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Evyoprotieg

KaB®’' 6An 1n didpkeia eKTTdvNong TnG TrTapouoag dIaTPIBAG €ixa TV Eukaipia Kal
TNV TUXN VA YVWPIOW KAl VO CUVEPYOOTW PE TTOANOUG avBpwTToug, N OUUBOAN Kal
N CUUTTOPACTACH TWV OTTOIWV TOOO O€ ETTIOTAPOVIKO OC0 KAl O€ TTPOCWTTIKO

eTTITTEdO ATAV KOBOPIOTIKEG.

Euxapiotw 1TOAU TOV KUpIO £TTIBAETTOVTA AQUTHG TNG BIDAKTOPIKAG dIaTPIRNS
kabnynth K. ABavdoio MatraBaciAciou, 1600 yia Tnv avabeon Tou BEPATOC KAl TV
EUTTIOTOOUVN TTOU £0€IEE OTO TTPOCWTTO POU ATTO TNV TTPWTN KIGAAG OTIYUN, 600
Kal TN MOVIKN KaBodrjynon TTou JoU TTPOoCEPEPE. AEV ATTOTEAETE QTTAWG TNV
ETMOTNUOVIKH TTUEida TTOU TTAVTA OCUUPBOUAEUOUOUY, aAAG avENaRBE Kal OTO akEPaAIo
TNV €UBUVN TNG XApagng, ETTIBAEWNS Kal KABOOAYNONG OTNV EKTTOVNON TNG
d1aTpIRRS auTrc.

Babid euyvwpuoouvn Ba ABeAa va ekppdaow Kai otov Kabnyntn K. MNwpyo
ZWwypd@Po 0 OTTOI0G YOU ETTETPEWE VA ETTWPEANBW ATTO TNV YVWpPIUia EVOg
OTTAVIOU TOAEVTOU, YVWOEWV KOl ETTIOCTAMOVIKAS ETTAPKEIAS QVOPWTTOU TTOU LOU
divel Tn duvaTtdTNTa va dIEUPUVW TOUG EPEUVNTIKOUG KAl YVWOIAKOUG JOU
opifovTes. H evBappuvon, N cUPBOAL Tou Kail N ETTICTAPOVIKI TOU apTIOTHTA

ouvéBaAav Ta PEYIOTA OTNV EKTTOVNON TNG TTapoucag diaTpIPRng.

Mia 1d1aitepn kai ek BaBéwv euxapioTia o@eilw otov Kabnyntn K. MNavteAn
Kapdioko, 0 o11oiog ouvéBaAE aTTOQACIOTIKA OTNV TTPOCTIABEIR LOU Yyia
oAokAApwan TNS TTapouacag dIaTpIRAG Kal EEac@AAIcE €va APTIO Kal dNUIOUPYIKO
TePIBAAANOV, avaykaia OUVOAKN yia TNV ETTITUXI OAOKANPWON PIOG EPEUVNTIKAG

TTPOOTIABEING.

Tnv avammAnpwTpia kaBnyntpia K. XpioTiva AGAAa KaBwg Kal Tov KabnynTr K.
KwvoTavtivo Mévto kabwg Kai To TTpocwTTikd Tou EpyacTtnpiou dapuakoAoyiag
NG laTpikAg ZX0ANG ABNVWYV Bepud euxapIoTw YA TIG AVOAUCEIG TWV BIOXNMIKWYV
OEIKTWYV OTO OieAo o€ Kits TTOU €uyeVIKA pag TTpounBsuce o KabnynTtig K. Lars

Enochsson.
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ISlaiTepa Ba BeAa va EKPPACW TNV EUYVWHPOOUVN POU TTPOG TOV K. AVTpéd
NAapevTtlAkn, Kal va Tov euxapioTiow Bepud yia Tn ouvexni kaBodrynor Tou, TNV
ayoyn ouvepyaaoia Pag Kai TNV auépIoTn cuuTtapdoTacn kal BoriBsia TTou pou
TTPOCEPEPE, KABWG Kal TIG TTOAU evdIa@Eépouoeg oulnTNoEIG yag. H ouveiopopd
TOU OTNV £peuvnTIKA diadikagia dladpaudTioay TTOAU onUAvTIKO pOAO OTnNV

EKTTOVNON TNG TTapouoag dIBAKTOPIKNAG dIaTPIRAG.

‘Eva TTOAU peyaAo Kal eINKPIVEG euxapIoTw Ba ABeAa £TTIONG va EKPPACW TTPOG
TOUG K.K. AnuATtpn ©@avacd kai HAia MNaAAd@o yia TV TTpoowTTiKr Toug BonBeia
OTNV EKTEAEON TWV TTEIPAUATIKWY PETPAOEWV. H aAAnAeTTidpaon TTou gixaue

aTTEdWOE ETTICTNHOVIKOUG KAPTTOUG Ol OTToi0I OV vTAcoovTal udvo oTa TTAdiola

TNG TTapoUoag EPYAOiag, KATI yia TO OTTOIO €ipal OITTAG EUYVWHWV.

Euxapiotw Bepud, etmiong Tov K. MixdAn N'katlwvn yia TV TEXVIKA BorBsia TTou
TTPOCEPEPE XWPIG dIoTayud 61ToTE AUTO Tou CNTHONKE aAAG KUpiwg yia Tnv

ETTIMOVH KAI UTTOPOVH TOU O€ PEPIKEG TTEPITITWOEIG.

TENOG, EUXAPIOTW TOUG YOVEIG JOU TTOU E TN SIOKPITIKA TTAPOUCia TOUG PE

oTnPIiCouV Kal PJE EUTTIOTEUOVTAI.

EUxopal n diatpifr) auth va CUVEICPEPEL, E0TW Kal EAGXIOTA, OTNV
QTTOTEAEOUATIKOTEPN EKTTAIOEUCN TWV XEIPOUPYWV TNV AVTIUETWTTION TOU Stress

TTOU QVTIMETWTTICOUV KATA TN DIAPKEID TWV ETTEURACEWV.

11



Abstract

The absence of a single reliable detection method makes estimating surgeons’
mental stress during an operation difficult to quantify and interpret. Although
several non-invasive stress measuring methods have been proposed, most
studies have used only one or two stress estimation parameters and produced

conflicting results.

The first objective of this study was to assess the feasibility of a new, easy to
wear watch-sized device to noninvasively measure cardiac stress parameters
such as heart rate (HR) and heart rate variability (IBI) which are usually

measured by means of a Holter monitor, as well as Electrodermal activity (EDA).

The second objective was to concomitantly measure the responses of seven
noninvasive stress indices and compare them to the video score (VS) achieved
by novices in a stressful simulation environment. Namely, we used one
subjective method (STAI) plus the three abovementioned ones derived from the
wrist-worn device (HR, IBI, EDA) as well as the salivary levels of cortisol, alpha-

amylase and IgA.

Twenty-one male novice trainees were enrolled. After an orientation phase, they
wore a wrist device that measures heart rate (HR), interbeat interval (IBI)
duration, and electrodermal activity (EDA) as well as a Holter ECG rhythm
monitoring system (HM). A saliva specimen was collected for cortisol (sC), alpha-
amylase (sAA), and secretory immunoglobulin A (slgA) measurements (baseline
phase, BL). Then the simulation exercise phase (E) started, with the subjects
trained on a basic suturing module for 15 minutes. Immediately after, another
saliva sample was collected. The whole experiment was videotaped, and VS was
calculated. The percentage (E-BL)ditt of each of the six parameters was
calculated and compared with VS using Pearson’s correlation coefficient as well

as Akaike Information Criterion (AICc).
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Data analysis showed: a) When compared to STAI, electrodermal activity
exhibited the best correlation, sensitivity and specificity, b) the device derived
cardiac parameters highly correlated with the reciprocal Holter values during all
experiment phases and c) EDAditt showed the best correlation with VS, followed
by IBlaif and HRditt. Among the saliva biomarkers, sAAdif showed the best

correlation in comparison to slgAudif and sCair.

It is concluded that this wearable device is an easy to use and well accepted by
the participants noninvasive tool, which can provide accurate stress estimation in
our simulation setting. Additionally, it can replicate Holter derived stress related
heart parameters, thus eliminating the need to wear a rather cumbersome
device. In our simulation setting, sympathetic ANS stress parameters (EDA, IBI,
HR, sAA) could best describe the novice trainees’ performance, but sC and IgA

could not.
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IHeptinyn

H atroucia piag kaBoAikéd atrodekTAS Kal agIdTTIoTNG HEBGdOU PETPNONG TOU
stress KaBIoTé SUCKOAO va eKTINNBEI Kal va EpUNVEUBEI N WUXIKN KATATTOVNON
TWV XEIPOUpPYwV Katd Tn didpkela piag eméupaong. MNapdAo 1Tou €xouv TTpoTaBEi
d1dpopeg HEBODOI aVaiPaKTNG HETPNONG, Ol TTEPICOOTEPEG HEAETEG £XOUV
XPNOILOTTOINCEl HOVO Wia 1] dUO TTAPANETPOUG EKTINNONG TOU Stress Kal €Xouv

TTAPAEEl AVTIKPOUOUEVA ATTOTEAECUATA.

O pwTOG 0TOXOGC AUTAG TNG MEAETNG ATAV VA EKTIUNOEI N OKOTNINOTNTA WIAG VEAG,
€UKOANG OTNn XPrion OUCKEUNG PEYEBOUG wpoAoyiou, yia Tn HETpNoN Twv
TTOPAPETPWY TOU KapdIaKOU stress, 0TTwe N Kapdlakr ocuxvotnTa (HR) kai n
METARANTOTNTA TOU Kapdiakou puBuou (IBI), ol oTroie¢ ouvABWG PHETPOUVTAI [E TN
BonBeia evog Holter puBuou, £xovTag €1Tiong Kail Tn duvatdTnTa HETPNONG TNG

NAEKTPOBEPUIKAG evepyOTNTAG (EDA).

O deuTepOG O0TOXOG ATAV VA PETPNOEI TAUTOXPOVA N AVTATTIOKPION ETTTA
QVAIMOKTWY BEIKTWYV Stress Kal va OuyKpIBoUv JE TO BIVIEOOKOTTNHEVO
atrotéAeopa (VS) TTou ETTITUYXAVOUV Ol apXApPIOl O€ £va OTPECOYOVO TTEPIBAAAOV
TIPOCONOIWONG. ZUYKEKPIPMEVA, XPNOIUOTTOINCAUE Mid UTTOKEIMEVIKA HEBODO
(STAI) ouv TIG TPEIG TTPOAVAPEPOEITES TTOU TTPOEPXOVTAI OTTO Tr) CUCKEUT TTOU
@opiétal o1o Xép! (HR, IBI, EDA) kaBuwg kal Ta emmireda KopTI(OANG, GApa-

apUAdong kai IgA aTtov Ol€Ao.

21N MEAETN TTEPIEANPONCAYV €iKoal évag appeves apxdpiol. MeTad atrd pia edaon
TTPOCAVATONIOHOU, OPECAV HIO CUOKEUN KAPTTOU TTOU UETPA TNV KAPDIOKN
ouxvotnta (HR), Tn petaBAnTOTNTA TOU Kapdiakou puBuou (IBI) kal Tnv
NAekTPOdEPUIKN evepydTnTa (EDA), KOBWGS Kal éva ouoTnua TTapakoAoudnong

Kapdiakou puBuou Holter (HM). 'Eva dciyua a1éAou OUAAEXONKE yia HETPROEIG

14



KopTICOANG (SC), aA@a-apuAdong (SAA) Kal EKKPITIKAG avoooo@aipivng A (SIgA)
(Baoikn @aon, BL). 2Tn ouvéxeia apxioe n @Aaon Tng AoKnong TTPOCOU0IwoNng
(E), ue TOug apxapioug va ekTTaidelovTal O€ PIO BATIK EvOTNTA CUPPAPNG
AQTTAPOOKOTTIKA yIa 15 AeTITA. AuEOWG PETA, CUAAEXBNKE AANO deiypa aiEAou. To
OAo Treipapa BIVTEOOKOTTHONKE Kal UTTOAOYIOTNKE TO VS. YTTOAOYIOTNKE N
ekarooTiaia avaloyia TnG diagopdg (E-BL)diff yia kaBeuia atrd 11 €
TTOPANETPOUG KAl CUYKPIBNKE PE TO VS XpNOIMOTTIOIWVTAG TOV GUVTEAEDTH

ouoxétiong Pearson kaBwg kai To Kpitripio MNMAnpogopiwv Akaike (AlCc).

H avaAuon Twv dedopévwy €D0€I1EE OTI: a) Z& ouykpion PE To STAI n
NAEKTPOBEPUIKE EVEPYOTNTA ETTEDEICE TNV KAAUTEPN CUCXETION, EuaioBnaia Kal
€1I0IKOTNTA, B) OI TTapayOPEVES ATTO TN POPNTH CUCKEUN OTOV KAPTTO KAPOIOKES
TTOPAPETPOI CUOXETIOTNKAYV O€ PMEYAAO BABUO WE TIGC AVTIOTOIXES TIMEG TOU Holter
o€ OAeG TIG PACEIG TOU TTEIpAPaTog Kal y) n EDAdIff £€0€16e TNV KaAUTEPN
ouox£Tion pe To VS, akoAouBoupegvn atrd Tnv IBIdiff kal Tnv HRdiff. MeTagu Twv
BiodeikTwy oTov oicho, n sAAdIff €d€1Ee TNV KAAUTEPN CUCXETION O€ OUYKPION ME
TIG SIgAdiff kai sCdiff.

2UNTTEPAIVETAI OTI QUTH N QOPNTH CUCKEUN KAPTTOU €ival EUKOAN 0T Xprion Kai
gival atréAUTa ATTOOEKTH ATTO TOUG CUMMPETEXOVTEG, N OTTOIO UTTOPEI VA TTAPEXEI
OKPIPN EKTIKNON TOU Stress oTo TTEPIBAAAOV TTPOCOUOIWONG TTOU dNUIOUPYHOAE.
EmmAéov, utropei va avatrapdyel agidémoTa TI¢ KapdIakEG TTAPANETPOUS TTOU
oxeTiCovTal he TO stress atro 1o Holter, e¢aAlgipovTag €101 TRV AvAyKn va QopeBei
MIa apKETA dUOKIVNTN CUOKEUR. ZTO TTEPIBAAAOV TTPOCOUOIWONG HAG, Ol
OUNTTABNTIKES TTAPAPETPOI TOU Stress TTou OXETICoVTal JE TO QUTOVOUO
ouuTradnTIKG ouoTnua (EDA, IBI, HR, SAA) TTeplypd@ouv KaAUTEPa TNV a1rddoon

TWV apxapiwyv, evw ol SC kal IgA uoTEPOUV.
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Part A: Theoretical Background
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Stress: Definition and types

To deal with situations that humans normally do not have the resources to deal
with, we have developed a biological and psychological reaction called stress.
Stress can be defined as a stability imbalance that occurs when an individual is
emotionally activated and perceives that cognitive and/or performance
requirements outweigh the available resources [1] or as a physiological arousal,
which represents an always present mechanism of coping with perceived or real
threats or challenges [2]. Stress is believed that greatly contributes in

performance and task execution [3].

