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A B S T R A C T

Understanding the operator’s cognitive workload is crucial for efficiency and safety in human–machine systems. 
This study investigated how cognitive workload modulates cardiac autonomic regulation during a standardized 
military simulator flight. Military student pilots completed simulated flight tasks in a Hawk flight simulator. 
Continuous electrocardiography was recorded to analyze time and frequency domain heart rate variability 
(HRV). After the simulation, a flight instructor used a standardized method to evaluate student pilot’s individual 
cognitive workload from video-recorded flight simulator data. Results indicated that HRV was able to differ
entiate flight phases that induced varying levels of cognitive workload; an increasing level of cognitive workload 
caused significant decreases in many HRV variables, mainly reflecting parasympathetic deactivation of cardiac 
autonomic regulation. In conclusion, autonomic physiological responses can be used to examine reactions to 
increased cognitive workload during simulated military flights. HRV could be beneficial in assessing individual 
responses to cognitive workload and pilot performance during simulator training.

1. Introduction

Knowledge about human performance and physiology is important 
in developing pilot training and flight safety procedures. Flying a mili
tary jet is an example of an extreme, multitask environment exposing the 
pilot to varying amounts of cognitive workload. A significant percentage 
(over 75%) of aircraft accidents are caused by human errors 
(Gramopadhye and Drury, 2000; Wiegmann and Shappell, 1999), of 
which some derive from pilot fatigue and cognitive overload (Caldwell 
et al., 2009). Human errors can induce technical, environmental, and 
organizational malfunctions that not only deteriorate performance 
independently from each other but also often accumulate and thereby 

increase the risk of accidents in safety-critical systems (Dallat et al., 
2019). For their part, researchers aim to increase the safety of human
–machine systems to reduce the costs of operators’ decreasing perfor
mance. This can be achieved by accumulating information about 
predictable human limitations, such as the effects of cognitive workload 
(Dehais et al., 2020; Giraudet et al., 2015; Lohani et al., 2019; Wang 
et al., 2024; Wilson, 2002). The present study explores how cognitive 
workload is reflected in autonomic nervous system when measured with 
cardiac monitoring during a simulated military flight.

1.1. Human assessment of cognitive workload

In psychophysiological studies and ergonomics, cognitive workload 
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has long been of interest due to its impact on human performance 
(Aasman et al., 1987; Young et al., 2015). It has also been studied 
extensively within the aviation domain (Wang et al., 2024; Young et al., 
2015). As concepts, cognitive and mental load have often been used 
interchangeably (Young et al., 2015), albeit not always, with even 
defining the workload being very challenging (Cain, 2007; de Waard 
and Lewis-Evans, 2014; Young et al., 2015). In the present study 
involving military aviation, with cognitive workload we consider task 
demand factors that are posed to a pilot. The nature and degree of the 
impact of the load, however, depend on an operator’s characteristics, 
such as information-processing capacity, and environmental context. 
Indeed, according to Gaillard (1993), mental load refers to the rela
tionship between environmental demands and the availability of re
sources to meet them.

Cognitive workload can be assessed using several methods, including 
self-reports and objective physiological and performance measures 
(Wang et al., 2024). There are self-report tools, such as the 
well-established and widely used NASA-TLX (Hart and Staveland, 
1988), which was originally constructed for the aviation domain but is 
increasingly common in task load studies in a variety of other domains 
(Hart, 2006). Real-time probes, such as the NASA-TLX and the most 
widely used Situation Awareness Global Assessment Technique (SAGAT; 
Endsley, 1988) require the freezing of the ongoing activities for the 
participants to fill out self-reports. That may affect the accumulating 
effects of cognitive load and serve as a significant confounder when 
physiological measures, such as electrocardiogram (ECG) measure
ments, are used. The temporary suspension of the task may therefore 
make it difficult to interpret both the cognitive and the physiological 
data.

When using questionnaires in aviation, data are recommended to be 
collected after the trial (Tattersall and Foord, 1996), where the pilot is 
requested to self-reflect regarding flight events after completing the 
mission. For instance, Situation Awareness Rating Technique (SART) 
developed by Taylor (1990) is a well-known self-rating method 
administered post-trial, but more information is still needed about its 
validity and the risk of a memory bias. Self-reports are indeed prone to 
perception bias and memorizing errors (Annett, 2002; McKendrick and 
Cherry, 2018), and as a data source, they tend to provide a rather 
general-level evaluation of workload. Moreover, they might not be able 
to tap momentary fluctuations in workload during a flight (Mansikka 
et al., 2019).

