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Chronic stress is the main cause of health problems in high-risk jobs. Wearable sensors can become an ecologically valid
method of stress level assessment in real-life applications. We sought to determine a non-invasive technique for objective
stress monitoring. Data were collected from firefighters during 24-h shifts using sensor belts equipped with a dry-lead
electrocardiograph (ECG) and a three-axial accelerometer. Levels of stress experienced during fire incidents were
evaluated via a brief self-assessment questionnaire. Types of physical activity were distinguished basing on
accelerometer readings, and heart rate variability (HRV) time series were segmented accordingly into corresponding
fragments. Those segments were classified as stress/no-stress conditions. Receiver Operating Characteristic (ROC)
analysis showed true positive classification as stress condition for 15% of incidents (while maintaining almost zero False
Positive Rate), which parallels the amount of truly stressful incidents reported in the questionnaires. These results show a
firm correspondence between the perceived stress level and physiological data. Psychophysiological measurements are
reliable indicators of stress even in ecological settings and appear promising for chronic stress monitoring in high-risk
jobs, such as firefighting.
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| 1. Introduction

Firefighting is one of the most life-threatening, emotionally traumatic and stressful occupations. Firefighters routinely
encounter stressors of various strength and intensity. They are exposed to severe acute and chronic stress, which can
result in depression or occupational burnout . Working in hazardous conditions causes exposure to a whole variety of
extreme situations, such as witnessing death, suffering or participation in life-threatening events, perceived as a source of
high stress that can result in post-traumatic stress disorder (PTSD) [ZIBI4ISIEl |n addition to traumatic incidents, further
sources of stress stem from daily working conditions, including organisational and administrative factors that reflect
paramilitary, hierarchical, task- and tool-oriented, traditional power and command structures MBS Furthermore, shift
work system contributes to increased sleepiness and fatigue, and enhances the risk of injuries LALUIL2  Chronic stress
results in significant deterioration of health, frequent use of drugs and alcohol, and, in extreme cases, suicide, which is
particularly related to symptoms of PTSD 8] and other psychiatric disorders 12141 Moreover, chronic stress causes an
increased susceptibility to other stressors, which further leads to cardiovascular problems—the main cause of line-of-duty
deaths among firefighters 131181, This reveals an appalling lack of continuous health monitoring and insufficient support of
physical activity programs in high-risk jobs, such as firefighting service 1718119

Among firefighters, chronic stress is the main cause of health problems, especially heart-related diseases however, these
problems do not appear overnight. It takes months or even years of psychophysiological changes to develop a chronic
condition and it is usually not possible to pin-point the exact event that triggered this shift. Additionally, the amount of
exposure to acute stress necessary to prompt the chronic state depends on individual characteristics 2%, Therefore, only
constant control of the pshychophysiological well-being in high-stress jobs can assure that the personnel receives the
support they need exactly when they need it. This way it is possible to administer an appropriate mental health
intervention or debriefing before it is too late. Real-time monitoring and on-line management of everyday stress
experienced upon real-life events may be key to addressing this issue, as a preventive tool RS2 ynfortunately,
control of the subjective, psychological perception of stress appears insufficient, as discrepancies were reported between
self-assessed distress and objective evidence of harm €22, Therefore, when examining stress, it is important to consider
both its psychological and physiological nature. Regrettably, much of the stress-related research concerning firefighters
was based on questionnaire studies, yielding an incomplete picture. Such procedures are retrospective and mostly carried
out in laboratory settings 2324 Acute stressors observed in the laboratory rarely represent real-world situations
accurately 251, Moreover, only single-dimension characteristics of stressful events can be investigated in a laboratory
setting, while real-life situations are far more complex 22, Furthermore, self-report is not always reliable; a phenomenon
reflected in overestimation of physical activity level upon self-evaluation 2827 Additionally, self-assessment is influenced



by recall biases reflecting individual levels of coping mechanisms, experiences and even mood fluctuations (28, Therefore,
results obtained in laboratory settings via self-report may suffer from decreased accuracy and reliability, and thus cannot
be generalised. For this reason it is important to consider ecological validity and physiological reactions to stressors in
stress studies. It is necessary to investigate individual psychophysiological reactions exhibited upon experiencing real-life
stress. Psychophysiological monitoring would allow a better understanding and management of stress dynamics and
result in health-care consequences at individual and organisational level.