It is well known that stress modifies human performance and that many factors
can provoke stress. Physiologically, the body must first decide whether or not the
situation is stressful. This is based upon sensory input in combination with stored
memories. Stressful situations normally contain at least one of the following

elements [4]:

» reduced or no control of the situation

« unpredictability, something unexpected is happening, or it is hard to predict
what will happen

« novelty, something new that the person has never experienced is happening

« threat of ego, one’s skill is put to test and one has doubt about one’s
capacities

» athreatin general

« time pressure.

The different stressors fall in into one of the following two broad categories:
Physical (systemic or reactive) and psychological (emotional or processing), with

each one of them undergoing different brain processing [5].

One of the most common stressors is the so called “occupational stress”. It is
defined as the sum of physical, mental, and physiological responses to work

which, when intensified, are transformed into negative emotional reactions that

17



reflect into loss of productivity and reduction in the quality of the service offered

[6].
Much attention in stress physiology has been paid to two physiological systems:

a) The hypothalamus-pituitary-adrenocortical (HPA) axis, with the secretion of
the glucocorticoid cortisol
b) The sympathetic-adrenomedullary (SAM) system which induces the

secretion of catecholamines.

The parasympathetic nervous system is also involved and combined those two
systems, form the autonomic nervous system. Simplified, one can say that the
sympathetic nervous system is responsible for “fight or flight” responses, while
the parasympathetic nervous system deals with “rest and digest” mechanisms.
The short-term effects are produced by the fight or flight response and consist of
helping the body to deal with the stressor, e.g. giving the body more energy, but
longer exposure can lead to health problems as the organism does not have
enough time to recover from the stress. Thus, another division exists namely
between acute and chronic stress. Both HPA and SAM are involved to the
pathologic consequences of stress (e.g. depression, cardiovascular diseases,
immune system suppression etc.), as well as they seem to reflect the intensity of
stressful situations [7]. Neuroendocrine hormones have major roles in the
regulation of both basal homeostasis and responses to threats [8]. More
precisely, it has been shown that the exposure to emotionally stressful situations
that differ in intensity results to gradual increases in plasma levels of

glucocorticoids, adrenaline, noradrenaline, and prolactin [9, 10, 11].
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Indices measuring stress

1. Stress assessment tests

There are several tests aiming to assess stress [12]. Two of those tests have
gained popularity: The Trier Social Stress Test (TSST) and the State Trait
Anxiety Inventory (STAI).

The TSST

The Trier Social Stress Test (TSST) is among the most popular methods of
inducing acute stress in order to experimentally study the stress response in
human subjects as it reliably increases hypothalamic-pituitary-adrenal axis
activation [13]. For a detailed description of TSST see Birkett [14]. A meta-
analysis showed that the TSST is the most useful and appropriate standardized

protocol for studies of stress hormone reactivity [15].

Many modifications of the TSST have been suggested and combinations with
other physiological stress indices have been proposed. Thus some researchers
used simultaneous salivary sampling for stress markers such as cortisol (sC) and
alpha-amylase (sAA) which may require additional sampling points and
measurements to best capture changes in stress response [14], while others
measure heart rate variability (HRV), electrodermal response (GSR), blood
pressure, eye blink response, or changes in body temperature in response to the
TSST [16].

TSST increases sAA levels, and it is suggested that sAA response to the TSST
predicts plasma noradrenaline levels [17] but their responses are not correlated

[18] and therefore care must be taken in interpreting results.

Although the TSST consistently increases heart rate, its effects on HRV are
controversial, with one study showing no change of HRV between a TSST and a
control condition [19], while another study indicated that a number of HRV

measures changed significantly between baseline and post-TSST [20].
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In conclusion, the TSST remains one of the most important tools available to
induce stress and its use in conjunction with other stress biomarkers could be

useful in future research [13].
The STAI

The STAI is a validated subjective assessment tool for quantifying the stressed
state combined with individual traits in the clinical environment [21]. A short
version was later introduced [22], i.e. a six-item questionnaire with a 4-point
Likert-style rating scale (range 6-24), where a higher number denotes higher
stress levels. Usually this questionnaire is completed at baseline and
immediately after each session; sessions are categorized as stressful if there is
an increase of 2 1 in the STAI score from the preoperative to the postoperative

measurement.

STAI is usually used in conjunction with other stress performance indices: Thus,
a review of surgical stress and performance shows that STAI combined with HRV
is a well-validated technique [23]. Additionally, the combination of HRV and STAI
provides a feasible method for assessing operative stress in consultant surgeons
during elective colorectal resections, since a significant correlation was
demonstrated among these two indices [24]. Moreover, in recent years another
improvement in the evaluation of surgical stress is the Imperial Stress
Assessment Tool (ISAT), which combines both physiological (heart rate and

cortisol) and subjective STAI measures of stress [23].

It is evident that the use of stress evaluation questionnaires in conjunction with
other established stress measuring indices may be used in future studies to
assess the impact of stress on performance in simulation surgical training and

surgical techniques.
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2. Heart Rate Variability

The term heart rate variability (HRV) conventionally describes the beat-to-beat

fluctuations in the Heart Rate (HR) or the variations in consecutive R-R intervals.

Due to the development of automated techniques for the quantitative
assessment of the rhythmic fluctuations of HR, allowed the detection of tiny
changes in the time intervals between heartbeats and thus HRV became a

noninvasive useful clinical tool to estimate modulation of autonomic tone [25, 26].

Yang et al., in a recent review characterized HRV as the fourth hotspot in the
history of electrocardiogram [27]. In recent years, many studies were carried out
in order to investigate the correlation of HRV changes and different body
conditions [28, 29, 30].

HRYV is traditionally calculated by digital processing of electrocardiograms (ECG).
The R-wave peaks of QRS complexes and R-to-R intervals are calculated. Then,
HRV parameters are computed using time-domain, frequency-domain, and

nonlinear methods [31].
In HRV power spectrum, three components can be found:

1. A high frequency (HF) peak that corresponds to respiratory sinus arrhythmia
(>0.15 Hz)

2. Alow frequency (LF) peak centered at about 0.1 Hz that is related to arterial

pressure control (0.04-0.15 Hz).

3. Avery low frequency (VLF, <0.04 Hz; sometimes as a peak) considered to

be expression of the peripheral vasomotor regulation.

There is agreement that the HF peak is a good index of vagal activity, whereas
the power of the LF peak as an index of sympathetic activity is more
controversial since both branches are mediating fluctuations below 0.15 Hz [32].
The most sensitive marker of overall balance of the sympathetic tone is

considered to be the LF/HF ratio [32, 33]. However, criticism may be found
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among the literature because an agreement on the concept of autonomic

balance or interaction does not exist [32].

A lot of HRV parameters are commonly used in the literature. These parameters
often refer to a professional term, NN intervals (“normal-to-normal intervals”),

which means that only regular heartbeats should be considered [31].

To overcome the traditional limitations of ECG acquisition, a lot of new
technologies have been developed to measure HRV without ECG, such as
photoplethysmography [34], ballistocardiography [35], a microwave sensor [36], a

webcam [37, 38], or even a smartphone [39].

The subject’s gender seems to play a role in HRV: In a recently published meta-
analysis, males showed a lower mean HR, a significantly higher mean RR
interval and a higher LF/HF ratio [40].

HRV has been used as an indirect measure of the cognitive load and mental
strain placed on operating surgeons: In a number of studies it has been shown
that HRV was significantly increased as a result of intra-operative stress [41, 42,
43, 44].

Decreased HRV has been shown to correlate with acute stress: In a recent
metaanalysis of studies dealing with the mental stress and strain analysis of
surgeons, 10 studies were found, 4 of them using only the HR and 6 studies
used the HRV as a stress parameter. Control groups have rarely or not been
studied. Data analysis showed that stressed surgeons had a higher
intraoperative HR and a low expression of the HRV and that the same pattern
was experienced in operating surgeons compared to the assistant surgeons or
with inexperienced operating surgeons compared to experienced surgeons [45].

A combined objective (HR and HRV) and subjective (STAI) method was used by
Jones et al., in order to evaluate the experienced stress of consultant colorectal
surgeons performing eighteen elective colorectal anterior resections. During

operation, all the surgeons exhibited a significant increase of stress as seen from
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the HRV values, and the peaks of stress, according to the operative step, was
comparable across the procedures and the surgeons. Moreover, significantly
positive correlations were detected between HRV measurements and perceived

stress as measured by STAI [24].

Finally, HRV was assessed in two consultants and three surgical fellows during
the dissection around the recurrent laryngeal nerve while performing total
thyroidectomy. The overall heart rate, time, and frequency domain parameters of
HRV, specifically the (LF/HF) ratio, were correlated with the surgical role,
particularly while teaching the surgical fellows at critical points. It was found that
this type of teaching is associated with a measurable increase in mental strain of
consultant surgeons, as determined by HRV. When acting as primary operators,

fellows showed increased stress levels as well [44].

3. Electrodermal activity (galvanic skin response)

One of the three types of sweat glands are the eccrine glands which, except the
hairy skin, they are also found on the glabrous skin of the palm and sole, where
they are not usually activated by heat, but rather by deep respiration, mental
stress, and local tactile stimulation, producing the so-called "emotional sweating".
It seems that the limbic system plays a role in emotional sweating and therefore
the measurement of sweat output on the palm or sole is useful for evaluating
sympathetic function and limbic activity [46]. As eccrine glands in these regions
fill and drain in response to autonomic stimuli, they produce fluctuations of
electrical conductivity and thus galvanic skin response (GSR) aka Electrodermal
activity (EDA) is measured. Unfortunately, due to obvious reasons, these two
locations are unsuitable for performing measurements in a surgeon while
operating or to a trainee performing a simulation task and therefore GSR devices

are usually placed in the wrist, or the ankle [1].

GSR is a well-accepted and validated of emotion and cognition and it has been

shown that GSR correlates with the number of active sweat glands [47]. Each
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device contains 2 silver chloride electrodes that measure and record electrical
conductance at 10 times per second (Neumitra Co, Boston, USA). During
measurements care must be taken in order to avoid sweating artifact due to

changes in ambient temperature.

As large (over 200 times) fluctuations in GSR readings even during a short time
period have been typically detected inter- individually, probably the mean GSR
could be a more stable estimate of the overall level of physiologic arousal, and
maximal GSR readings would be a more sensitive measure for detecting

differences between groups and would show better correlation with state data [1].

Studies have demonstrated that functional infrared imaging (an image reporting
pixel to pixel the recovery time after a stimulus has been applied) and GSR have
similar detection power [48, 49, 2, 50, 51].

In a recent study, the undergraduate students' responses before and after an
exam session were assessed, by completing an academic achievement
emotions self-report and an interview that paralleled these questions when
participants wore a GSR sensor and salivary biomarkers (cortisol, estradiol,
progesterone, testosterone and DHEA-S) were collected. Data collected from the
three methods showed that GSR responses were unrelated to the exam type, but
GSR increased during both emotional activation and cognitive as well as verbal

recollection [52].

4. Thermal activity

Under acute stress, sympathetically mediated vasoconstriction occurs which
together with stress-induced thermogenesis result in stress-induced
hyperthermia which is proportional to the intensity of the stressor [53]. The
occurring vasoconstriction is most pronounced in extremities relatively rich in

arteriovenous anastomoses, such as the fingers [54] and thus different skin
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regions vary in temperature changes under acute stress, for example, cooling

occurs on the nose but not the cheeks [55].

The primary assessment of skin temperature is primary performed via contact
devices. However, the contact devices may present a number of conductive

limitations plus some discomfort which may lead to stress [56, 57, 58].

Recently, non-contact infrared devices for measurement of skin temperature are
available and thus infrared thermography (IRT) became widely accepted as a
non-invasive alternative to conductive devices without altering stress levels [59,
60, 61].

The impressive advancement of the technology in infrared cameras permits
integrating this technology into automated systems for remote and automatic
monitoring of physiological activity [62] and thus IRT became a potential system
for the quantitative assessment of sympathetic activity in stress research [63].

However, the agreement between IRT and conductive instruments is limited and
equivocal as a measuring discrepancy between infrared thermometry and

conductive instruments seem to exist [64, 65,58, 66].

The reliability of thermal IR imaging as compared to established stress markers
(HR, HRYV, finger temperature, sAA, and sC) was assessed in healthy subjects
during two standard laboratory stress tests: the cold press or test and the TSST.
Thermal responses of several regions of the face were detected during both
tests. A weak correlation between the thermal imprints and the stress markers
was shown, while the thermal responses correlated with stress-induced mood

changes, but on the contrary the established stress markers did not [50].

However, there are several limitations for using thermal IR imaging: Beyond
stress, a lot of other confounding parameters such as increased mental workload
[67], pain [68], positive experiences [69, 70] and homeostasis changes due to
environmental conditions [71], can trigger an acute change in skin temperature.

In addition, gender may play a role, as higher facial skin temperature was found
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in males possibly due to higher blood circulation and metabolic rate
[72].Additionally, emotions are another factor that modifies the thermal response
of different body regions, particularly in the face, and thus the emotional status of
the assessed subjects must be considered [55, 62]. Finally, from a technical point
of view, taking into account how important precision is in measuring human
temperature (more than 0.25°C of side-to-side asymmetry is considered to be
abnormal), the accuracy of the best infrared cameras can be more than 1°C (or
1%) different from the actual temperature. The burden imposed from all these
factors is considered as one of the weakest points of infrared thermography [62].

Also, despite the advantages offered by thermal IR imaging, it has to be taken
into account that thermal signal development as a result of vascular change,
perspiration, or muscular activity is rather slow with respect to other established

techniques.

There are a few studies published regarding stress quantification in surgeons by
means of an IR camera: Pavlidis et al., quantified stress in the context of surgical
training by measuring transient perspiratory responses on the perinasal area

through thermal imaging [2].

In conclusion, the current body of research suggests that IRT does not
sufficiently agree with traditional conductive methods of skin temperature
measurement and proper considerations should therefore be taken when

monitoring thermal expression of psychophysiological activity [63].

5. Biochemical stress markers (saliva)

Saliva: Current knowledge

The most comprehensible definition of biomarker is “a cellular, biochemical,
molecular, or genetic alterations by which a normal, abnormal, or simple
biological process can be recognized or monitored” [73]. Therefore, any

molecular substance or compound which demonstrates significant variation in
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concentration, as compared to those of control subjects, is a potential biomarker
[74].

Whole saliva comprises of a mixture of fluids, secreted from the salivary glands
(parotid, submandibular, sublingual, and the minor gland), gingival fold, oral
mucosa transudate, and mucous from the nasal cavity and pharynx, with varied
composition [75, 76, 73].