In the study of Huttunen et al. (2011), real-time cognitive workload 
was assessed by a flight instructor who employed a standardized 
post-flight evaluation protocol. In the assessment, F/A-18 Hornet WTT 
simulator flight task data were used to examine cognitive workload and 
its relationship with speech prosody measurements. The present study 
uses the same protocol in evaluating the cognitive workload when 

assessing the interrelationship between the results of a flight instructor’s 
standardized evaluation of pilot cognitive workload and cardiac auto
nomic regulation responses to cognitive workload changes. Alongside 
cardiac measures, self-reports, and performance scores, Lehrer et al. 
(2010) used instructor-given ratings for the task load levels of flight 
simulator task segments, with professional airline pilots participating in 
their study.

1.2. Physiological measures of cognitive workload

Physiological measures can provide real-time information about the 
operator’s status without interfering with primary task performance 
(Jorna, 1993; Tao et al., 2019). Acute mental stress factors (e.g., task 
demand) directly affect the dynamic balance of the operator’s auto
nomic nervous system (ANS) activity by changing the mutual strength of 
the two subsystems of the ANS: the sympathetic nervous system (SNS) 
and the parasympathetic nervous system (PNS). Namely, increased level 
of cognitive load causes SNS activation, while PNS domination emerges 
during more restful situations (Weissman and Mendes, 2021). There are 
several standardized methods to study the balance of the ANS, and in 
aviation-related psychophysiological studies ANS testing is a good 
choice if it is non-invasive and easy to perform. However, few of the 
available measures are non-invasive and can be used such that a pilot’s 
performance is not hindered. Cardiac-based assessments have been 
found to provide valid information about real-time changes in cognitive 
workload (Hughes et al., 2019). This is logical because mental load (task 
demand) affects ANS, and heart rate is regulated by ANS activity. SNS 
stimulation increases heart rate and shortens interbeat intervals (IBI), 
the time intervals between successive normal-to-normal (NN) heart rate 
peaks that can be seen in ECG data. PNS stimulation, in turn, which is 
related to vagus nerve activation (i.e., vagal tone), results in decreased 
heart rate and increased (longer) IBI. Measuring heart rate variability 
(HRV) involves extracting and analyzing IBIs from the collected ECG 
data. With mobile devices used for data collection, measurement of HRV 
is an established, non-intrusive method that has been found to be 
useable for measuring pilot responses to workload during simulated 
flights.

Earlier, cardiac IBIs as reflectors of flight instructor–assessed cogni
tive workload were studied by Hannula et al. (2008). In that study, 
neural networks and regression models were used to analyze the vari
ation in cognitive workload and heart rate of qualified pilots during 
training in an F/A-18 Hornet WTT flight simulator. Several other studies 
have also used HRV to detect the pilot’s cognitive workload during 
aircraft simulator trials. They have been able to differentiate the task 
stimulus from rest conditions (Jorna, 1992; Veltman and Gaillard, 1996; 
Wei et al., 2014) and HRV levels among separate flights with different 
task demands (Mansikka et al., 2016a; Wei et al., 2014). Mansikka et al. 

Abbreviations:

ANS Autonomic nervous system
ATIS Automatic terminal information service
ATC Air traffic control
ECG Electrocardiogram
HF High Frequency
HRV Heart rate variability
IBI Interbeat interval
IFR Instrument flight rules
ILS Instrument landing system
IMC Instrument meteorological conditions
LF Low frequency
NASA-TLX National Aeronautics and Space Administration Task 

Load Index

OM Outer marker beacon
pNN50 Proportion of consecutive beat-to-beat intervals that differ 

by more than 50 ms
PNS Parasympathetic nervous system
RMSSD Root mean square of successive differences of interbeat 

intervals
RRI R-R interval
SDNN Standard deviation of the normal-to-normal interbeat 

interval
SNS Sympathetic nervous system
VAS Visual analog scale
VLF Very low frequency
VOR Very high frequency omnidirectional range station
WTT Weapons tactics trainer
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(2016a) examined pilots’ mental workload and successfully differenti
ated the rest phase from task conditions but also different levels of load 
by intentionally increasing the degree of flight task difficulty (instru
ment landing system [ILS] approaches were used in the study). 
Furthermore, Mansikka et al. (2016b) found significant differences in 
mental workload, measured with HRV, between different flight phases. 
The present study aims to replicate previous findings and fill the existing 
information gaps in the field by investigating whether a dynamic change 
in cognitive workload during a simulated, standard military flight 
modulates cardiac autonomic regulation. It is still uncertain which HRV 
variables are the most effective and useful indicators of dynamic 
cognitive workload changes. The literature-based descriptions, in
terpretations, and expected behaviors of the multiple HRV variables 
used in this study, related to increased cognitive workload, are described 
in Table 1.