| 2. Applications

Development of wearable sensors designed to measure basic physiological parameters enable data collection in the
course of daily activities and situations that may be relevant to an individual's well-being and the ability to perform certain
tasks [2B9E132] \wearable devices, due to their mobility, high flexibility and connectivity, receive a great deal of attention
from health-care environment 22831 Moreover, they offer an ecologically valid method for assessing stress levels with
much higher accuracy than laboratory measurements, and open new possibilities for stress management and
rehabilitation 22132134 Several indicators of autonomic stress response can be recorded by biosensors; however, heart
rate variability (HRV) is most commonly used. This parameter reflects the cardiovascular response to regulatory impulses
affecting heart rhythm [B3l36l Therefore, HRV may serve as an indicator of the autonomic nervous system’s reaction to
stressors 728 including job-related ones [B4IB94041  Reduced HRV is associated with deteriorated physical and
psychological health, for example, decreased performance on cognitive and physical tasks [28142143144] cardiovascular
diseases 831, psychological stress 431, or depression and anxiety 481471 Real-time HRV measurement provides a suitable,
unobtrusive and continuous method for detecting psychophysiological stress 23], and allows for development of health-
care solutions for stress monitoring, management and rehabilitation. Moreover, HRV-based sensors can be useful as
personal protection equipment for workers employed in high-risk jobs, operating in dangerous and stressful conditions,
such as soldiers, firefighters, or policemen 29,

Despite its undeniable merits, stress assessment based solely on HRV measures is not accurate enough, since several
different factors affect HRV for example, circadian rhythms, physical activities, body position “&. Heart responses depend
on the type, volume and intensity of exercise 42, Additionally, it is difficult to fully describe the relationship between stress,
different kinds of physical activity and HRV without the knowledge of the normal, daily fluctuations in HRV [,
Unfortunately, one cannot rely on self-reports of physical activity, as it was proved that there is no correlation between the
alleged activity and HRV fluctuations 9. Therefore, it is necessary to employ an objective measure of physical activity.
Combining HRV measurements with data from other sensors could aid the explanation of differences in HRV levels upon
various psychophysiological states. Inclusion of accelerometric data helps to control the influence of physical activity by
assessing the type of motion. Furthermore, it allows for delineation of epochs in the cardiovascular signal that correspond
to different types of physical activity. In this way, it is possible to pool together HRV metrics calculated from natural,
ecological short epochs of real-life signal recorded during similar episodes of physical activity. In a subsequent step, these
separately analysed subsets of data can be compared with each other in order to differentiate stressful and non-stressful
epochs. Such approach is far more sensible than analysing full 24-h recordings, which are highly non-homogeneous with
respect to other factors influencing HRV. A full day may consists of several different situations, characterised by varying
levels of stress, physical strain imposed on the body, and so forth. The standard approach to computing HRV indices in a
sliding window does not allow for comparative analysis. Additionally, long signal recordings create certain difficulties in
data analysis, mostly concerning data quality and problems with signal stationarity.

Few studies attempt to assess stress based purely on accelerometric data B1. Changes in movement are not necessarily
correlated with variations in levels of stress. This could be true in certain occupations however firefighters tend to be
physically active not only during emergency calls, but also in their free time. Physiological parameters, such as HRV, skin
conductance, breathing, reflect the psychophysiological state of the body far better. However, accelerometry makes it
possible to determine specific behaviour patterns and overall activity level. Combined information from both types of
signal provides a much more complete picture of a current bodily state. Typical accelerometric sensors measure body
acceleration in three physical dimensions at high temporal resolution (usually 100 Hz). A combination of parameters
measured along these three axes over a given period of time can be used to describe and distinguish specific
components of movement that comprises a single behaviour or a series of activities 2. Machine learning allows to
classify these activities with a high degree of accuracy 58154, Classification is based on two accelerometric variables—
static acceleration (gravity-related body orientation and position), and dynamic acceleration (induced by changes in
movement) 2. Therefore, accelerometer data alone suffice to infer activity levels and distinguish different types of
physical activity, eliminating any need for direct observation or self-assessment. Integration of accelerometric
measurement with HRV recordings in human stress monitoring appears to be an interesting possibility.