In healthy individuals, depending on age and gender, the unstimulated salivary
flow rate is between 0.1-2 mL/min [77]. Additional factors influencing
unstimulated salivary flow and composition include individual hydration, body
posture, lighting, smoking, circadian and circannual rhythms, and medications
[78].

Although blood still remains the best body fluid for evaluation of many
biomarkers, saliva offers a promising diagnostic alternative for objectively
assessing physiological and/or psychological stress. Its use as a diagnostic fluid

in stress research has increased exponentially due to the following factors:

e The collection of saliva is a convenient sampling method because it is
noninvasive and relatively non-stressful. Been non-invasive, it causes
minimal distress to individuals [79] avoiding the stress from the fear of
needles pain [80] as well as the ethical concerns associated with invasive
measures.

e Itis constantly being produced so that samples can be obtained at short
intervals and in enough quantities [81].

e Saliva collection does not require any equipment apart from a collection
device nor skilled healthcare professionals, thus been suitable in field
research in the subjects’ natural environment [81, 82].

e A growing number of saliva analytes and collection kits have been recently

commercially marketed worldwide [74].

27



Last but not least, budget estimates incorporating personnel expenses and
corresponding collection methods for both blood and saliva collections showed
that saliva collection was 48% less costly than blood collection [83]. Therefore,
for all the reasons described above, saliva has been established as a cost

effective and non-invasive diagnostic tool [84].

Saliva’s stress biomarkers

Salivary levels of cortisol, alpha-amylase, secretory Immunoglobulin A and

chromogranin A have been associated with stress state [85, 86, 87].

A summary of the available stress measuring salivary biomarkers is shown in
Table 1.
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Table 1. Available stress measuring salivary biomarkers (Modified from [88]).

Salivary Biomarker

Advantages

Limitations

Cortisol (sC)

Level corresponds well to that

of plasma
Short lag time
Relatively stable & can be

stored for several weeks

Only measures free
fraction of cortisol
Influenced by conditions
that affect CBG levels

Inter-individual variability

Salivary a-Amylase (sAA)

High sensitivity to stress
related changes, with dose-

response relationship

Salivary flow rate also
affected by PSN
Production is dependent
on numerous salivary
glands that have different
responses to stimulation

Inter-individual variability

Secretory

Immunoglobulin A (sIgA)

Sensitive marker of fatigue

Huge biological variation &
inter-individual variability
Not as sensitive as other

stress biomarkers

Salivary Chromogranin A
(sCgA)

Reflects sympathetic nervous

activity

No correlation between
SCgA & serum CgA

Total protein

Used to adjust concentrations

of slgA

Can be influenced from

gum diseases

CBG: Cortisol binding globulin, PSN: Parasympathetic nervous system
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For a better understanding of how stress influences the salivary secretion of
those stress biomarkers, it is necessary at first to recall their physiology. A
summary of the secretion physiology of the salivary stress biomarkers is shown

in Figure 1.

Figure 1. Secretion mechanism of salivary biomarkers after mental stress
(adapted from [86].

Mental Stress
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From a physiology point of view, these salivary markers can be classified into two

groups:

1. Plasma circulating markers able to enter into saliva (e.g. cortisol)

2. Locally produced saliva markers (e.g. a-amylase, secretory IgA).

This classification is relevant to methodology and interpretation of salivary

findings, as each source involves different mechanisms.

A reliable measurement of blood-borne constituents requires a constant

saliva/plasma ratio (SPR), assuming that the concentration in saliva follows intra-
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and inter-individual variations in plasma [89]. This is the case of cortisol which
has an excellent SPR, entering saliva through passive diffusion and thus its
salivary concentrations reliably reflect those found in plasma [90].Unfortunately,
cortisol is somewhat of an exception as most of the plasma derived molecules

cannot be reliably assessed in saliva.

In contrast, most saliva proteins are released upon activation of the innervating
sympathetic nerves and thus the amount secreted per time unit corresponds to
the level of local sympathetic activation [91]. Thus, salivary protein concentration
reflects the combined effect of SFR (which is largely parasympathetic) and
protein secretion (which, in sympathetically innervated glands, is largely
sympathetic). Therefore, the PNS is mainly responsible for the secretion of ‘high
fluid-low protein saliva’, while the SNS mainly elicit secretion of ‘low fluid-high

protein saliva’ [92].

sAA levels are not related to a-amylase levels in blood, which are derived from
pancreatic secretion [93]. Parotid and palatinal glands are very rich in SAA,
whereas sublingual and submandibular glands secrete much less sAA.
Passively, most saliva is secreted by the submandibular glands and only about
20% derives from the parotid gland [93]. However, during mechanical (chewing)
or gustatory stimulation about 50% of all saliva derives from the parotid glands.
Because parotid saliva contains a 4- to 10-fold higher sSAA concentration than
submandibular saliva [94], SAA concentrations in whole saliva are likely to

drastically change independently of any higher CNS regulation [95].

Some sAA-rich salivary glands, like the sublingual and minor glands, are strongly
under PNS control [95] and it has been found that the sympathetic effects on sAA
release are strongly moderated by concurrent PNS activity, a phenomenon
denoted as ‘augmented secretion’. Additionally, it is known that over the course
of an acute stressor, the PNS tends to exhibit a faster off and onset than the
SNS, while the PNS withdrawal rapidly restores immediately post-stress, while
sympathetic activation still lingers [96]. It is exactly at that period that the largest

discrepancy between sAA concentration and secretion can be anticipated with

31



obvious implications for sample timing [95]. Furthermore, a PNS rebound
immediate post-stress has been reported, whereby PNS activity overshoots
baseline levels, causing a transient sympathetic-parasympathetic co-activation
[97, 98].

slgA is also not derived from blood; instead it is produced by B-lymphocytes
adjacent to the mucosal cells, then transported through the cell, and secreted
into saliva as secretory IgA [99].The production of sIgA from the various salivary
glands is not the same, with the highest levels found in the minor saliva glands
[99, 100]. Saliva slgA levels are affected by flow rate, and therefore it is
suggested to measure flow rate as well in order to express sIgA secretion as a
function of time [101].

Similarly to cortisol, it is known that sIgA levels increase under mental stress
conditions [82, 102]. It appears that while chronic stress down-regulates sIgA,

acute stress elevates slgA [103, 104].

Finally, sCgA is produced by the submandibular glands and secreted into saliva
[105]. The correlation between saliva and serum CgA is not well elucidated [106,
107].

Furthermore, on a local cellular level, the salivary glands are capable of
producing highly differentiated protein responses to different stressors [91, 89].
This differential activation can cause a myriad of additive, synergistic or
antagonistic intracellular responses between and within glands. A typical
example of overruling central regulation (e.g. stress) is reflex secretion which is a
mechanism of glandular secretion that is independent of the central neural

effects of stress [108].

It is therefore regrettable that the abovementioned physiology knowledge is
generally not taken into account in the published literature regarding stress

biomarkers evaluation during surgery/simulation.
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Cortisol (sC)

The most well studied salivary stress biomarker is cortisol [109, 110, 111, 112].
Salivary cortisol is widely considered as a valid indicator of free cortisol and
hypothalamus-pituitary-adrenocortical-axis [113, 112]. It has been shown that the
rise of sC levels start within 5 min of increases in plasma cortisol, with the
highest levels occurring at 31-40 min after onset of stressors and they are

strongly correlated with plasma cortisol concentrations [15, 111, 114, 115].

There are several sC kits available commercially, which commonly use an
enzyme-linked immunosorbent assay (ELISA) and electrochemiluminescence

(ECL) both been validated and accepted for sC measurement [116].

Many studies demonstrate that acute stress elevates salivary cortisol [14]: In
army nurses exposed to a combat casualty simulation a marked cortisol
response to real-life and simulated emergency situations have been documented
[117], as well as in female medical students during an ambulatory patient

consultation in their 6th year of study [118].

However, several other studies have failed to find elevations in sC following
acute stressful situations [119, 120, 121]. This may be due to the many
structures that regulate the HPA-axis (hippocampus, hypothalamus, pituitary,
adrenals), and the complexity of their respective modulators, receptors, or
binding proteins, as well as their various stressors that may differently affect sC
[113]. Thus, the link between mental stress and cortisol reactivity has been
shown to be plausible [122].

Additionally, other factors such as medical skills and knowledge, the participants’
awareness of their actual performance and the enhancing effects of endocrine
stress responsiveness, might also interfere. Furthermore, coping strategies have
been shown to be associated with medical performance and thus may also have
modulated stress responses and the association between stress response and

medical performance, respectively [123, 124]. Therefore, the relationship
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between endocrine stress response and medical performance remains

speculative and should be addressed in future studies [125].

Saliva Alpha-Amylase (SAA)

Saliva Alpha-Amylase (sAA) is a digestive enzyme that that breaks down

insoluble starch into soluble maltose and glucose [93].

The enzymatic activity of SAA (in Units/ml) can be measured with commercially
available kits based on chromogenic or fluorogenic substrates that utilize its

enzymatic activity as a proxy for sAA concentration [126].

SAA salivary concentration increases rapidly during acute stress and thus it has
been proposed as a means to monitor ANS activity [92, 127, 128, 129].

However, it was found that a stressor eliciting SNS-PNS co-activation (viewing a
surgical video) caused a marked sAA release, whereas a cognitive stressor
causing SNS activation in conjunction with PNS inhibition (a memory search
task) showed no significant change in sAA release. Importantly, the latter
stressor caused a much stronger sympathetic activation than the stressful video
[91]. Therefore, it seems that SAA is not a reliable index of SNS activity, since it

also co-represents a moderating effect of PNS activity [92].

It seems that SAA responds to stress quicker than sC: It has been shown that in
lay people who watched a video about cornea transplantation, SAA activity rose
within 3 min and decreased to baseline values shortly after the end of the video
while sC concentration rose within 6 min and decreased slower as compared to
SAA activity [130]. Additionally, it has been shown that repetitive training in a
high-fidelity simulator in simulated crisis situations reduces the increase of sAA
concentration but not that of sC [4]. This difference between sAA and sC may be
due to the fact that SAA is a marker of the SNS system and thus may be
differently affected by stress as compared to cortisol, which is a marker for the
HPA axis [131].
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In a recent study, 34 participants underwent an 8-minute memory task (MT) as
well as a cold press or task (CPT) under continuous monitoring of cardiovascular
SNS (pre-ejection period, blood pressure) and PNS (HR variability) activity.
Unstimulated saliva was collected repeatedly during and after each laboratory
stressor, and sAA concentration (U/ml) and secretion (U/minute) was
determined. It was concluded that the sAA interpretation as a measure of SNS
activity, or as a physiological marker of stress, is less straightforward than often
assumed, depending on sample timing and flow rate, likely involving both SNS
and PNS influences [132].

Finally, in a recently published study, sC and sAA were measured in response to
a trauma reminder. The sAA reactivity was associated with neural reactivity in the
salience network in response to novel negative scenes and neural hypervigilance
as indexed by reactivity to novel neutral scenes as measured using functional
magnetic resonance imaging. SAA, but not cortisol, increased in response to the
trauma reminder [133].

Due to the reasons above, much attention has to be paid regarding collection

timing and SFR of SAA measurements in future stress studies [132].

Secretory Immunoglobulin A (slgA)

Secretory Immunoglobulin A (slgA) is a subclass of Immunoglobulin A, being the
main immunoglobulin found in mucous secretions from many mucous systems
and organs including the salivary glands [134]. sIgA exhibits a diurnal rhythm,
decreasing from the highest levels in the morning to the lowest in the evening
[135].

slgA is sensitive to physical and psychological stress through interactions with
the ANS system [101, 136].

Campisi et al., using the TSST found significant increases in heart rate, systolic

blood pressure, and sC plus a non-significant increase in sIgA levels following
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the TSST, which significantly decreased during the recovery period. They thus
suggested that exposure to acute psychosocial stress in the form of a TSST

activates the physiological stress response [137].

Salivary Chromogranin A (sCgA)

Chromogranin A (CgA), or parathyroid secretory protein 1, is a major soluble
glycoprotein occurring into many types of neuroendocrine tissues [138]. CgA is
involved in the intracellular storage of catecholamines and is co-secreted from
sympathetic nerves along with the catecholamines into the blood [139]. Thus,
CgA has been proposed as a promising biomarker of ANS activity [140, 141,
142).

It has been shown that sSCgA changes sensitively and rapidly in response to
various psychological stressors, such as psychosomatic stress [143], computer
operation psychological stress [144], academic assessment stress [145] and
psychological tension stress before surgery or anesthesia [142, 145].
Additionally, Kanamaru et al., found a relatively rapid increase in sCgA levels,
from just before to within 20 min after the start of a cognitive test battery, thus
concluding that the changes in sCgA secretion may indicate psychological stress
in subjects exposed to a cognitive task [146]. Furthermore, Nomura et al., found
that SCgA concentration increased during the mental stress tasks and decreased
during the intermissions, demonstrating the usefulness of sCgA as a biomarker

for a short-term mental workload [147].

It seems that SCgA changes more rapidly and more sensitively to psychological
stressors than sC [143]. The same group also found a prompt elevation in sCgA
levels and a delayed increase in sC levels when psychosomatic stress was
induced by a test involving an oral presentation in front of an audience or a
driving situation [148]. All these studies suggest that sSCgA may be a sensitive

and promising index for psychosomatic stress [149].
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However, others have reported that the measurement of SCgA may not be a
good parameter to evaluate the ANS activity [142]. Dimsdale et al., found that
within the normal physiological range, as exemplified by small postural changes
and mental stress (orthostatic challenge and mental arithmetic), plasma CgA
level is stable or else slow to respond and that basal CgA levels were unrelated
to other manifestations of sympathetic nervous system activity [150]. Similarly,
Noto et al., examined the relationship between STAI score (STAI-S) in subjects
exposed to the 15 min mental arithmetic task stress and sCgA. The STAI-s was
not significantly correlated to sCgA and they concluded that sCgA was not a
good marker of stress in their study. They also described that a mental arithmetic
task may change autonomic tone, but this change may not be strong enough to

increase sCgA [141].

Total protein

Although total protein is a non-specific stress biomarker, it is used to examine
changes in overall protein secretion in saliva and thus to normalize
concentrations of various salivary proteins since concentrations can vary
significantly in response to stimulation of saliva flow [151, 152, 153, 154, 155,
156]. However, it has been suggested that this practice may cause misleading
results due to differences that exist in the control of secretion of individual

salivary proteins among the different salivary glands [99, 101, 157].
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Stress in Surgery

A limited amount of studies examined the psychobiological stress response in
highly stressful professions such as policemen, fire fighters, emergency care,
paramedical, and military [121]. These professionals showed increased
endocrine, cardiovascular and inflammatory markers during real life emergency
situations [118, 158].