The present study aims to provide information about HRV as a 
method for measuring cardiac autonomic regulation during student pilot 
training, while also informing general ergonomics.

2. Methods

2.1. Participants

Thirteen male pilot students participated in the present simulator 
study. They had adequate instrument flight experience with a BAe Hawk 
Mk 51 (mean of 70 flight hours, range 55–80) and were instrument flight 

certified. All participants had passed an aeromedical prescreen and an 
extensive physical examination within the previous 12 months. Indi
vidual capacity to perform given tasks influences the impacts of work
load on a pilot’s physiology and thereby mediates the relationship 
between cognitive workload and physiological reactions to it. Therefore, 
to guarantee a homogeneous skill level in the study population, the 
participants were recruited from the same student pilot course of the 
Finnish Air Force. Characteristics of the participants are shown in 
Table 2. The study protocol was approved in advance by the Medical 
Ethics Committee of the Northern Ostrobothnia Hospital District, 
Finland. Written informed consent was obtained from all participants.

2.2. Study protocol

This study was a part of a series of studies conducted in the Finnish 
Air Force (see, e.g., Lohi et al., 2007). Five simulator flight phases were 
planned to achieve various levels of cognitive workload without being 
too demanding for the pilot students. English was used for all commu
nication during the mission.

On the morning of the simulator flights, garrison wake-up was at 
06:00 a.m. All the simulator flights were performed between 9:00 a.m. 
and 12:00 noon. The participants performed an instrument flight rules 
(IFR) flight with the BAe Hawk Mk 51 (HWS-002) simulator, which does 
not have an autopilot. Simulated airport weather conditions were cloud 
overcast at 500 ft, wind calm, and visibility 3.5 km.

The participants’ actions for operating the aircraft simulator and 
executing flight tasks required constant multitasking and intensive in
formation processing. The demanded actions varied across different 
flight phases. The simulated flights consisted of the en-route flight 
phase, initial approach, intermediate approach, and final approach 
under IFR, using radar vectors and an ILS approach, performed ac
cording to routine, standardized protocols described in the Aeronautical 
Information Publication and commonly used in aviation.

2.3. Flight phases

Phase 1 (P1): Flight started airborne at 1500 ft with instrument 
meteorological conditions (IMC), i.e., there was no visual information of 
the surrounding environment outside the cockpit. Using the very high 
frequency omnidirectional range (VOR) system, participants first navi
gated toward the route turning point and climbed to 10,000 ft (flight 
level 100). Actions included adjustments of flight controls and throttle 
simultaneously with constant crosschecking of instruments.

Phase 2 (P2): Participants began initial approach by flying toward 
VOR nearby the destination airport at flight level 100. They copied the 
destination airport information (ATIS) on the radio and adjusted the 
instruments accordingly. They also communicated with air traffic con
trol (ATC) for vectors toward the ILS base leg and simultaneously started 
to descend. There was a time limit set for self-briefing of ILS information 
from a flipbook.

Phase 3 (P3): Participants operated the controls and descended to 
2300 ft, reducing airspeed with a speed brake to 250 knots during the 
IFR base leg. They then communicated with ATC for ILS approach 
clearance and turned to the localizer beam. Anticipation of turning to 
the final approach heading was needed with consideration of a light 

Table 1 
Expected behaviour of HRV variables due to increased cognitive workload.