References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Mitani, S.; Fujita, M.; Nakata, K.; Shirakawa, T. Impact of post-traumatic stress disorder and job-related stress on burno
ut: A study of fire service workers. J. Emerg. Med. 2006, 31, 7-11.

. Beaton, R.; Murphy, S.; Johnson, C.; Pike, K.; Corneil, W. Exposure to duty-related incident stressors in urban firefighte

rs and paramedics. J. Trauma. Stress 1998, 11, 821-828.

. Moran, C.C.; Colless, E. Perceptions of work stress in Australian firefighters. Work Stress 1995, 9, 405-415.

. Katsavouni, F.; Bebetsos, E.; Malliou, P.; Beneka, A. The relationship between burnout, PTSD symptoms and injuries in

firefighters. Occup. Med. 2016, 66, 32—-37.

. Del Ben, K.S.; Scaotti, J.R.; Chen, Y.C.; Fortson, B.L. Prevalence of posttraumatic stress disorder symptoms in firefighte

rs. Work Stress 2006, 20, 37—-48.

. Pinto, R.J.; Henriques, S.P.; Jongenelen, |.; Carvalho, C.; Maia, A.C. The strongest correlates of PTSD for firefighters:

Number, recency, frequency, or perceived threat of traumatic events? J. Trauma. Stress 2015, 28, 434-440.

. Corneil, W.; Beaton, R.; Murphy, S.; Johnson, C.; Pike, K. Exposure to traumatic incidents and prevalence of posttraum

atic stress symptomatology in urban firefighters in two countries. J. Occup. Health Psychol. 1999, 4, 131.

. Chen, Y.S.; Chen, M.C.; Chou, F.H.C.; Sun, F.C.; Chen, P.C.; Tsai, K.Y.; Chao, S.S. The relationship between quality of

life and posttraumatic stress disorder or major depression for firefighters in Kaohsiung, Taiwan. Qual. Life Res. 2007, 1
6, 1289-1297.

. Beaton, R.D.; Murphy, S.A. Sources of occupational stress among firefighter/EMTs and firefighter/paramedics and corr

elations with job-related outcomes. Prehospital Disaster Med. 1993, 8, 140-150.

Akerstedt, T. Psychological and psychophysiological effects of shift work. Scand. J. Work. Environ. Health 1990, 16, 67
-73.

Gordon, H.; Lariviere, M. Physical and psychological determinants of injury in Ontario forest firefighters. Occup. Med. 2
014, 64, 583-588.

Paley, M.J.; Tepas, D.I. Fatigue and the shiftworker: Firefighters working on a rotating shift schedule. Hum. Factors 199
4, 36, 269-284.

Boffa, J.W.; Stanley, I.H.; Hom, M.A.; Norr, A.M.; Joiner, T.E.; Schmidt, N.B. PTSD symptoms and suicidal thoughts and
behaviors among firefighters. J. Psychiatr. Res. 2017, 84, 277-283.

Haslam, C.; Mallon, K. A preliminary investigation of post-traumatic stress symptoms among firefighters. Work Stress 2
003, 17, 277-285.

Kales, S.N.; Soteriades, E.S.; Christoudias, S.G.; Christiani, D.C. Firefighters and on-duty deaths from coronary heart d
isease: A case control study. Environ. Health 2003, 2, 14.

Soteriades, E.S.; Smith, D.L.; Tsismenakis, A.J.; Baur, D.M.; Kales, S.N. Cardiovascular disease in US firefighters: A sy
stematic review. Cardiol. Rev. 2011, 19, 202-215.

Gomes, P.; Kaiseler, M.; Lopes, B.; Faria, S.; Queiros, C.; Coimbra, M. Are standard heart rate variability measures ass
ociated with the self-perception of stress of firefighters in action? In Proceedings of the 2013 35th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), Osaka, Japan, 3—7 July 2013; pp. 2571
—2574.

Kunadharaju, K.; Smith, T.D.; DeJoy, D.M. Line-of-duty deaths among US firefighters: An analysis of fatality investigatio
ns. Accid. Anal. Prev. 2011, 43, 1171-1180.

Al-Zaiti, S.S.; Carey, M.G. The prevalence of clinical and electrocardiographic risk factors of cardiovascular death amon
g on-duty professional firefighters. J. Cardiovasc. Nurs. 2015, 30, 440.