It is well known that surgeons work in a stressful environment due to the
abundant surgical challenges, the technical requirements, and the time pressure
they face every day. It is also known that acute stress has a direct impact on
surgical performance and patient safety [159, 160]. Moreover, surgical teams
frequently encounter highly complex crisis situations, which can cause
considerable stress and can, in turn, directly contribute to patient outcomes [161,
162]. Additionally, due to the evolving nature of surgical techniques, surgeons will
continue to experience increasing acute stress, thus, making stress assessment

more relevant and necessary than before [163].

An in-depth understanding of how surgeons perceive operative stress is still
missing [24]. Several factors have been suggested to affect surgeons’ operative
practice including mental and environmental stressors [4] such as bad
perioperative sleep quality [164], engagement levels and emotional exhaustion
[165], complex or rarely performed cases, lack of experience in the performance
of new surgical procedures, such as laparoscopy [41], and poor assistance [160].
Therefore, the ability to implement a coping strategy to deal with stress seems to
be important for enhancing performance [124]. In order to address these issues,
formal intraoperative stress management training becomes a necessity [160,
166].

A battery of stress measuring tools, including objective and subjective methods

have been used in the literature to estimate stress in surgery [24, 45, 166].
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A rise in sympathetic tone was observed in surgeons, whilst performing a range
of operations [42, 44, 167].

Regarding stress biochemical markers, only few studies have measured the
changes of specific stress biomarkers: It has been shown that the occurrence of
stress in surgeons may be associated with their lack of experience as well as
from advanced surgical procedures such as laparoscopy [41]. It was also shown
that monitoring saliva cortisol secretion and heart rate (HR) variations in
operating surgeons is crucial in order to be able to prevent the consequences

that typically arise due to the lengthened and repetitive stress states [7, 168].

In another study, salivary levels of cortisol, alpha-amylase, IgA and chromogranin
A (CgA) and cardiovascular (HR and systolic blood pressure) stress responses of
oral and maxillofacial surgeons, engaged in different surgical procedures with
increasing degrees of technical difficulty, were analyzed. It has been found that
higher stress management ability was present in the more experienced surgeons

as compared to those with less experience [5].

Associated incidents in critical anesthesia, can be quite stressful for anesthetists,
but not many studies have been carried out that address the stress levels

experienced by anesthetists and their responses during surgery [169, 170, 171].

Apart from individual involvement, surgical teams encounter frequently highly
dynamic and complex crisis situations, which can cause considerable stress
upon the individuals of the team, which in turn can directly contribute to patient
outcomes [161, 162, 172, 173]. It has also been shown that stress can affect the
management of crisis situations in the intensive care due to a diminished

perspective from the team [174].
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Simulation in Surgery

Simulation-based training (SBT) has long been utilized for hundreds of years in
both medical and surgical education [175]. Leadership in the medical professions
has embraced simulation and surgery pioneered in SBT to teach residents and
students [176]. The first SBT specific to surgeons can be traced to Sushruta, an
Indian scholar from approximately the fourth century BC. His Sanskrit language
text was translated in 1907 and contains descriptions and lessons for students to
practice inserting their knives and tools into natural objects mimicking body parts
[175]. Over the recent years, a great concerted effort took place in order to
develop organized SBT curricula with assessments to teach and evaluate the
cognitive, technical, and decision-making skills of the trainees trying to enhance

education and patient care [177].

For the last century, surgical educators have modeled the Halsted'’s classic
model of surgical education. According to this surgical training model, also known
as “see one, do one, teach one”, the trainees receive a significant amount of their
education from the surgical faculty, by observing/participating in the operating
room and caring for patients on the ward. Through this experience, students
were expected to learn the knowledge, skills, and attitudes needed for efficient
patient care [178, 179].

However, during the last two decades we witnessed significant changes in health
care delivery and these changes have required surgical educators to adapt their
approach to education [177]. The main reasons for these changes are mainly

due to:

1. The ever-increasing amount of new medical knowledge that the trainees are
expected to learn in putting huge pressures to reform medical education
[177, 180].

Changes in patient safety, quality, and expectations on surgical faculty [180].
Work hour limitations and loss of surgical teams [180, 181].
A move toward competency-based education and the creation of entrustable

professional activities [182].
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SBT combined with assessment tools appears to be an answer to these

changes. It has been shown that SBT:

e s avalidated method

increases safety

e improves performance

e allows an objective skills assessment

e is financially appealing since it diminishes costs of training - both direct costs

as well those due to extending time in the OR.

Therefore, SBT became a teaching method of choice, since it provides a safe
environment for a student to fail, practice, and learn before a patient encounter.
In prospective, randomized studies, learners who trained to a benchmarked
proficiency level on the simulator performed significantly better than learners who

were traditionally trained [183].

The recognition of simulation as a highly effective tool to teach a variety of
technical and nontechnical skills to students, residents, and practicing surgeons
has been critical in this transformation. The value of simulation is now widely
accepted and integrated into health care training, from undergraduate medical
education through continuing medical education, across and among professions,
and within health systems. Therefore, the new model of medical education which
replaced the Halsted model can be summarized as: "See one, practice many, do
one”. We have moved beyond validating simulators and now understand that the
process of gathering validity evidence for an educational activity is an ongoing
process grounded in similar scientific principles to the evidence a clinician would
consider when choosing a treatment for a patient. Academics are now applying
more rigorous criteria to the study of simulation and its impact on the knowledge,
skills, and attitudes, as well as the health care outcomes at the patient and

population level. In addition, we have a broader perspective of the applications of
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simulation throughout health care. Simulation-based training has helped uncover
the importance of human factors engineering in designing systems that facilitate
desired behaviors or outcomes and that actively discourage unsafe or
inappropriate actions. We are learning more about the impact of teaching
methods and developing the skills of those educators who teach using simulation
[184].

As a result of more rigorous scientific study of how technical skills are acquired,
and the accumulation of validity evidence around specific assessment tools,
simulation is used in several high-stakes examinations in undergraduate medical
education and for professional certifications. This is truly an educational
achievement, to test a person’s skills through the performance of those skills,
instead of just their ability to answer multiple choice questions. With simulation,
the skills being taught and learned can be uncoupled from the stress of the
clinical environment, to improve learning and cognition for the student/novice
learner [183, 185, 186].

Surgical SBT over the last 20 years has gone from being used by a few
educators teaching traditional skills to a main focus of surgical education.
Simulation has always been used to teach surgical skills, but the technique is
rapidly becoming the standard for early surgical education. Key SBT benefits
include its ability to compartmentalize education and combine immediate
assessment and feedback, all in an effort to accelerate skills acquisition for the
trainee. SBT value is demonstrated in its being adopted in multiple national

medical student surgical educational initiatives [176].

Simulators can be divided into multiple classification schemes such as
animate/inanimate, virtual/real, or partial task/procedural. These classifications
can be combined to describe the various characteristics of a simulator. A
simulator, however, does not in and of itself constitute a curriculum. It is but a
tool and it must be properly paired with the learning objectives of what is being
taught and valid assessment and feedback for the learner. In SBT, many types of

simulators are currently employed (Table 2).
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Table 2. Simulator classification (modified from ref #2)

Simulator

Description

Uses

Cost

Abstract partial task
trainers

Knot tying boards
Foam suture models
Simple laparoscopic

box trainers

Teaching a repetitive
simple task such at
suturing or knot tying

Peg transfer for
laparoscopy

$
Most are very inexpensive &
reusable, or students can take
them home to practice

Physical anatomic
trainers

Silicone, plastic or foam
replicas of humans or
portions of humans

Teaching a complete
procedure with multiple
smaller steps —Foley,
nasogastric tube,
central line placement,
intubation

$$-$$$
Commercially made products
can get expensive for an
entire school

Human simulators

Replicas of humans, may
be computerized, may be
simple or more complex

Team training,
cardiopulmonary
resuscitation, airway &
intubation, codes

$-$3$%
Computerized
mannequins can be expensive
& take training to run but are
very realistic

Computer Based

Programmed clinical
scenarios that can be
repeated over and over

Very useful for teaching
clinical decision making
and pathways, allows for
retesting across time
&assessing knowledge
acquisition

$-$$3$
Initial purchase or writing of
scenarios
Subscription rates can build &
increase

Standardized patients

Professional patients to
volunteer students. Can
assist with the
assessment & adds
realism

Physical examination
skills, team training,
immediate feedback

$-3$$
Professional patients can
cost, volunteer students
require training

Animate models

Live animals or food
grade portions of
animals

Performing complete
operations or adding
realism to tissue
consistency for partial
task trainers

$-$$5$$
Store bought models are
reasonably priced, but live
animal models are
expensive due to housing,
anesthesia & disposal costs

Virtual anatomic
trainers

Image-guided computer-
assisted specific task
trainers

Laparoscopic,
endoscopic & vascular
procedures

$3$$$

Initial purchase & maintenance

Virtual reality

Completely interactive
computer-based
environment

Usually very realistic

Performance scores can
be delivered

$$$5$
Very high upfront cost; hard
to use with large student
volumes
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The end result of a good simulator with well-designed metrics is a training system
where trainees can learn both what TO do and what NOT to do when operating
on patients. The errors must be quantified so as to be completely unambiguous.
Simulation training is optimal with metric-based feedback, particularly formative
trainee error assessments, proximate to their performance. Without robust
metrics the simulator is at best an expensive video game and at worst an
adverse outcome waiting to happen. li is through those metrics that we can
distinguish the different stages of skill development approximate to a ‘traditional’

learning curve and set benchmark criteria for any surgical curriculum [187].

Finally, surgical education has adopted simulation as a compulsory component of
the specialty exams in different countries. The revolution of using simulation is
happening now and it’s all about improved patient care through advanced

surgical education.

Stress in simulation training

In contrast to real surgery ever changing cases, simulators provide a
standardized milieu that allows inter- and intra- individual comparisons among
participants [163]. Furthermore, simulation training is a well-established method
for improving technical and non-technical skills in a controlled and quantitative
manner [188]. Training in medical simulators focuses on improving the skills and
performance of the trainees, so that they are able to tackle more routinely critical
situations, thus resulting to lower stress levels after their training. It is assumed
that a high-fidelity simulator can replicate real psychological challenges and
stress [123] and yet it can facilitate lower stress loads in real environments [189,
190]. A simulation-based study showed that surgeons with insufficient stress-
coping strategies demonstrated poor performance in virtual laparoscopic

procedures [123].

Among the several methods proposed to measure and assess a trainee’s

competence in a simulated environment, it is evident that technology-based
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measures can avoid bias and should be preferred to quantify performance and
provide objective metrics [191]. Today, various performance parameters derived
from technology-based assessment tools have been proposed and used, such as
motion tracking, visual attention, stress responses, and video analysis. Each one
of them has advantages and disadvantages and corresponds to a specific
objective interpretation of performance [192]. The complexity of stress
mechanisms and the involved factors make acute stress estimation and

measurements difficult to interpret.

However, only limited data exist in the literature regarding surgeons’ acute
mental strain measurement methods in the surgical operating and simulation
field, while several stress-measuring tools, including subjective and objective

methods, have been used for this purpose.

Arora et al., demonstrated through direct correlation that stress (measured using
guestionnaire, heart rate and salivary cortisol) impairs the surgical performance

of novice surgeons assessed on a simulator [159].

Additionally, during simulated procedures, the effect of stress on the performance
of the operation was investigated. It was shown that the experience of the

surgeon was the single best predictor of performance [124].

Keitel et al., assessed salivary cortisol and psychological responses (visual
analogue scales, VAS) in medical students every 15 min from 15 min prior to
until 60 min after been exposed in three conditions: rest, laboratory stress (LS;
public speaking), and simulated emergency situation (SIM; myocardial ischemia
and ventricular fibrillation). As compared to rest, cortisol increased significantly in
both stress conditions but at different time courses. They concluded that SIM is a
profound stressor. Since they found a positive relationship between salivary
cortisol and medical performance as measured in a simulated emergency
situation, they suggest that high stress responsiveness might be a predictor of
good performance, while the high stress response might counteract educational

efforts associated with training using high-fidelity patient simulation [125].

45



In one study, 29 intensivists took part in one of six 1-day simulator courses
randomized to either crew resource management (CRM) training, which contains
psychological teaching and simulator scenarios, or classic simulator training.
Before and after the course each participant took part in a 10-min test scenario.
Saliva amylase and cortisol were measured before the scenario, immediately
after, and 15 min later. The Anaesthetist’s Non-Technical Skills (ANTS) was used
to evaluate the non-technical skills and a checklist for assessing clinical
performance. Both cortisol and amylase showed a significant increase during the
test scenarios, however, in the post-intervention scenario the stress response of
salivary alpha-amylase was significantly smaller but not that of cortisol. Both
ANTS scores as well as clinical performances were significantly better in the
post-intervention scenario. Neither stress nor performance differed between the
two groups [4].

Phitayakorn et al., tested the practicality of a watch-sized device to measure
galvanic skin response (GSR) in operating room (OR) interprofessional members
during a “cannot intubate/cannot ventilate” simulation scenario. Participants wore
sensors (Neumitra Inc, Boston, USA) on the wrist (all) and ankle (surgeons and
scrub nurses/technicians) during the orientation, case, and debriefing phases of
the scenario and completed the STAI test. Mean wrist GSR levels significantly
increased from baseline and remained elevated even after the simulation, while
no correlation was found between wrist and ankle data. Surgery residents were
the only group that demonstrated continued increases in wrist GSR levels
throughout the entire simulation. Large intraindividual differences (#200 times)
were found in both wrist and ankle GSR. Analysis of the STAI scores and GSR
levels showed that residents had significantly higher trait anxiety than the nurses
and surgical technicians and, surprisingly, senior practitioners had significantly
higher trait anxiety than junior practitioners. They concluded that continuous GSR
monitoring during OR simulation is feasible but would be difficult to implement in
an actual OR environment. The large variation in individual levels of physiologic
activation suggests that additional studies are required to better understand how

OR members respond to stressful situations [1, 193].
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Stress measuring wearable devices
Acute stress affects the autonomic nervous system (ANS) that modulates heart

rate (HR), electrodermal activity (EDA) and thermal activity levels [194].

HR and Heart Rate Variability (HRV) are the most commonly used parameters.
HRYV is calculated by digital processing of electrocardiograms (ECGs) and
corresponds to the beat-to-beat changes in heart rate [195] and is a non-invasive
tool to estimate heart rate modulation by the ANS in a variety of settings
including stress [196, 197]. Several HRV parameters are computed using time-
domain, frequency-domain and nonlinear methods and emerged as a non-
invasive tool to estimate the vagal activity in several conditions, including
monitoring of athletic responses to training [39, 40]. Decreased HRV has been
reported as a predictive factor for adverse outcomes in disease states and has
been found to be associated with fatigue, stress, and even burnout during athletic
performance [198, 199, 200].

Despite being accepted as gold standard methods for HR and HRV interval
monitoring and analysis, both the classical ECG and the ambulatory Holter
monitoring have several drawbacks regarding the proper and accurate detection
of RR intervals. For example, patients with tremor or elderly patients with fragile
skin have bad quality of recordings with a lot of noise and artifacts [201].
Similarly, other factors such as surface electromyography, increased electrode
impedance, respiration induced baseline drift, and electrode contact movement

can cause noise and motion artifacts especially when the subject is motion [202].