HRV 
variable

Description Effect Reference

MEAN 
RRI 
(ms)

Mean of RRI intervals ↓ Henelius et al. (2009); Tjolleng 
et al. (2017); Veltman and 
Gaillard (1996)

SDNN 
(ms)

Standard deviation of all 
normal-to-normal (NN) 
intervals

↓ Cao et al. (2019); Fallahi et al. 
(2016); Wei et al. (2014)

RMSSD 
(ms)

Square root of the mean 
of the sum of the squares 
of differences between 
successive NN intervals

↓ Cao et al. (2019); Cinaz et al. 
(2013); Fallahi et al. (2016); 
Fernández-Morales et al. 
(2022); Grassmann et al. 
(2017); Tjolleng et al. (2017); 
Wang et al. (2020)

pNN50 
(%)

Proportion of normal-to- 
normal intervals greater 
than 50 ms (NN50) 
divided by the total 
number of all NN 
intervals

↓ Cinaz et al. (2013); 
Fernández-Morales et al. 
(2022); Grassmann et al. (2017)

RRI LF 
(ms2)

Low frequency (.04− .15 
Hz)

↑↓ ↓: Aasman et al. (1987); 
Grassmann et al. (2017); 
Veltman and Gaillard (1993, 
1998),  
↑: Herlambang et al. (2021); 
Wang et al. (2020)

RRI HF 
(ms2)

High frequency (.15− .40 
Hz)

↓ Grassmann et al. (2017); 
Hjortskov et al. (2004); 
Veltman and Gaillard (1998); 
Wang et al. (2020); Yu et al. 
(2009)

RRI LF/ 
HF

Ratio between LF and HF, 
overall autonomic 
activity

↑ Cinaz et al. (2013); Hjortskov 
et al. (2004); Wang et al. 
(2016); Wang et al. (2020); Yu 
et al. (2009)

RRI nLF 
(n.u.)

Normalized low 
frequency  
= LF/(total power −

VLF)

↑ Garde et al. (2002); Wang et al. 
(2016); Yu et al. (2009)

RRI nHF 
(n.u.)

Normalized high 
frequency  
= HF/(total power −

VLF)

↓ Garde et al. (2002); Yu et al. 
(2009)

Table 2 
Participant characteristics (N = 13).

Characteristic M (SD) Range

Age (years) 23.50 (.52) 23–24

Height (cm) 180.00 (5.41) 170.00–190.00

Weight (kg) 77.00 (6.29) 70.00–87.00

Total flight experience (h) 190 (11.65) 170–210
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crosswind component.
Phase 4 (P4): After the ILS localizer was established, the participants 

began the descent to 1700 ft. After that, they adjusted the relevant 
aircraft system controls, e.g., took the landing gear down and flaps 
halfway out. They also communicated with ATC after the outer marker 
(OM) inbound sound and contacted the Tower radio frequency.

Phase 5 (P5): Sufficient situation awareness and anticipating of 
future events were essential for starting the ILS descending glide at the 
right moment – simultaneously with adjusting flaps full, air speed 
reduction, trimming, and heading adjustments. As a safety protocol, 
participants had to recall the decision altitude and threshold air speed 
according to the weight of the aircraft while simultaneously maintaining 
the heading and attitude. Maintaining these parameters becomes pro
gressively more difficult when the runway is approached. At the decision 
altitude, after a quick check of the weather conditions, the final decision 
about landing was made; proceeding to land was allowed only if there 
was visual contact with the runway. If not, IFR go-around was performed 
instead. Finally, landing was performed with the plane requiring subtle 
multi-control handling.

2.4. Assessment of cognitive workload

To evaluate cognitive workload, the present study used the multi
faceted, research-based method constructed by Huttunen et al. (2011). 
In focus were non-interrupted flight performance and the task demand 
factors posed to the pilots. Therefore, post-flight assessment of the 
cognitive workload during the simulated flights was performed by an 
experienced flight instructor who, in the ratings, used versatile 
video-recorded flight simulator data obtained during the data collection. 
The same instructor had also instructed and supervised the pilot students 
during the simulator flights. When enquired before starting the cognitive 
workload assessments, the instructor reported being somewhat familiar 
with all the participants; he had worked with each of them more often 
than just occasionally, though not very frequently.

Post-flight cognitive workload assessment was selected because 
often-used real-time self-evaluations using a questionnaire, such as 
NASA-TXL, distract pilots’ concentrating on the tasks. In addition, sit
uation awareness was only one of the three areas to be measured in the 
present study. Of interest were also the effects of the information load 
and the decision load on the operator. Neither SART nor SAGAT, for 
instance, would have sufficed for that purpose. Additionally, according 
to de Waard and Lewis-Evans (2014), self-evaluation is too simplistic a 
procedure to capture the multifaceted nature of mental workload.