Pennington, M.L.; Carpenter, T.P.; Synett, S.J.; Torres, V.A.; Teague, J.; Morissette, S.B.; Knight, J.; Kamholz, B.W.; Ke
ane, T.M.; Zimering, R.T.; et al. The influence of exposure to natural disasters on depression and PTSD symptoms amo
ng firefighters. Prehospital Disaster Med. 2018, 33, 102—-108.

Lee, D.J.; Fleming, L.E.; Gomez-Marin, O.; LeBlanc, W. Risk of hospitalization among firefighters: The national health i
nterview survey, 1986-1994. Am. J. Public Health 2004, 94, 1938-1939.

Regehr, C.; Hill, J.; Knott, T.; Sault, B. Social support, self-efficacy and trauma in new recruits and experienced firefight
ers. Stress Health 2003, 19, 189-193.

Stone, A.A.; Shiffman, S. Ecological momentary assessment (EMA) in behavorial medicine. Ann. Behav. Med. 1994, 1
6, 199-202.



24.

25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Baumeister, R.F.; Vohs, K.D.; Funder, D.C. Psychology as the science of self-reports and finger movements: Whatever
happened to actual behavior? Perspect. Psychol. Sci. 2007, 2, 396-403.

Wetherell, M.A.; Carter, K. The multitasking framework: The effects of increasing workload on acute psychobiological st
ress reactivity. Stress Health 2014, 30, 103-109.

Hautala, A.J.; Karjalainen, J.; Kiviniemi, A.M.; Kinnunen, H.; Mé&kikallio, T.H.; Huikuri, H.V.; Tulppo, M.P. Physical activity
and heart rate variability measured simultaneously during waking hours. Am. J. Physiol. Heart Circ. Physiol. 2010, 298,
H874-H880.

Troiano, R.P.; Berrigan, D.; Dodd, K.W.; Masse, L.C.; Tilert, T.; McDowell, M. Physical activity in the United States mea
sured by accelerometer. Med. Sci. Sport. Exerc. 2008, 40, 181.

Carels, R.A.; Douglass, O.M.; Cacciapaglia, H.M.; O’brien, W.H. An ecological momentary assessment of relapse crise
s in dieting. J. Consult. Clin. Psychol. 2004, 72, 341.

Bonato, P. Advances in wearable technology and applications in physical medicine and rehabilitation. J. NeuroEng. Re
habil. 2005, 2, 2.

Bonnici, T.; Tarassenko, L.; Clifton, D.A.; Watkinson, P. The digital patient. Clin. Med. 2013, 13, 252-257.

Monton, E.; Hernandez, J.F.; Blasco, J.M.; Hervé, T.; Micallef, J.; Grech, I.; Brincat, A.; Traver, V. Body area network for
wireless patient monitoring. Commun. IET 2008, 2, 215-222.

Patel, S.; Park, H.; Bonato, P.; Chan, L.; Rodgers, M. A review of wearable sensors and systems with application in reh
abilitation. J. NeuroEng. Rehabil. 2012, 9, 1.

Yoon, S.; Sim, J.K.; Cho, Y.H. A Flexible and Wearable Human Stress Monitoring Patch. Sci. Rep. 2016, 6, 23468.

Milosevic, M.; Jovanov, E.; Frith, K.H. Research Methodology for Real-Time Stress Assessment of Nurses. Comput. Inf
orm. Nurs. 2013, 31, 615-621.

Shaffer, F.; McCraty, R.; Zerr, C.L. A healthy heart is not a metronome: An integrative review of the heart’s anatomy and
heart rate variability. Front. Psychol. 2014, 5, 1040.

Taelman, J.; Vandeput, S.; Spaepen, A.; Van Huffel, S. Influence of mental stress on heart rate and heart rate variabilit
y. In Proceedings of the 4th European Conference of the International Federation for Medical and Biological Engineeri
n, Antwerp, Belgium, 23—-27 November 2008; pp. 1366—1369.