Additionally, morphological variations in the ECG waveform and heterogeneity in
the QRS complex can often make difficult to identify the RR interval [203].
Another limitation can be the need for the presence of a specialized
technician/doctor, thus increasing the cost and accordingly decreasing the wide

applicability. Finally, a reported drawback in ECG wearable devices that do not
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record standard ECG derivations is their inability to distinguish some arrhythmias
and ectopic beats [204].

In order to compensate with these limitations, especially during exercise, several
wearable devices measuring cardiac parameters have been introduced. The
general concept of operation of these small, robust and user-friendly devices is
that they contain sensors which reliably monitor minor changes in the intensity of
light from high intensity light emitting diodes (LEDSs) that is transmitted through or
reflected from the human tissues. Although they have obvious advantages over
the classical ambulatory ECG recording, the fact that they use
photoplethysmography (PPG), i.e. a different detecting approach raises the
guestion of how much accurate and reliable are when compared to the gold
standard ECG method [194].

It is important to realize that the basic difference between PPG and ECG is the
captured signal per se: The electrical activity of the heart is depicted by ECG,
whereas the PPG is a mechanical signal measuring the propagation of the
peripheral pulse wave. Therefore, the time of propagation of the PP wave from
the heart to the distal arterioles is called pulse transit time (PTT). It is a measure
of the time that elapsed between the R-wave of QRS complex in the ECG and
the arrival point to PPG device [56]. Several studies have shown that PTT seems
to be a surrogate marker of ANS in parallel to HRV [205] and that PTT is
dependent on the properties of the pulse wave velocity, the vascular path from
the heart to the location of the detector and is negatively correlated with blood

pressure, arterial stiffness and age [202].

However, several parameters have to be considered when interpreting PPG

measurements. These include:

1. Motion artifact: Special attention must be exercised during data PPG
acquisition to eliminate motion-induced artifacts [202]. The contact force
between the site and the sensor should be considered as PPG is vulnerable to
such type of artifacts. However, despite the importance of this factor, we found

only one study in 16 male ischemic patients measuring the accuracy of a
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smart phone derived pulse rate versus ECG, where an excellent correlation

was found in rest, which was slightly deteriorated during exercise [206].

2. Respiration: Since respiration alters the intrathoracic pressure and causes
blood flow variations in both the veins the DC component of the PPG
waveform shows minor changes with respiration [207]. Thus, it has been
shown that the short-term variability (RMSSD, SD1, and HF) and LF/HF
agreement between PRV and HRYV deteriorates as a result of the vulnerability

to respiratory changes [208].

3. Age, gender and environmental factors: Normal HRV values for various age
and gender groups are still not available in the literature. However, it is well
known that the elderly has increased arterial stiffness which leads to faster
pulse transmission in the periphery and thus pulse transit time (PTT)

differences observed between HRV and PRV could be attributed to aging [34].

Regarding gender influence, in our review, just one study showed that
measuring HRV at rest was age and gender dependent, the correlation with
ECG being lower in women than men and further decreasing in older women
[204]. As there is no strong evidence provided so far if age and/or gender can
play a role in the studied correlations, further studies are needed to investigate
these two variables on different populations while using appropriate sampling

and prospective study design with a longitudinal follow-up [209].

Environmental factor effects such as temperature was investigated in one of
the studies. This study concluded that ambient temperature could induce a
difference in the short-term variables that reflect the parasympathetic activity
between HRV and PRV [210].

4. Software analysis: Some proprietary software systems for collection and
analysis of RV data exist like the PPT5 or the ithlete™ software application
[211, 212, 213] or freely available software may be used e.g. Kubios

(http://www.kubios.com) [214]. According to guidelines [31], manual editing

should be preferred instead of automated data analysis as automatic filters are
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known to be unreliable and may potentially introduce errors. In our review only
six studies used automated analysis only whether the rest used both manual

and automated analysis.

5. Statistical analysis: The Bland—Altman plot must be used to compare the
agreement among a new measurement technique with a gold standard, as
even a gold standard does not imply to be without error. This plot allows the
identification of any systematic difference between the measurements [215]. In
our review only 17 studies used this technique, while four studies did not apply
the Bland—Altman analysis and therefore only the correlation, but not
agreement between the two methods, could be determined from these

publications.

6. Sampling rate: The sampling rate is a matter of difference between the two
approaches. Sampling rate of PPG is usually 20 Hz much less than that of
ECG which is 125 to 250 Hz. This obviously implies weaker ability of the PPG

devices for events detection [216].

In summary, Georgiou et al in a systematic review revealed that HR and/or HRV
wearable devices, especially those using PPG, may provide a promising
alternative solution for measuring HRV. However, it is evident that more robust
studies in non-stationary conditions are needed with appropriate methodology in
terms of number of subjects involved, acquisition and analysis techniques
implied, before being able to recommend any of the commercially available
devices. Therefore, so far wearable devices can only be used as a surrogate for
HRYV at resting or mild exercise conditions, as their accuracy fades out with

increasing exercise load [194].

The first company offering a wearable EDA measuring device was Neumitra
(https://www.neumitra.com) but it is not anymore available. The last years, a
couple of more sophisticated wearable devices are commercially available, which
except HR and Inter-Beat Interval (IBI), they concomitantly measure several
other parameters such as EDA, acceleration and body temperature [194]. Thus,

recently, a Dutch company (http://www.zephyr-
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technology.nl/en/product/71/zephyr-bioharness.html) introduced the Zephyr

BioHarness™3, which enables the capture and transmission of comprehensive
physiological data (ECG, heart rate & heart rate RR as well as breathing data, IR

skin temperature, posture, activity, skin conductance).

Another company (https://www.empatica.com/) introduced the E4 wristband

which is a wearable wireless device designed for continuous, real-time data
acquisition. The device has a photoplethysmography sensor (measures Blood
Volume Pulse (BVP), from which heart rate, HRV, and other cardiovascular
features may be derived), a 3-axis accelerometer, a GSR sensor, and an infrared

thermopile.

Unfortunately, for obvious reasons, some locations are unsuitable for performing
measurements on a surgeon while operating on an individual or on a trainee
performing a simulation task [2]. Therefore, EDA devices are usually placed on
the wrist or ankle. Usually, the device contains two stainless steel or silver
electrodes that measure electrical conductance at sample frequency of 4Hz
(Empatica S.R.L., Milano, Italy). During the measurements, care must be taken
to avoid sweating artefacts due to changes in ambient temperature [1]. It is
important to note that HRV, EDA and thermal activity all require the use of
specific equipment that must be worn by the subject. These contact devices may
have several limitations with respect to data collection and may involve some

discomfort, thus compromising performance [56].

In our study we used such a wearable device, the E4 wristband

(https://www.empatica.com/) which is a wearable wireless device designed for

continuous, real-time data acquisition in daily life (Figure 2).
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Figure 2. The Empatica4 wristband used in our study

Sensors

Photoplethysmography (PPG)

Continuous Heart Rate (HRV, Stress, Relaxation)
3-axis Accelerometer

Movement, Activity

Temperature + Heat flux
Actlvity, Context info

Electrodermal Activity (EDA)

Skin Conductance (Arousal, Excitement)

The device has a photoplethysmography Sensor (measures Blood Volume Pulse
(BVP), from which HR, HRV, and other cardiovascular features may be derived),
a 3-axis accelerometer (captures motion-based activity), an electrodermal activity
(EDA) sensor (used to measure sympathetic nervous system arousal and to
derive features related to stress, engagement, and excitement) and an infrared

thermopile (reads peripheral skin temperature).
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Part B: Our Contribution
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Aim
Because of the lack of a “gold standard” method to assess surgeons’ mental
stress, several noninvasive measuring methods have been proposed with

conflicting results as most studies used only one or two of them.

The first objective of this study was to assess the feasibility of a new, easy to
wear watch-sized device to noninvasively measure cardiac stress parameters
such as heart rate and heart rate variability which are usually measured by
means of a Holter monitor. Additionally, this device can also measure EDA thus

enhancing stress estimation with one additional parameter.

The second objective of our work was to concomitantly measure the responses
of seven noninvasive stress indices and compare them to the video score
achieved by novices in a reproducible stressful simulation environment. Namely,
we used one subjective method (STAI) plus the three abovementioned ones
derived from the wrist-worn device (HR, IBI, EDA) as well as the salivary levels of

cortisol, alpha-amylase and IgA.

Practically, it might be of value if such an easy to wear device combined with a
noninvasive saliva collection might be used to objectively evaluate stress and
avoid the use of other motion restricting, uncomfortable devices and invasive
methods in our simulation setting as it might open a potentially practical window
to conveniently train surgeons to manage their stress using a surgical simulation

training system.

Material and Methods
The study protocol (ISRCTN No 10985546) was approved by the Institutional

Ethical Committee and all participants gave informed consent.
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Subjects

Twenty-one male novice trainees aged 23 - 26 years with body mass index (BMI)

ranging from 18.5 to 24.9 were included in the study. All of them were medical
students in their last year or PGY1 without any previous simulation experience.
Table 3 shows the gender and age of the subjects included in the study.

Table 3. Gender and age of the 21 subjects

ID | Gender | Age ID | Gender | Age
1 M 24 15 M 23
2 M 23 16 M 23
3 M 23 17 M 23
4 M 24 18 M 26
5 M 23 19 M 23
6 M 25 20 M 24
7 M 26 21 M 25
8 M 26

9 M 23
10 M 24
11 M 23
12 M 25
13 M 23
14 M 24
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Experimental Protocol
Prior to the simulation task, all participants completed a baseline questionnaire,
which included items on demographic characteristics, prior laparoscopic or

simulator experience, and conformity with the inclusion criteria listed below.

The inclusion criteria were: a) no current prescribed medication or
nonprescription drugs, b) no signs of cold or upper respiratory tract infection, c)
nonsmokers, and d) refrain from drinking alcohol, coffee, and exercising for 12
hours before testing and from eating and brushing teeth for one hour prior to the
experiment. Experiments were set between 14:30 and 16:30 to minimize

circadian effects [217].

They also completed the short, six-item Spielberger State-Trait Anxiety Inventory
(STAI). An orientation phase was then implemented (approximately 15 minutes)
during which they were introduced to the simulator and briefed on the tasks to

follow.

Thereafter they wore the Empatica E4 wristband (E4WB) (EmpaticaS.r.l, Italy) on
their nondominant hand. Additionally, all subjects wore an ambulatory Holter
ECG rhythm monitoring (HM) and electrodes were positioned in predetermined
thorax positions (ELA Medical - Syneflash MMC-24hour Rhythm - 3 channel
lead- Synescope ELA Medica, France). Throughout the whole experiment, the
subjects wore both the E4AWB and the HM. An ambient temperature of 27°C was

kept in the simulation room in order to avoid any sweating artifacts.

A baseline recording phase (BL phase) of 10 minutes was initiated with the
subjects engaged in leisurely reading and a saliva specimen was collected using

an unstimulated passive drool technique (Base line-BL phase).

Immediately after, the simulation exercise started (E phase) in which the subjects

were trained on a basic skills module (Lap mentor, 3DSystems) for 9 minutes.
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Immediately after, another saliva sample was collected from all participants in a
similar manner as before which was followed by a 6 minutes recovery period (R

phase). During this phase all subjects repeated the short, six-item STAI.

Each phase was tagged by triggering concomitantly the markers on both devices.
E4WB recorded photoplethysmography (PPG) BVP data were used to estimate
HR and inter-beat interval duration (IBI). Additionally, EDA, 3-axishand motion
activity (Acc), and skin temperature (ST) data were recorded from the EAWB.
Furthermore, R-R interval data obtained from the Holter monitor were extracted

in order to measure HR and calculate HRV indices.

The whole experiment was videotaped and stored for further analysis. An
ambient temperature of 27°C was kept in the simulation room to avoid any

sweating artifacts.

Saliva samples where refrigerated and, subsequently, frozen at -20°C within four

hours of collection until assayed.

Data analysis

When each session ended, the E4AWB was connected to a PC and its internal
storage data were uploaded to a secure cloud web site. Through this site the
sessions’ data can be visualized and exported as CSV files for analysis of each

one of the recorded stress-related parameters: HR, IBI duration, and EDA.

In order to compare the R-R with the IBI data derived respectively from the two
devices, some pre-processing was necessary before any further analysis takes
place. This was necessary due to two reasons: a) the E4WB starts recording
automatically 40 sec after pushing the mark button, while the Holter starts to
record immediately after pressing the mark, and b) E4AWB heart beats are
recorded in respect to initial time which in turn is expressed in UTC time.

Therefore, all the time points had to be converted to absolute local time.
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Additionally, since both devices did not share the same time settings from a
reliable third-party source, their recorded data needed synchronization.

In order to avoid multi factorial external stress bias, the percentage differences
between base line and exercise of all parameters measured were derived for
each subject. Additionally, pre- and post-exercise STAI scoring as well as their

differences was calculated.

The Bland-Altman method was used to plot the difference for each subject
against HRV and IBI values in order to compare Holter derived HRV versus PPG
derived IBI.

All sets of synchronized intervals data extracted from both Holter and E4AWB
were analyzed by using the Kubios HRV® software. Six Indices of HRV were
computed in the frequency domain (high frequency [HF]; low frequency [LF] and

LF/HF ratio) for all phases of the study.

Commercially available kits (SME-1-3002 Salivary Cortisol Research ELISA kit),
a-amylase (SME-1-1902 Alpha-amylase Kinetic Reaction Kit Research), and
slgA (SME-1-1602 Salivary Secretory IgA Research ELISA kit) were used. A
saliva specimen’s concentrations were determined following the manufacturer’s

procedures (www.salimetrics.com). Minimum, maximum and mean normal

values according to the manufacturer are listed in the Table below:

58


http://www.salimetrics.com/

Table 4. Normal values of measured saliva parameters.

Minimum | Maximum Mean
Amylase (U/ml) 3,1 423,1 92,4
IgA (ug/ml) 93,2 974,03 379,39
am 0,112 0,743
males
pm 0 0,308
Cortisol (ug/dl)
am 0,272 1,348
females
pm 0 0,359

To avoid multifactorial external stress bias, for each subject, the percentage

difference value (Valueuditr) of each parameter was calculated from their reciprocal

baseline (Valuepre) and post-exercise (Valuepost) values, where

Valuedir=100-(Valuepost-Valuepre)/Valuepre. Therefore, six predictor variables were

derived.