The flight instructor was given detailed written instructions on and 
definitions of different parameters for the evaluations, separately in 
each flight phase, of the load in 1) situation awareness load 2) infor
mation processing load, and 3) decision making load. These three 
cognitive workload types were requested to be rated using a visual 
analog scale (VAS), a 100 mm horizontal line on which the scores of the 
cognitive workload components ranged from 0 (indicating no cognitive 
workload at all) to 100 (the highest imaginable load). Before analyzing 
the data from the video recordings, the instructor was familiarized with 
using a VAS. Data analysis was executed using the video recordings to 
allow time for thorough assessment and to give more accurate infor
mation compared to real-time analysis during the simulation.

These three load components were selected to operationalize the task 
load and to reflect the nature of cognitive processing needed during the 
simulator flight. They were based on multiple publications. In partic
ular, the assessment of situation awareness was based on the very 
influential situation awareness model proposed by Endsley over 30 years 
ago (Endsley, 1988, 1993, 1994, 1995, 2000) but which is still widely 
used, e.g., in aviation, military, human performance/safety, automation, 
medical research and elsewhere. A more detailed description of the 
different constituents of the cognitive workload concept adopted in the 
present study is presented in Supplementary Material. The assessment 
protocol for cognitive workload used by the flight instructor was based 

on that description.
The three cognitive workload types showed excellent internal con

sistency when looked at together; within each flight phase, Cronbach’s 
alpha ranged from .74 to .95. Additionally, concerning the five flight 
phases in focus, 13 out of the altogether 15 pairwise comparisons of the 
different load types were significantly correlated, with Spearman cor
relation coefficients ranging from .70 to .99. Therefore, there was good 
grounds for combining the three load types. The arithmetic mean of the 
three cognitive workload types was therefore calculated for a variable 
representing the total cognitive workload. Hereon the term cognitive 
workload will be used when referring to it.

2.5. Heart rate variability recording and data analysis

ECG data were collected with an ambulatory digital 3-lead ECG 
recorder (Oxford Medilog FD-4, Oxford Instruments Medical System, 
Abingdon, UK). The ECG electrodes were attached on the participant’s 
chest according to the manufacturer’s instructions. Electronic repre
sentations of leads V1, V5, and aVF were used. Before the simulation, 
ECG was recorded for 5 min in supine position, and ECG recording 
continued throughout the simulator flight.

Artifacts were checked with care by using beat-to-beat visual checks 
and manual corrections. After removing artifacts and noisy data, the 
ECG data samples were analyzed with a WinCPRS program (Absolute 
Aliens Inc., Turku, Finland). ECG recording, manipulation, and inter
pretation were conducted according to the standards of Task Force of 
The European Society of Cardiology and The North American Society of 
Pacing and Electrophysiology (Camm et al., 1996). The ECG data were 
time-synchronized with the flight simulator clock. Multiple time and 
frequency domain variables (see Table 1) were calculated across the 
simulator flight phases to obtain the longest possible time intervals and 
short-term variability in different flight phases and to avoid missing data 
segments.

2.6. Statistical analysis

All statistical analyses were performed with SPSS 27.0. Because of 
multicollinearity, a linear mixed effects model for repeated measures, 
using restricted maximum likelihood and Satterthwaite approximation, 
was employed for all statistical analyses of HRV variables. The normality 
of distribution of the ECG variables and cognitive workload was assessed 
using histograms with normal curves and Kolmogorov-Smirnov test. To 
ensure statistical validity of the analysis, variables having skewed dis
tributions (i.e., cognitive workload, pNN50, SDNN, RMSSD, RRI HF, RRI 
LF, and RRI LF/HF ratio) underwent natural logarithmic (Ln) trans
formation. MEAN RRI, nHF, and nLF were normally distributed and 
therefore analyzed without logarithmic transformation. Scatter plots 
with LOESS curves revealed linear associations between cognitive 
workload and the HRV variables. All residual values were also analyzed 
and found to be normally distributed.