Achten, J.; Jeukendrup, A.E. Heart rate monitoring. Sport. Med. 2003, 33, 517-538. [Google Scholar]

Henry, J.P. Psychological and physiological responses to stress: The right hemisphere and the hypothalamo-pituitary-a
drenal axis, an inquiry into problems of human bonding. Integr. Physiol. Behav. Sci. 1993, 28, 369-387. [Google Schola

1]
Hallman, D.M.; Srinivasan, D.; Mathiassen, S.E. Short-and long-term reliability of heart rate variability indices during re
petitive low-force work. Eur. J. Appl. Physiol. 2015, 115, 803-812. [Google Scholar]

Seoane, F.; Mohino-Herranz, |.; Ferreira, J.; Alvarez, L.; Buendia, R.; Ayllon, D.; Llerena, C.; Gil-Pita, R. Wearable biom
edical measurement systems for assessment of mental stress of combatants in real time. Sensors 2014, 14, 7120-714
1.

Togo, F.; Takahashi, M. Heart rate variability in occupational health-a systematic review. Ind. Health 2009, 47, 589-602.
[Google Scholar]

Carlstedt, R.A. Integrative evidence-based athlete assessment and intervention: A field-tested and validated protocol.
J. Am. Board Sport Psychol. 2007, 1, 1-30.

McDuff, D.; Gontarek, S.; Picard, R. Remote measurement of cognitive stress via heart rate variability. In Proceedings
of the 2014 36th Annual International Conference of the Engineering in Medicine and Biology Society (EMBC), Chicag
o, IL, USA, 26-30 August 2014; pp. 2957-2960.

Sharpley, C.F.; Kamen, P.; Galatsis, M.; Heppel, R.; Veivers, C.; Claus, K. An examination of the relationship between r
esting heart rate variability and heart rate reactivity to a mental arithmetic stressor. Appl. Psychophysiol. Biofeedback 2
000, 25, 143-153.

Dishman, R.K.; Nakamura, Y.; Garcia, M.E.; Thompson, R.W.; Dunn, A.L.; Blair, S.N. Heart rate variability, trait anxiety,
and perceived stress among physically fit men and women. Int. J. Psychophysiol. 2000, 37, 121-133.

Kemp, A.H.; Quintana, D.S.; Felmingham, K.L.; Matthews, S.; Jelinek, H.F. Depression, comorbid anxiety disorders, an
d heart rate variability in physically healthy, unmedicated patients: Implications for cardiovascular risk. PLoS ONE 201
2,7,e30777.



47.

48.

49.

50.

51.

52.

53.

54.

Miu, A.C.; Heilman, R.M.; Miclea, M. Reduced heart rate variability and vagal tone in anxiety: Trait versus state, and the
effects of autogenic training. Auton. Neurosci. 2009, 145, 99-103.

Wu, M.; Cao, H.; Nguyen, H.L.; Surmacz, K.; Hargrove, C. Modeling perceived stress via HRV and accelerometer sens
or streams. In Proceedings of the 2015 37th Annual International Conference of the Engineering in Medicine and Biolo
gy Society (EMBC), Milan, Italy, 25—29 August 2015; pp. 1625-1628.

Sarmiento, S.; Garcia-Manso, J.M.; Martin-Gonzalez, J.M.; Vaamonde, D.; Calderén, J.; Silva-Grigoletto, M.E.D. Heart
rate variability during high-intensity exercise. J. Syst. Sci. Complex. 2013, 26, 104-116.

Melanson, E.L. Resting heart rate variability in men varying in habitual physical activity. Med. Sci. Sport. Exerc. 2000, 3
2,1894-1901.

Garcia-Ceja, E.; Osmani, V.; Mayora, O. Automatic stress detection in working environments from smartphones’ accele
rometer data: A first step. IEEE J. Biomed. Health Inform. 2015, 20, 1053—-1060.

Mathie, M.J.; Coster, A.C.; Lovell, N.H.; Celler, B.G. Accelerometry: Providing an integrated, practical method for long-t
erm, ambulatory monitoring of human movement. Physiol. Meas. 2004, 25, R1.

Karantonis, D.M.; Narayanan, M.R.; Mathie, M.; Lovell, N.H.; Celler, B.G. Implementation of a real-time human movem
ent classifier using a triaxial accelerometer for ambulatory monitoring. IEEE Trans. Inf. Technol. Biomed. 2006, 10, 156
-167.

Mannini, A.; Sabatini, A.M. Machine learning methods for classifying human physical activity from on-body acceleromet
ers. Sensors 2010, 10, 1154-1175.

Retrieved from https://encyclopedia.pub/entry/history/show/7607