Video scoring

A blinded expert reviewer assessed the videos using a 7-point procedure-

specific checklist and summed the reciprocal scores to a total score achieved

(using a 7-point procedure-specific checklist and summed the reciprocal scores

to a total score achieved (see Table 5). As can be deducted from this Table,

the maximum total score is 21.
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Table 5. Video Scoring system

Dominant handle .
Non-Dominant handle
movement (needle Task
. movement .
Knot Continuous holder completion
Score . . . .
tying stitches Instrument Needle Instrument Needle time (tct) in
outside of outside of minutes
. drops . drops
view view
. . . . . . Failure
0 No tie No stitch >5 times >5 times >5 times >5 times
(tct> 15)
1 1 tie 1 stitch 3times 3 times 3 times 3 times 13<tct<15
2 2 ties 2 stitches 1 time 1 time 1 time 1time 10 < tct< 13
3 3 ties 3 stitches None None None None tct< 10
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Results

None of the subjects reported any problems / discomfort related to the wearing

equipment.

A) Exploiting the best stress detector among the E4AWB parameters.
Al. Descriptive observation

A representative output of the E4AWB parameters of one subject is shown in
Figure 3.

Figure 3. A representative output of the Empatica E4 parameters of a

subject. F1 & F2 represent detected and time stamped failures.
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EDA: Electrodermal activity, BVP: Photoplethysmography, Acc: 3-axis hand motion
activity, HR: Heart rate, ST: Skin temperature.




As it can be seen, EDA started to increase as soon as the E phase starts and
remained elevated even during the R phase. EDA was further increased right
after each failure by more than 2% (p<0.001) per second (2.5% at F1 and 2.1%
at F2). IBl increased about 0.9% (p<0.10) per second (at F1 and F2). BVP did
not seem to have a trend during the E phase. Acc and HR increased during E
phase but with many fluctuations, while ST remained almost stable during the

whole experiment.

A2. Failures detection

Large intra-individual differences were observed in baseline values of all
parameters studied. Therefore, in order to examine which parameter is the best
indicator for failure detection, the differences between BL and E phase of all

parameters were analyzed in respect of failures detection in each subject.

During the E phase a total of 32 failures occurred and were recorded. For each
parameter, the mean percentage change and SD values per second along with
their corresponding p values are presented in Table 6. As it can be seen, only

BVP and Acc did not reach statistical significance.
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Table 6. Failure detection: Mean percentage change (per second) and its

SD of each recorded parameter, along with reciprocal P values.

Mean (%) = SD (%)(sec™) Pvalue
EDA 2.21+0.24 <0.001
IBI 0.917 £ 0.026 <0.10
ST -0.007 + 0.004 <0.001
HR 0.032 £ 0.096 <0.001
BVP 1.005 +0.178 >0.60
Acc -0.015 + 0.003 >0.90
R-R interval (Holter) 0.910 £ 0.144 <0.001

A3. Individual Video score, STAI and E4WB parameters

Table 7 shows the video score, the STAI value during baseline (STAlpre), the

STAI value after exercise (STAlpost), and the percentage difference between the

two STAI values (STAlqif).
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Table 7. Video score, STAlpre, STAlpost and STAlqitt of the 21 subjects.

ID ;’Ldo‘?z STAlpre | STAlpost | STAlaitt
1 10 36.7 63.3 72.48
2 17 36.7 56.7 54.50
3 9 40 66.7 66.75
4 13 40 66.7 66.75
5 12 30 50 66.67
6 9 33.3 56.6 69.97
7 10 40 66.7 66.75
8 14 26.7 46.7 74.91
9 20 36.7 56.7 54.50
10 12 40 63.3 58.25
11 11 36.7 60 63.49
12 13 30 53.3 77.67
13 18 36.7 60 63.49
14 10 33.3 56.7 70.27
15 15 30 50 66.67
16 13 33.3 56.7 70.27
17 19 33.3 53.3 60.06
18 18 36.7 56.7 54.50
19 17 30 50 66.67
20 18 33.3 53.3 60.06
21 10 36.7 63.3 72.48

STAId|ff:100 . (STAIpost‘STAIpre)/STAlpre

The range of video score achieved by the 21 subjects was from 9 to 20,
(mean=13.7, SD= * 3.6).

Table 8 shows the individual values of each of the measured parameters from

the E4AWB before(yre), and after exercise (post), as Well as their percentage differences

(aiff)-



Table 8. EDApre, EDApost, EDAuif, HRpre, HRpost, HRuit, |B|pre, |B|post and IBlqiff of

the 21 subjects.

ID E([:JAS‘;“E E[();JA§;St EDAait (ﬁrﬁ’f) F(Ir;ii);s-t HRait | 1Blpre(s) | IBlpost(s) | 1Bl
1| 095 | 1550 |1531.58 | 91.47 | 9364 | 237 | 062 | 060 | -3.23
> | 09 6.00 | 566.67 | 75.00 | 70.00 | -6.67 | 065 | 070 | 7.69
3| 095 | 1000 | 95263 | 87.67 | 9437 | 7.64 | 064 | 058 | -9.38
4| 3 12.00 | 300.00 | 108.85|98.10 | -9.88 | 055 | 061 | 10.91
5| 1.1 750 | 581.82 | 89.79 | 8230 | 834 | 065 | 070 | 7.69
6| 09 | 1050 |1066.67 | 85.00 | 89.00 | 471 | 0.65 | 061 | -6.15
7 12 | 1100 | 81667 | 81.00 | 91.70 | 1321 | 059 | 053 |-10.17
8 | 017 | 200 |1076.47 | 76.00 | 66.00 | -13.16 | 0.70 | 0.80 | 14.29
o 1 500 | 400.00 | 80.00 | 70.00 | -12.50 | 0.60 | 068 | 13.33
0] 1 8.00 | 700.00 | 75.00 | 82.14 | 952 | 062 | 056 | -9.68
11| 09 | 1400 | 145556 | 84.69 | 82.44 | -2.66 | 078 | 080 | 256
12| 06 850 | 1316.67 | 77.00 | 86.00 | 11.69 | 072 | 063 |-12.50
13| 2 15.00 | 650.00 | 96.80 | 92.30 | -465 | 056 | 060 | 7.14
14| 1 13.00 | 120000 | 67.30 | 7131 | 596 | 065 | 061 | -6.15
15| 0.6 550 | 816.67 | 68.00 | 70.00 | 2.94 | 077 | 074 | -3.90
16| 055 | 3.00 | 44545 | 76.00 | 81.00 | 658 | 080 | 075 | -6.25
17| 04 150 | 27500 | 99.15 | 87.90 | -11.35| 060 | 066 | 10.00
18] 1.3 6.00 | 361.54 | 10050 | 9590 | -458 | 053 | 056 | 6.34
19| 1.3 750 | 476.92 | 80.60 | 7840 | -2.73 | 063 | 065 | 3.17
20| 045 | 350 | 677.78 | 100.40 | 85.50 | -14.84 | 0.60 | 0.68 | 13.33
21| 0.8 9.00 | 1025.00 | 89.00 | 84.00 | -562 | 067 | 072 | 7.46

EDAd|f‘f:100 (EDApost'EDApre)/ EDApre
HRd|f‘f:loo (HRpost'HRpre)/ HRpre
IBIdm‘:lOO' (IBIpost'IBIpre)/ IBIpre
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The correlations of Video score with STAI as well as each one of the wristband
derived parameters (namely EDA, HR, and IBI) expressed as their percentage

differences (diff) is shown at the following figures (Figures 4, 5, 6 and 7).

Figure 4. The correlation of Video score with STAluift
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Figure 5. The correlation of Video score with EDAuitt
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Figure 6. The correlation of Video score with HRuitt
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Figure 7. The correlation of Video score with IBlgitf
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A4. EAWB parameters response during E phase

Of all parameters studied, only the mean EDA levels for all subjects combined,

significantly increased from BL phase to the E phase (from 1.47 to 3.00 uS;

p<0.001), and further increased during the R phase as compared with BL levels

(from 1.47 to 5.62 uS; p<0.001).

Figure 8 shows the percentage increase of the mean value of EDA during E

phase to the one during BL phase for each individual.

Figure 8. Average percentage increase of the mean value of EDA (Y axis)

during Training Exercise phase to the one during Base Line phase for each

individual (X axis).
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EDA: Electrodermal activity.

It can be noticed that stress during E phase provoked about 105% increase in
the EDA values. 1Bl change was smaller as it changed from 730 ms during BL
phase to 607 ms during E phase (16% decline) and finally to 716 ms during R

phase (p<0.001). Similar non-significant variations were observed in HR
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irrespectively if it was derived from Holter or E4AWB. In all cases during the E
phase, the Acc values where within the measurement limits since none exerted
the force of 2 g. Temperature data didn’t change significantly in all subjects at

any phase (p<.001).

A5. Correlation of EAWB parameters with STAI

A positive post- to pre-exercise STAI scoring difference (STAIdif) was seen in 15
(71%) subjects while in the remaining six (29%) it was negative. Percentage
differences of the average values of EDA (EDAdIif%), IBI (1BIdif%), Holter R-R
(HolterRRdif%) during exercise and baseline phase as well as STAI (STAIdif%)

differences between post- and pre- exercise phase were calculated.

Table 9 summarizes the correlation coefficient r between all the above
parameters. As can be seen from this table, the EDA difference exhibited the
best correlation with STAI difference, while IBI and Holter ones showed similar r

values.

Table 9. The correlation coefficient r between STAIdif%, HolterRRdif%,
IBIdif% and EDAdIif%.

STAIdif% HolterRRdif% IBIdif% EDAdif%
STAIdif% 1 -0.78 -0.74 0.83
HolterRRdif% -0.78 1 0.87 -0.71
IBIdif% -0.74 0.87 1 -0.67
EDAdif% 0.83 -0.71 -0.67 1
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The sensitivity and specificity of Holter's R-R, IBl and EDA are seen in Table 10.
As can be seen from this table, the EDA difference exhibited the best sensitivity

(equal to Holter R-R differences) and the best specificity.

Table 10. The sensitivity and specificity of Holter’s R-R, IBl and EDA.

Sensitivity | Specificity
Holter R-R 67% 93%
IBI 67% 87%
EDA 83% 93%

B) Ambulatory Holter versus E4AWB wristband HR detection.

B1. Descriptive comparison

A comparison was made to get an understanding of how well the E4WB sensor
performs compared to Holter's HR. Therefore, in a representative subject the
synchronized signals from the E4AWB and Holter were superimposed and

compared (Figure 9).



Figure 9. Synchronized signals from the rhythm Holter (R-R, solid line) and
from the E4 wristband (IBI/2, dashed line). IBl values were divided by 2 to

avoid the graphs superimposition and better graph presentation.
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B2. Statistical analysis
The whole session of each subject provided a range of 3625-3830 data points for
R-R and IBI estimation (1500-1690 for BL, 1210-1400 for E, 740-920 for R

respectively).
The following four Tables (Tables 11, 12, 13, and 14) present Holter R-R, IBI,

Holter-1BI and their percentage difference of BaselLine, Exercise, Recovery and

together All sessions of the 21 subjects.
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Table 11. Holter R-R, IBI, Holter-IBI and their percentage difference of

BaseLine session of the 21 subjects.

ID Ho'grfl;;{'R IBI (ms) HO(';qe;')'B' (Holter-IBI)/Holter (%)
1 731.933 731.908 0.025 0.003
2 732.533 734.200 11.667 20.228
3 732.200 731.700 0.500 0.068
4 731.933 732.117 20.184 20.025
5 729.200 732.742 3542 20.486
6 729.867 730.867 71,000 20.137
7 729.133 727117 2.017 0.277
8 727.667 728.783 1117 0.153
9 727.200 727.742 20.542 20.074
10 728.133 728.367 0.233 20.032
11 727.200 729.825 2.625 20.361
12 728.333 728.783 20.450 20.062
13 731.333 728.367 2.967 0.406
14 733.733 729.408 4325 0.589
15 733.600 730.658 2.942 0.401
16 731.200 733575 2.375 20.325
17 730.200 732.117 1,917 20.263
18 730.800 729.825 0.975 0.133
19 731.733 727.950 3.783 0517
20 728.467 730.242 1.775 20.244
21 729.733 731.700 71.967 20.270
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Table 12. Holter R-R, IBI, Holter-IBI and their percentage difference of

Exercise session of the 21 subjects.

D Hol(trirS;Q-R IBI (ms) Ho(l:s;lBl (HoIter-(I;)l))/Holter
1 613.548 607.891 5.658 0.922
2 612.742 604.866 7.876 1.285
3 610.081 605.118 4.962 0.813
4 611.048 606.883 4.166 0.682
5 612.016 611.923 0.093 0.015
6 610.645 608.647 1.998 0.327
7 610.484 606.883 3.601 0.590
8 611.048 602.346 8.702 1.424
9 612.823 605.875 6.948 1.134
10 615.323 609.151 6.172 1.003
11 615.806 605.118 10.688 1.736
12 616.935 605.118 11.817 1.915
13 615.645 602.094 13.551 2.201
14 614.516 605.370 9.146 1.488
15 612.419 607.639 4.781 0.781
16 613.226 608.395 4.831 0.788
17 614.274 607.135 7.140 1.162
18 615.565 605.118 10.446 1.697
19 614.919 606.883 8.037 1.307
20 614.032 610.663 3.369 0.549
21 612.419 608.395 4.025 0.657
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Table 13. Holter R-R, IBI, Holter-IBI and their percentage difference of

Recovery session of the 21 subjects.

D Hol(tr(:]rs;?-R IBI (ms) Ho(l;[s;-)lBl (HoIter-(I(Zl))/Holter
1 711.515 711.680 -0.165 -0.023
2 714.394 713.101 1.293 0.181
3 713.182 713.574 -0.393 -0.055
4 712.727 712.154 0.573 0.080
5 713.182 712.154 1.028 0.144
6 716.212 714.521 1.691 0.236
7 715.758 712.627 3.130 0.437
8 719.091 713.101 5.990 0.833
9 718.636 716.889 1.748 0.243
10 718.030 713.101 4.929 0.687
11 718.485 711.680 6.805 0.947
12 720.455 714.521 5.933 0.824
13 720.606 712.627 7.979 1.107
14 722.727 715.942 6.785 0.939
15 722.121 721.624 0.497 0.069
16 720.000 717.362 2.638 0.366
17 718.636 721.150 -2.514 -0.350
18 719.848 721.624 -1.775 -0.247
19 716.818 721.624 -4.806 -0.670
20 718.182 716.415 1.766 0.246
21 717.424 718.783 -1.359 -0.189
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Table 14. Holter R-R, I1BI, Holter-IBIl and their percentage difference of all

sessions of the 21 subjects.

D Hol(tr(;rsl)?-R IBI (ms) Ho(l;[:;-)IBI (HoIter-(I(ZI))/HoIter
1 686.695 684.706 1.988 0.290
2 688.107 686.031 2.077 0.302
3 688.418 683.824 4.594 0.667
4 688.644 684.795 3.849 0.559
5 686.949 686.737 0.212 0.031
6 686.525 684.353 2.172 0.316
7 686.469 682.058 4.411 0.643
8 685.932 682.323 3.609 0.526
9 684.887 681.617 3.270 0.478
10 686.243 683.029 3.214 0.468
11 685.989 686.560 -0.572 -0.083
12 685.282 684.177 1.106 0.161
13 686.215 684.000 2.215 0.323
14 687.712 682.764 4.948 0.719
15 687.740 684.353 3.387 0.492
16 687.740 685.678 2.063 0.300
17 687.232 684.089 3.143 0.457
18 687.684 683.029 4.654 0.677
19 688.249 681.440 6.808 0.989
20 686.299 684.000 2.299 0.335
21 686.102 685.148 0.954 0.139
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The plots regarding the correlation between Holter R-R and IBI data for each
individual during the entire experiment as well as during each phase are depicted
in Figures 10, 11, 12 and 13.