Akaike’s information criterion was checked to determine the most 
suitable covariance structure for each analysis. It showed that, in the 
linear mixed model for the data, an unstructured covariance structure 
had the best fit for all pairwise flight phase comparisons. An autore
gressive structure was used in the analysis of the relationship between 
cognitive workload and HRV. The pairwise comparisons of flight phases 
were conducted with linear mixed effects model for repeated measures, 
where, in separate analyses, cognitive workload and each HRV variable 
were assumed as dependent variables with the flight phase as a fixed 
factor. The same model was used to analyze the relationship between 
cognitive workload and HRV. The analysis was performed separately for 
each HRV variable, which were assumed as dependent variables, 
whereas cognitive workload was set as covariate. Based on the signifi
cant results found in the mixed model, a Pearson correlation analysis 
was subsequently conducted for studying correlations between some 
selected variables. The standard statistical significance criterion (p <
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.05) was adopted in the mixed model and correlation analyses.

3. RESULTS

Mean durations of the flight phases (in seconds) were: P1 175 (SD 21, 
range 125–240); P2 126 (SD 39, range 60–180); P3 95 (SD 31, range 
60–145); P4 87 (SD 30, range 25–150); P5 125 (SD 24, range 75–170).

3.1. Cognitive workload

Across the flight task phases P1-5, the mean total cognitive workload 
among the 13 participants was 14.23 (SD 9.45, range 3.80–37.33), 
indicating relatively low levels on a scale of 0–100. For the mean values 
per flight phases, see Figs. 1 and 2. The mean values for the three load 
components were as follows: mean situation awareness load was 15 (SD 
14, range 2–76), mean information load was 15 (SD 13, range 1–52), and 
mean decision load was 12 (SD 13, range 1–80). Cognitive workload 
changed significantly across the whole flight (Figs. 1 and 2, dotted line) 
(p = .015), although not between the single flight phases. In terms of 
cognitive workload, the easiest flight phase was Phase 1 (climb), and the 
most demanding one was Phase 5 (final ILS approach and landing).

3.2. Heart rate variability

Significant differences were found between the five flight phases in 

all time and frequency domain HRV variables (Table 3). Both time and 
frequency domain HRV variables, related to cardiac autonomic regula
tion, revealed a withdrawal of parasympathetic control. In pairwise 
comparisons, statistically significant differences were found in both time 
(Fig. 1) and frequency domain (Fig. 2) HRV paraments between all other 
flight phase pairs except between Phase 3 (IFR base leg) and Phase 5 
(final ILS approach and landing), and between Phase 4 (ILS localizer 
established and approach) and Phase 5 (final ILS approach and landing), 
respectively.

Mixed model analysis showed that cognitive workload had a signif
icant inverse relationship with three HRV variables: the time domain 
variables RMSSD and pNN50, and the frequency domain variable HF. As 
described in the methods section, the analysis regarding these variables 
was conducted by using Ln-conversions. Therefore, the interpretation of 
the estimation follows a formula: when the cognitive workload (L) in
creases exponentially to L × e (e = base of the Ln, ~2.72), the HRV 
variable presumably decreases to ex (where x is the estimate, i.e., the 
regression coefficient). Interpretation of the results obtained using the 
logarithmic values with exponentiated regression coefficients is logical 
in the view of the original values, as the results indicate changes in the 
ratio of the expected original outcome means. The regression coefficient 
between the cognitive workload and the pNN50 was − .42, F (10,61), t =
− 3.23, p = .002; for the HF − .32, F (7,59), t = − 2.619, p = .011; and for 
the RMSSD − .119, F (7,61), t = − 2.57, p = .013. Therefore, when the 
cognitive workload increased L × e, the pNN50 decreased to .66 times its 

Fig. 1. The three HRV measures (RMSSD, pNN50 and HF; solid line; see the scale on the left Y-axis) which had statistically significant relationship with cognitive 
workload (dashed line; see the scale on the right Y-axis) in the five simulator flight phases (N = 13). 
Note. Mean ± SEM. Cognitive workload is presented on a VAS (Y-axis, mm). X-axis: flight phases P1 = climb, P2 = radar vectors for ILS approach, P3 = IFR base leg, 
P4 = ILS localizer established and approach, P5 = final ILS and landing. P-values represent the significance of the overall change in the variables across the five 
flight phases.
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original value; the HF decreased to .73; the RMSSD decreased to .89. It 
should be noted that the complex nature of the mixed model, including 
the chosen estimation measures and covariance structures, resulted in 
higher and variable degrees of freedom, which, however, is common 
with this method.

