stress
disorder indexed by heart rate variability: a meta-analysis. Psychol Med. (2020)
50:1937-48. doi: 10.1017/5003329172000207X

24.Saari A, Ma X, Clasey J, Bollinger L, Abel M. Heart rate dynamics during a
simulated fireground test: the influence of physical characteristics and fitness. Work.
(2023) 76:251-62. doi: 10.3233/WOR-220216

25.Zhu ], Ji L, Ch L. Heart rate variability monitoring for emotion and disorders of
emotion. Physiol Meas. (2019) 40:064004. doi: 10.1088/1361-6579/ab1887

26. Marciniak RA, Wahl CA, Ebersole KT. Autonomic nervous system response to
far-infrared sauna exposure in firefighters. Ann Work Expo Health. (2022) 66:356-67.
doi: 10.1093/annweh/wxab088

27. Krélak A, Wiktorski T, Friestad Bjerkavoll-Bergseth M, @rn S. Artifact correction

in short-term HRV during strenuous physical exercise. Sensors (Bazylea). (2020)
20:6372. doi: 10.3390/s20216372

frontiersin.org


https://doi.org/10.3389/fpubh.2024.1426174
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.gov.pl/web/kgpsp/
https://doi.org/10.1177/1751143719853744
https://doi.org/10.1093/milmed/usaa405
https://doi.org/10.2174/1573403X16999201231203854
https://doi.org/10.1016/j.compbiomed.2022.105407
https://doi.org/10.3390/s20164522
https://doi.org/10.1080/10803548.2022.2159173
https://doi.org/10.1109/EMBC48229.2022.9871470
https://www.gov.pl/web/kgpsp/
https://doi.org/10.3389/fphys.2012.00148
http://www.kubios.com/downloads/Kubios_HRV_Users_Guide.pdf
https://doi.org/10.1007/s10840-022-01138-8
https://doi.org/10.1161/01.CIR.93.5.1043
https://doi.org/10.1111/anec.12697
https://doi.org/10.3389/fnins.2020.594880
https://doi.org/10.3389/fnins.2020.594880
https://doi.org/10.3390/s22207995
https://doi.org/10.1007/s10484-017-9386-9
https://doi.org/10.32114/CCI.2023.6.3.21.36
https://doi.org/10.32114/CCI.2023.6.3.21.36
https://doi.org/10.3390/s21123998
https://doi.org/10.3390/s21123998
https://doi.org/10.1017/S003329172000207X
https://doi.org/10.3233/WOR-220216
https://doi.org/10.1088/1361-6579/ab1887
https://doi.org/10.1093/annweh/wxab088
https://doi.org/10.3390/s20216372

	Assessment of parameters reflecting the reactivity of the autonomic nervous system of Polish firefighters on the basis of a test in a smoke chamber
	1 Introduction
	2 Materials and methods
	2.1 Design
	2.2 Study procedure
	2.3 Smoke chamber test protocol
	2.4 Data collection procedure details
	2.4.1 Ethical considerations
	2.4.2 Characteristics of the study group
	2.5 Statistical analysis

	3 Results
	4 Discussion
	4.1 Strengths and limitations of the study

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	 References