Figure 10. Holter R-R vs IBIl in BaseLine
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Figure 11. Holter R-R vs IBI during Exercise
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Figure 12. Holter R-R vs IBI during Recovery
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Figure 13. Holter R-R vs IBI during All sessions.
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Correlation coefficient r was used to quantify their mean values and range are

presented in Table 15.

Table 15. Mean values and range of the correlation coefficient (r) between

Holter R-R vs IBI (All Sessions)

685 686

687

R-R and IBI during the whole experiment as well as during each one of the

three phases.

Correlation (r)

Range
Mean value
All Sessions 0.938 0.926-0.950
Base Line (BL) 0.947 0.921-0.963
Exercise (E) 0.749 0.671-0.808
Recovery (R) 0.900 0.803-0.955
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It can be seen that the mean value of r during all sessions shows a high

agreement between the two methods (r=0.938; p<.001), reaching its maximum at
BL phase (r=0.947, p<.001)and being minimized at E phase (r=0.749, p<.001).

Bland-Altman analysis was also used to compare the two methods. For each

subject, percentage differences of the mean values [(Holter-E4WB)/Holter] were

calculated for each phase as well as for the whole experiment. The descriptive

statistics are presented in Table 16.

Table 16. Descriptive statistics based on the Bland-Altman analysis

Base Line

All Sessions (BL) Exercise (E) | Recovery (R)
Sample size 21 21 21 21
Arithmetic — mean | 5 419 0.013 1.070 0.276
(%)
Standard deviation 0.251 0.301 0.547 0.473
95% Cl for the 0.311 - -0.141 -
mean 0526 0116 0.836-1.304 | -0.074-0.479
LoA (lower) -0.073 -0.603 -0.002 -0.651
LOA (upper) 0.910 0.578 2.143 1.204

Cl: Confidence level. LoA: Level of Agreement.

As can be seen from this table, the mean value of the difference is +0.419%

during all phases suggesting a close agreement between these two methods.

The mean bias is minimum during BL phase (-0.013%) and maximum during the

E phase (+1.07%).

Figure 14 presents the Bland-Altman plots (for each phase and for the whole

experiment) of the collected data from the 21 subjects. Y axis represents the

percentage difference and X axis represents the value of the HM (as it is the

reference method). Moreover, mean values and levels of agreement (LoA)
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(upper and lower LoA) are presented for each plot. It is obvious that the two

methods are in close agreement as the vast majority of the 21 subject points are

within the lower and upper LoA.

Figure 14: Bland-Altman plots of the collected data recorded during: a)

Base Line phase, b) Training Exercise phase, c) Recovery phase and d) All

sessions.
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The HRYV results from the Kubios derived analysis of the synchronized data
extracted from both Holter and E4WB are presented in Table 17.
Table 17. Heart rate variability parameters at rest, exercise and recovery
phase by means of ambulatory Holter and E4WB.
REST EXERCISE RECOVERY
Holter E4WB P Value Holter E4WB P Value Holter E4WB P Value
Mean Mean Mean Mean Mean Mean
+SD +SD +SD +SD +SD +SD
HR 83.33 82.15 0.061 97.83 98.88 0.068 83.06 83.33 0.17
+3.33 +4.23 +2.32 +3.80 +0.86 +0.83
LF 24.57 32.97 0.063 30.86 48.77 <0.001 23.12 24.57 0.50
+23.93 | +30.10 +16.74 +22.78 +8.06 +10.73
HF 67.98 55.95 0.072 48.36 41.35 0.081 69.61 67.98 0.46
$38.25 | +42.25 +19.47 +24.27 +7.64 +11.25
LF/HF | 0.40 0.62 0.057 0.67 1.33 <0.001 0.35 0.40 0.25
+0.54 +0.84 +0.51 +1.00 +0.14 $0.24
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As can be seen, the agreement between the RR series obtained from both
devices is high (p>.05) for the most part of the whole experiment as both
methods were interchangeable when comparing all parameters studied at BL and
R phases. During E phase, while HR and HF still showed close agreement
(p>.05), LF and consequently LF/HF, did not (p<.001) as the E4WB derived LF

was almost 1.5 times greater than the one derived from HM.

C) Saliva parameters data analysis and comparison with video score.

Tables 18 & 19 show the three different saliva biochemical stress indices (a-
Amylase, Cortisol, and IgA) before (pre), after exercise (post), as well as the

percentage difference between those two values (qif).
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Table 18. a-Amylasepre, a-Amylasepost and a-Amylaseuditt of the 21 subjects.

1D Amyl?asepre( Amy'gSEpost( a-Amylasedift
U/mL) U/mL)
1 37.3 150.6 303.75
2 12.27 14.86 21.11
3 40.68 196.8 383.78
4 75.64 158.05 108.95
5 8.5 46.35 445.29
6 26.26 118.08 349.66
7 45 175.68 290.40
8 5.2 26.24 404.62
9 90 124 37.78
10 35 101.02 188.63
11 12.27 53.5 336.02
12 5.81 15 158.18
13 55.68 223.04 300.57
14 47 170 261.70
15 8.5 38 347.06
16 9 31.36 248.44
17 45.26 131.2 189.88
18 55 190.24 245.89
19 5 10.5 110.00
20 45.5 104.31 129.25
21 16.6 85.94 417.71

a-Amylaseqir=100- (a-Amylaseposi-a-Amylaseye)/ a-Amylasepre



Table 19. Cortisolpre, Cortisolpost, Cortisolaitt, IgApre, IgApost and IgAuis of the

21 subjects.
D COLtgi/Sd(IJ_l)pre( Corti;solpo COI’tifSO|dif |gg'?‘mpf)(l‘ |g§/\£]08(u lgAditf
(ug/dL)
1 0.4 0.7 2500 168 804 | 37857
2 0.25 0.37 48.00 41 127 | 209.76
3 0.48 0.8 66.67 35 193 | 451.43
4 0.72 0.9 25 00 57 335 | 487.72
5 0.4 0.53 32.50 55 208 | 278.18
6 0.1 0.21 110.00 140 571 | 307.86
7 0.3 0.66 120.00 90 340 | 277.78
8 0.08 0.15 87.50 49 113 | 130.61
9 0.11 0.12 9.09 40 91 | 127.50
10 0.59 0.84 42.37 134 368 | 174.63
11 0.19 0.29 52.63 32 160 | 400.00
12 0.26 0.29 11.54 47 158 | 236.17
13 0.11 0.13 18.18 71 193 | 171.83
14 0.45 09 100.00 45 270 | 500.00
15 0.25 0.44 76.00 48 240 | 400.00
16 0.1 0.11 10.00 32 197 | 515.63
17 0.12 0.15 25.00 140 404 | 188.57
18 0.45 0.5 11.11 49 92 87.76
19 0.18 0.3 66.67 49 206 | 320.41
20 0.15 0.22 46.67 80 300 | 275.00
21 0.25 0.4 60.00 40 140 | 250.00

Cortisolgi=100- (Cortisolyes-Cortisolyre)/ Cortisolyre

IgAdiff::LOO' (IgApost'IgApre)/ IgApre
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The correlations of Video score with each one of the saliva derived biochemical
markers (namely a-Amylase, Cortisol, and IgA) expressed as their percentage

differences (diff) is shown at the following figures (Figures 15, 16, and 17).

Figure 15. The correlation of Video score with a-Amylaseudiss
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Figure 16. The correlation of Video score with Cortisolaift
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Figure 17. The correlation of Video score with IgAuaift

video score vs IgA ;i
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D) Data analysis to define the best stress related parameters

Normality of the collected data was tested using the Kolmogorov-Smirnov test.
Pearson correlation coefficient r between each variable and video score was
calculated. Multivariate linear regression analysis of all possible combinations
of the six predictor variables in order to calculate a predictive model for video
score (response variable) was performed. The intercept of each model was set
to 21 as this is the maximum score that can be achieved, and therefore the
Valueuditt of each of the six parameters measured would be zero. Since our
dataset was small, the selection of the best model, avoiding overfitting but
having the minimum expected information loss, was based on the corrected
Akaike Information Criterion (AICc) [218, 219]. According to this criterion, the
model that minimizes the value AIC. is the preferred model. Additionally, the
AIC. difference Ai=AlC¢min)-AlCci) was calculated as well as the Akaike weight
Wi
exp(—0.5-4;)
Wi N_ exp(—0.5-4,)
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where N is the number of the candidate models.

The larger the Ai is, the smaller the probability of the model i to be the best
among the candidate models. Models having Ai<2 have substantial evidence of
being equal with the model with the minimum AIC. so they can be used instead
of this model [220]. Akaike weight, wi, can be interpreted as the probability of
model i to be the best of the candidate models. Statistical analysis was
performed using R software (version 3.5.0) [221].

To each variable, a symbol Xi (i=1,2,...,6) was assigned. At Table 20 the
symbol of each variable and the Pearson correlation coefficient r between each

variable and video score are presented.

Table 20. The symbol assigned to each variable and its Pearson
correlation coefficient (r) with video score.

Variable Symbol r
EDA.ift X1 -0.663
IBlaift X2 0.634
HRuift X3 -0.624
a-Amylaseuqits X4 -0.605
Cortisolais Xs -0.587
[gAdift Xe -0.554

P was less than 0.01 for all the r values.
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Pearson correlation coefficient was also calculated for pairs among the six

predictor variables (Table 21). It was found that HRuitt had a strong correlation
with the IBlairt (r=-0.988, P<0.0001) and therefore it was omitted from further

analysis.

Table 21. Pearson correlation coefficient among the six predictor

variables
EDAditt | HRuiff IBlait | Amylasedi | Cortisoldgift | 1gAdif
EDAuitt 1 0.439 | -0.475 0.452 0.507 0.261
HRuitt 0.439 1| -0.988 0.244 0.351 0.366
IBlaitt -0.475 -0.988 1 -0.263 -0.354 -0.408
Amylaseuit 0.452 0.244 | -0.263 1 0.412 0.194
Cortisolditt 0.507 0.351 | -0.354 0.412 1 0.266
IgAditt 0.261 0.366 | -0.408 0.194 0.266 1

Table 22 presents the predictor variables of each of the 3 best models (the

models with Ai<2), along with their respective AlC., difference (Ai) and the

Akaike weight (wi) values.

Table 22. Predictor variables, AIC. values, differences (Ai) and Akaike
weights (wi) of the three best models.

Model Predictor variables AlC. Ai W(fi\;ﬁitk(e\}/vi)
1 X1+ X2+ Xa+Xe 95.81 0.00 0.550
2 X2+ X4+ Xs+Xs 97.45 1.64 0.242
3 Xo+Xa+Xs 97.76 1.95 0.208

As shown in Table 22, model #1 has the minimum AIC.¢ value and considers

EDAuif, I1Bldir, a-Amylasedit and IgAdit as predictor variables. Second best

model (model #2) includes the variables IBldir, a-Amylaseuditr, Cortisoldir and

IgAuditr, while model #3 uses just three predictor variables i.e. IBlditr, a-Amylaseuit

and IgAuit.
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Looking at Akaike weights, the probability of model #1 to be the best of the
candidate models is 55.0% which is more than twice greater than the
corresponding probability of model #2 (24.2%) and of model #3 (20.8%).
However, as models #2 and #3 have Ai<2, they can be also accepted without

great loss of information.
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Discussion

Despite the fact that surgeon’s stress estimation in the OR is of great importance
for alleviating and control it, measuring the stress of surgeons during an
operation is a very difficult task for several reasons: a) There is no gold standard
method to measure stress b) it is rather unfeasible to non-invasively attempt to
measure stress parameters in the OR setting. There is a clear need for stress
monitoring devices and methods which do not disturb and do not interfere with

the surgeon’s performance.

From the other hand it is well known that simulation can provide a standardized
milieu that allows inter- and intra- individual comparisons among participants
[163]. Furthermore, simulation training is a well-established method for improving
technical and non-technical skills in a controlled and quantitative manner [188]. It
is reported that a high-fidelity simulator can replicate real psychological
challenges and stress [123] and yet it can facilitate lower stress loads in real

environments [189, 190].

To our knowledge, there are no studies that have used a wrist wearable device to

assess surgeons’ acute stress.

Therefore, the first objective of this study was to assess the clinical validity of a
new, easy to wear watch-sized device to a) noninvasively measure stress
parameters in novices during a simulation task in a high fidelity simulator as well
as to explore the best stress detector among the recorded parameters and b) to
compare the cardiac stress parameters such as heart rate and heart rate
variability as derived from this device against the most widely method used i.e.,

the Holter derived HRV in our simulation environment.
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The short, six-item STAI scale was chosen as subjective stress indicator as it is
well validated and more suitable when time constraints prevent administration of

the longer version [22].

We have chosen only male subjects with normal BMI in order to avoid any:
a. Gender related influence [222, 223] and

b. Body size thermoregulatory interference [224] in our results.

In about 1/3 of the subjects the STAI score was less after exercise. This might be
due to failure of our exercise to produce subjective stress in some subjects, a

finding also observed to a bigger extent in a similar study [159].

Although stress activation has been studied in other occasions using EDA [225,
226], only one study used wrist and/or ankle wearable skin EDA device to
measure simulation provoked OR stress [227], while five other simulation studies
measured EDA to assess acute stress in surgeons, using electrodes placed on
either palmar surface [228, 229, 230], ulnar edge [231] or neck [232], thus
obviously reducing clinical application in an OR setting. However, all six

aforementioned studies showed that EDA levels are increased in stress.

As can be seen in Figure 3, EDA is the best parameter to detect stress provoking
failures during the exercise. As it can be seen in this Figure, EDA started to
increase as soon as the E phase starts and remained elevated even during the R
phase. EDA was further increased right after each failure by more than 2%
(p<0.001) per second. Additionally, EDA showed the biggest mean percentage
change among the measured parameters, followed by HR while BVP and Acc did
not reach statistical significance (Table 6). It can therefore be concluded that
EDA is the best parameter to measure failures in our simulation setting followed
by HR.

In order to eliminate any individual differences between baseline and post

exercise we used the percentage difference between those two values: For
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instance in Table 7 we used the STAI value during baseline (STAlpre), the STAI
value after exercise (STAlpost), and the percentage difference between the two
STAI values (STAlqiff) in order to compare those values with video score. The
same applies for Table 8 where we present the individual values of each of the
measured parameters from the E4AWB before(pre), and after exercise (post), as
well as their percentage differences (aif). We found that EDA was the best
indicator of stress having better sensitivity than that of the other parameters.
Only Holter R-R had specificity equal to that of EDA (Tables 9 and 10).
Therefore, we concluded that EDA was the best parameter for detecting stress.