Pearson correlation analysis was conducted for the three aforemen
tioned HRV variables and the cognitive workload across the flight task. 
All three HRV variables correlated significantly with each other: RMSSD 
and pNN50 (r = .82, p = <.001); RMSSD and HF (r = .61, p = <.001), 
and pNN50 and HF (r = .43, p = <.001). The analysis showed a 

significant negative correlation between pNN50 and cognitive workload 
(r = − .22, p = .042) and HF and cognitive workload (r = − .32, p = .005). 
RMSSD also had a negative correlation with cognitive workload (r =
− .193, p = .063), but it was not statistically significant.

4. Discussion

4.1. Findings of the present study

To ensure training safety and adequate performance capabilities of 

Fig. 2. The six HRV measures (MEAN RRI, SDNN, LF, LF/HF, nLF and nHF; solid line; see the scale on the left Y-axis) which did not have statistically significant 
relationship with cognitive workload (dashed line; see the scale on the right Y-axis) in the five simulator flight phases (N = 13). 
Note. Mean ± SEM. Cognitive workload presented on a VAS (mm). X-axis: flight phases P1 = climb, P2 = radar vectors for ILS approach, P3 = IFR base leg, P4 = ILS 
localizer established and approach, P5 = final ILS and landing. P-values represent the significance of the overall change in the variables across the five flight phases.
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military pilots, it is crucial to investigate the physiological mechanisms 
resulting from various risk factors, such as changes in cognitive work
load. Potential physiological markers found can be utilized in devel
oping real-time feedback monitoring for assessing the operator’s status. 
The results of the present study indicated that participants’ cognitive 
workload varied during the simulated military flight, with HRV 
reflecting the workload. Furthermore, HRV metrics were able to 
discriminate the challenging flight phases for varying ANS responses 
and task demands. However, the results indicated that some variables 
were more sensitive to dynamic changes of cognitive workload. Higher 
cognitive workload led to decrement of HRV, especially in variables 
known to reflect cardiac PNS activity. Linear mixed model analysis 
indicated a statistically significant inverse relationship between cogni
tive workload and three of the HRV variables analyzed, namely RMSSD, 
pNN50 and HF. A significant negative correlation was also found be
tween cognitive workload and HRV (pNN50, HF). The RMSSD, pNN50 
and HF have previously been found to strongly correlate (Cao et al., 
2019; Shaffer and Ginsberg, 2017), and our results support that, as in the 
present study all those HRV variables correlated significantly with each 
other. These variables reflect cardiac PNS (i.e., vagal) modulation 
(Berntson et al., 1997; Brindle et al., 2014; Camm et al., 1996). Thus, the 
present findings suggest that an increase in cognitive workload leads to 
PNS withdrawal. Specifically, rapid changes in HRV due to varying 
stress factors are initially caused by changes in PNS activity.

In contrast, cardiac effects due to changes in LF occur with a delay 
(Berntson et al., 1997). Although it used to be thought that SNS pre
dominantly contributes to LF, it is not an accurate measure of purely SNS 
activity for various reasons. Firstly, a series of previous studies have 
provided inconsistent evidence of its validity. Without normalization, LF 
has not consistently been shown to reflect SNS activity in response to 
increased cognitive workload, but rather a baroreflex function 
(Goldstein et al., 2011). Additionally, current understanding suggests 
that SNS activation reduces the total HRV power, including both HF and 
LF. Furthermore, PNS modulation alone also influences changes in LF 
(Hedman et al., 1998). Therefore, LF cannot be assumed to indicate pure 

SNS activity, nor can LF/HF be considered to serve as an accurate in
dicator of sympathovagal (ANS) balance (Billman, 2013). However, nLF 
is thought to provide more reliable indication of SNS modulation, as the 
effect of total HRV power is suppressed (Camm et al., 1996). Our results 
indicated that neither LF (with or without normalization) nor LF/HF had 
a significant relationship with increasing cognitive workload. However, 
they did reveal significant differences between flight phases, with nLF 
showing a more logical direction of change. LF and LF/HF, on the other 
hand, exhibited somewhat oscillatory changes. Time domain variable 
SDNN did not show a significant relationship or correlation with 
increasing cognitive workload. Longer period measurements of SDNN 
are known to indicate total power HRV and are therefore used in the 
medical field with 24-h measurements as an index of pathologies and 
cardiac risks. In contrast, short-term measurement of SDNN has been 
found to indicate more PNS activity, but it is not as reliable measure as 
RMSSD and pNN50, respectively (Shaffer and Ginsberg, 2017).