Our results are in line with those of Phitayakorn et al., who used GSR devices in
an OR simulation environment. They also observed that during E phase, EDA
significantly increased even before failures detection and remained elevated

even throughout R phase [228].

Also, in our study, we examined whether the IBI, as derived by a simple to wear,
non-invasive wrist device, can substitute the most widely used method of
detecting RR intervals through an ambulatory Holter, as a surrogate marker of
acute stress. We found excellent correlation coefficient (r) between R-R and IBI
during the whole experiment as well as during each one of the three phases
(Table 15).

Our study shows that parasympathetic indices of HRV through frequency domain
analysis can demonstrate a pronounced reduction in response to acute stress
with a concomitant sympathetic augmentation which returns to basic levels in the
R phase. This is in total agreement with other studies which showed that upon
exercise cessation, HR and HRV demonstrate a time-dependent recovery and

eventual return to pre-exercise levels [233].

We found that HR and IBI data derived from PPG signal are highly correlated
with HR and R-R intervals from the Holter at BL and R phase. However, during E

phase, this correlation is decreasing to moderate levels of agreement. This is in
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agreement with other observations that the Holter-derived HRV is in parallel with
data obtained from other wearable devices capturing RR intervals either from
PPG or from other methods at rest and/or at exercise [206, 234, 235].

The fact that 1Bl showed a lower specificity to Holter's R-R may be due to the
different sampling rate of BVP (64Hz) which is much less than that of ECG (125
to 250 Hz), obviously implying less events detection ability of the PPG devices
[194].

Additionally, Bland-Altman analysis was used because the correlation coefficient
guantifies only the correlation between two quantities and not their agreement
and therefore high correlation does not necessarily mean a close agreement.
Instead the Bland—Altman plot compares the agreement among a new
measurement technique with the gold standard, as it allows the identification of

any systematic difference between the measurements [215].

As is depicted in Figure 14 that the two methods are in close agreement as the
vast majority of the 21 subject points are within the lower and upper LoA.
Therefore, in our data the Bland-Altman showed that the EAWB derived IBI was
in high agreement with Holter RR and therefore E4AWB derived heart rate
parameters can be used instead of those derived from Holter.

The HRYV results from the Kubios derived analysis of the synchronized data
extracted from both Holter and E4AWB showed an excellent agreement between
the RR series obtained from both devices is high (p>.05) for the most part of the
whole experiment as both methods were interchangeable when comparing alll
parameters studied at BL and R phases (Table 17). Therefore, it is evident that in
our setting we found that BVP was in agreement with HRV not only during the
baseline and recovery phases, but also during the exercise phase. According to
this finding, E4AWB derived BVP can be used as a reliable surrogate of Holter
derived HRV.
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Except exploiting if the cardiac stress parameters could be accurately be
measured through this wrist worn device, we also wanted to explore the value of
each one of the suggested stress indices that have been suggested so far. As
presented in the introductory section, several biochemical stress markers in
saliva have been implied, but most studies have assessed only one of the

aforementioned methods, with inconsistent methodology and conflicting results.

Therefore, the second objective of our work was to concomitantly measure the
responses of seven noninvasive stress indices and compare them to the video
score achieved by novices in a reproducible stressful simulation environment.
Namely, we used one subjective method (STAI) plus the three abovementioned
ones derived from the wrist-worn device (HR, IBI, EDA) as well as the salivary
levels of cortisol, alpha-amylase and IgA. To our knowledge, this study is a
pioneer one in assessing many stress-related variables in a simulation

environment.

In our simulation setting we used laparoscopic suturing and knot tying which are
considered to be the most technically demanding and minimally invasive skills to
acquire. Therefore, these two tasks were expected to provoke maximum stress in

novice trainees in the simulation environment.

A video review offers unique benefits to measure surgical performance, as the
analysis of simulation videos is less susceptible to subjective assessment and
observer bias [236]. However, a universally uniform video scoring system that
evaluates laparoscopic skills is lacking [237]. Therefore, we used our own
video score as an objective method to measure stress and all videos were
analyzed accordingly. The range of video score achieved by the 21 subjects
was from 9 to 20, (mean= 13.7, SD= + 3.6) (Table 7).
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To include as many possible noninvasive stress parameters in this study, a wrist
wearable monitor was concomitantly used to provide cardiac-related stress

parameters and EDA.

Although wrist-worn devices usually rely on PPG and tend to be limited in signal
accuracy [238], their convenience has led researchers to estimate
electrocardiography parameters from PPG signals [239]. Thus far, wearable
devices using PPG can only be used as a surrogate for HRV at resting or mild
exercise conditions, as their accuracy degrades with increasing exercise load
[194]. Hence, in our study, only the HR, IBI, and EDA data, which are relevant for

stress estimation, were analyzed.

Additionally, stress biochemical biomarkers in saliva were also assessed. The
contemporary use of saliva samples includes a wide range of biomarkers, which,
especially in stress research, seems to be an advantageous option because of
sample collection simplicity. In our study, 3 stress-related saliva biomarkers were
measured, namely, sC, sAA, and sIgA, before and after the simulation exercise

aforementioned.

The analysis of all described stress parameters showed that EDAuitt had the best
correlation with video score (r=—0.663), whereas IgAdir showed the worst

correlation (r=—0.554; see Table 20).

As can be seen from Table 20, the r values of EDAdif and HRuitt with VS are
negative, whereas that of IBldif is positive, indicating that the lesser the stress, as
measured by small changes between rest and exercise in sweat or heart rhythm

values, the better the performance.

Stress response has at least two principal components: one involves a
corticotropin-releasing hormone, the activation of the hypothalamic-pituitary-

adrenal axis, and the secretion of glucocorticoids (e.g., cortisol) into circulation,
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and the other involves activation of the autonomic (sympathetic) nervous system

(i.e., catecholamines).

ANS (sympathetic) stimulation increases the sweat production from the eccrine
glands of the skin and, therefore, causes fluctuations in electrical conductivity,
enabling the measurement of EDA, galvanic skin response, or skin conductance
[46]. Although stress activation has been studied using EDA, only one study used
a wrist-and/or-ankle-wearable-skin-EDA device to measure simulation-provoked
OR stress [227].

However, we could not find any comparison of EDA with other stress parameters.
In our study, EDAditt Showed the best correlation among all other measured
variables with VS. This implies that the provoked mental stress in our study is

quickly manifested through an ANS (sympathetic) response.

IBlaif sShowed the second-best correlation coefficient with VS. This finding is
consistent with recent observations indicating that capturing PPG RR intervals
can substitute the cumbersome gold-standard Holter-derived HRV at rest and/or
at exercise [206, 239].

However, cardiac response to mental stress is not purely mediated from the
sympathetic but also has a parasympathetic component [240]. This might explain

the inferior correlation of IBlaitt vS. EDAuditt (r=—0.444).

The finding that HRuitr strongly correlated with IBldir was not surprising, because
from a physiological viewpoint, both measure an identical parameter. This was
an additional reason to omit HRuir from further analysis. Finally, the results of all
the parameters measured from the wrist device were readily available, compared

with the saliva biomarkers described below.
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Regarding the stress saliva biomarkers measured, serum cortisol enters saliva
by passive diffusion, maintaining a constant saliva/plasma ratio. Therefore, its
saliva concentration is a useful tool for hypothalamic-pituitary-adrenal axis-
related stress changes. By contrast, both sIgA and sAA are the products of
salivary glands. IgA is produced by local B cells and filtrates actively into saliva
as slgA, whereas the sAA secretion from the salivary glands correlates with
sympathetic activity under stressful conditions. However, the production and
secretion of both biomarkers from the salivary glands are subject to several other
confounding factors, such as intra-individual variations related to local factors.
Hence, determining them reliably is difficult [241].

Among the saliva biomarkers measured in our study, a-amylasedit showed the
best correlation with VS. This finding is aligned with the previous observation of
an ANS-mediated EDAuirt rapid increase, when compared with the rest of the
other stress variables measured. Salivary a-amylase was found to correlate well
and can be used as a surrogate for plasma catecholamine levels, particularly
norepinephrine, under a variety of stressful conditions [242].

However, a review of the stress literature showed that most sAA studies do not
control for the potentially confounding effects of salivary flow rate and do not
standardize saliva collection in terms of stimulation or collection duration,
although similar observations may apply to other saliva constituents [243]. SAA
has been used in only one study that assessed acute mental strain in 51
surgeons, where in sAA and sC samples were obtained during real operations. In
that study, higher concentration spikes were observed in the more stressful

surgical setting [244].
Because sC is shown to increase in response to acute stressors, it is the most

used biomarker in stress studies [163]. sC levels have been used to assess

acute stress in simulation settings in conjunction with other subjective (State-Trait
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Anxiety Inventory) and/or objective cardiac stress parameters (HR and HRV) [7,
24, 124, 168, 245, 246)].

In most studies, increased sC levels were correlated with acute stress. In
contrast, Alobid et al. [7] failed to prove that plasma cortisol levels are elevated
due to stress, but Wetzel et al. [124] reported lower cortisol levels after stress. As
sC is considered as a later stress responder than ANS (acting through the
hypothalamus-pituitary-adrenocortical axis), it is possible that a peak of sC
levels, which usually occurs 10 minutes after cessation of stress exposure, was
missed in our study, although peaks were observed 5 minutes after stress.
Hence, a multiple time point sampling is necessary to capture fully the stress-

induced cortisol response [13].

Salivary slgA levels were also measured, as they commonly vary in a complex

fashion in response to stress, mood, and emotionality [247].

A recent study analyzed the sC and slgA levels in saliva and cardiovascular
(heart rate and systolic blood pressure) stress responses of oral and maxillofacial
surgeons who were engaged in operations with increasing degrees of technical
difficulty. It was found that more experienced surgeons have greater stress
management capabilities compared with less experienced ones; however, sigA
variations were not significant in any of the groups examined and did not follow
the other stress estimation variables that were used [5]. In our study, slgAuif

showed a comparable correlation coefficient with cortisolait.

However, this study sheds light into the noninvasive stress measurement of
novice surgeons using an easy-to-wear wrist device and/or by measuring saliva
amylase. A large, multicenter, controlled study is necessary to further investigate

the utility of multiple stress noninvasive parameters to simulation training.
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Finally, in an attempt to find the best model for stress estimation by combining
more than one of the parameters studied (Table 22), we found that model #1
has the minimum AIC. value and considers EDAuit, IBlditt, a-Amylasedit and
lgAditt as predictor variables. Second best model (model #2) includes the
variables IBldiir, a-Amylaseuditt, Cortisolait and IgAuditr, while model #3 uses just
three predictor variables i.e. IBlditt, a-Amylaseuditt and IgAdit. Looking at Akaike
weights, the probability of model #1 to be the best of the candidate models is
55.0% which is more than twice greater than the corresponding probability of
model #2 (24.2%) and of model #3 (20.8%). However, as models #2 and #3

have Ai<2, they can be also accepted without great loss of information.

It is worth to note that Cortisoldift iS not included in model #1 as it increases the
value of AlCc. This means that, in combination with the other parameters, cortisol
does not improve the quality of this model as the additional information from
cortisol data does not outweigh the cost of adding an extra variable in the model.
Model # 2 includes Cortisoldir but does not EDAuitt which is more difficult to be
applied as it uses three saliva-based parameters which are more time consuming
to be measured instead of EAWB-based parameters. Model #3 is easier to be

applied than the other two models as it includes one variable less.

Therefore, from a practical point of view, wearing the wrist device for deriving
EDA and HR plus measuring a saliva sample of IgA could be suggested as the
best non invasive combination for measuring stress at least in our simulation

setting.

Limitations

Our study has several limitations. First, it is an observational study that included
only novice trainees without using a control group for comparison. Additionally,
we may have missed a delayed salivary cortisol response. Furthermore, the

number of subjects was rather small and although we collected a large amount of
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data it is obvious that more studies with large numbers of subjects is needed.
Moreover, the large variations in individual levels of physiological activation
observed, suggest that additional research is needed to determine how subjects
respond to stressful situations by using these methods. Hence, our findings must
be interpreted with caution, before arriving to a clinically relevant conclusion. It is
obvious that since our study focused only on a simulated training scenario, our

findings cannot be extrapolated into the real OR practice.

Future Directions

As it has been shown that exposure to moderate stress on task trainers may
have a beneficial effect and improve performance while excessive stress may
have detrimental effects [248, 249], it is evident that further research is required
in order to establish a normative threshold beyond which the stress is detrimental

and counterproductive.

As our study showed that simple, easy to implement, noninvasive methods of
measuring stress in novices in a simulated stressful surgical environment is
feasible, it is obvious that further studies with a larger number of both novice as
well as of experienced surgeons are needed to exploit the practical

implementation and clinical use of our findings.

It is our strong belief that in this way, using each individual’s stress results could
be used to effectively formulate individual improvement plans for each practicing

surgeon.
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Conclusion

The noninvasive techniques used for capturing stress-related data were easy to
implement and well-accepted by all participants in the simulation training setting.

Our study demonstrated that a wrist wearable device (E4WB) is an easy to use
noninvasive tool capable to noninvasively measure several stress parameters
before, during, and after a simulation task in novices. Among them, electrodermal
activity was the best stress detector. EAWB derived heart rate and heart rate
variability derived from this device highly correlated with the reciprocal values as
measured from an ambulatory Holter and therefore they can be used instead of
those derived from the Holter in our simulation setting. Therefore, this device
may open a practical window to conveniently train surgeons to manage their

stress using a surgical simulation training system.

Among the various noninvasive mental stress parameters measured before and
immediately after our simulation exercise setting, those under the control of the
sympathetic autonomic nervous system (i.e., EDA, HR, IBI, and sAA) showed the
best correlation with performance as assessed by video score. EDA had the
highest correlation followed by IBI.
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Appendix

Abbreviations

AIC., Akaike Information Criterion

ANS, autonomic nervous system

ANTS, Anaesthetist’s Non-Technical Skills
BVP, blood volume pressure

BL, baseline phase

CgA, Chromogranin A

E, exercise phase

ECL, electrochemiluminescence

EDA, electrodermal activity

ELISA, enzyme-linked immunosorbent assay

GSR, galvanic skin response

HF, high frequency

HPA, hypothalamus-pituitary-adrenocortical axis

HR, heart rate

HRYV, heart rate variability I1BI, interbeat interval

IR, infrared

IRT, infrared thermography
LF, low frequency

OR, operating room

PPG, photoplethysmography

SAA, saliva a-amylase
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sC, saliva cortisol

slgA, saliva secretory immunoglobulin A
SAM, sympathetic-adrenomedullary system
ST, skin temperature

STAI, State Trait Anxiety Inventory

TSST, Trier Social Stress Test

VAS, visual analogue scale

VLF, very low frequency

VS, video score
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