Although Henelius et al. (2009) stated that a liberal workload clas
sifier could potentially be used as a part of a pre-overload alarm 
mechanism in a safety-critical system, there is a shared understanding 
that no single physiological measure, e.g., an HRV variable, typically 
suffices to capture all dimensions of cognitive workload (Ayres et al., 
2021; Lehrer et al., 2010; Lohani et al., 2019; Mansikka et al., 2016a; 
Wilson, 2002). Therefore, multiple HRV variables, such as the ones used 
in the present study, should be used to estimate rapid, i.e., para
sympathetic, regulation of the heart.

During the flight task, the cognitive workload increased as a function 
of the later flight phases with peaking at the fifth phase (P5). The last 
flight phases included the ILS final approach and landing, which 
expectedly demanded the greatest situation awareness, anticipation, 
and decision-making abilities with simultaneous time pressure. HRV 
measurement was able to distinguish this increased cognitive demand 
with logical cardiac responses, as the time domain variables and also HF 
decreased. The first flight phase (P1), in turn, differed from the other 
phases, as it had only a minor task demand. Thus, the cognitive work
load appeared to gradually increase during the task. Therefore, towards 

Table 3 
HRV during simulator flight (N = 13).

HRV variable P1 P2 P3 P4 P5 Overall effect significance

M M M M M

MEAN RRI (ms) 665 653 636 632 625 .010
(21.0) (15.3) (14.0)$$ (15.7)# $$ (17.4)# $$

SDNN (ms) 57 55 45 50 46 .041
(3.3) (4.3) (3.5)## $ (3.5) (3.0)# $

RMSSD (ms) 39 35 30 31 32 .004
(3.5) (3.1) (1.9)## $ (2.3)# (3.6)

pNN50 (%) 17 11 9 8 9 .002
(3.3) (1.7) (1.5)## $$ (1.6)## (1.8)#

RRI LF (ms2) 796 1620 876 1248 866 .005
(103) (315)## (258)$ (274)$ ¤ (171)$

RRI HF (ms2) 724 557 308 375 340 .002
(260) (125) (66)# $$ (103)$$ (80)# $$

RRI LF/HF 3.0 3.6 3.2 4.6 3.4 .013
(.83) (.73)# (.73) (.132)## (.58)#

RRI nLF (n.u.) .57 .71 .69 .74 .69 .014
(.06) (.03)## (.03) (.03)## (.04)##

RRI nHF (n.u.) .39 .27 .28 .24 .27 .036
(.07) (.03)# (.04) (.03)# (.04)#

Note. Standard error of the mean (SEM) is presented in parenthesis. P1 = climb, P2 = radar vectors for ILS approach, P3 = IFR base leg, P4 = ILS localizer established 
and approach, P5 = final ILS and landing. Significances between flight phases: # = p < .05 and ## p < .01 vs. P1 phase; $ = p < .05 and $$ p < .01 vs. P2 phase; ¤ = p <
.05 vs. P3 phase.
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the end of the flight, there most probably was an effect of accumulating 
strain that was induced by cognitive workload. Had there been a full 
take-off phase included in the light, it could have been more demanding 
with notable physiological responses induced because, in the same way 
as landing, take-off is considered to represent a high task demand during 
a flight (Lacabanne et al., 2012; Lee and Liu, 2003; Wilson, 2002).

To measure cognitive workload via HRV assessment, essential re
quirements to minimize irrelevant burden on the cardiovascular system 
are an undisturbed recording environment and a negligible amount of 
physical effort by the participant. During real military flights, depending 
on the nature of the flight mission and equipment used, military pilots 
are often required to exert physical effort and endure external physical 
factors, such as constantly varying gravitation forces, vibration, high 
temperature, noise, humidity, light, and hypoxia. However, these factors 
may still be manageable and minimized with proper study design. 
Studies involving real-flight tasks have reported significant changes in 
cognitive workload and cardiac measures. Some researchers suggest that 
these findings might partly be caused by greater excitation and 
perception of real risks (Fuentes-García et al., 2021; Jorna, 1993; 
Roscoe, 1993). However, the physical effort required to operate the 
controls of modern combat aircrafts, as in the simulator, is minimal and 
does not cause confounding heart rate responses (Roscoe, 1993; Wilson, 
2002). This makes a simulator environment suitable for investigating 
cognitive workload using HRV measurements.

Based on the findings of the present study, the flight task we used can 
be interpreted as rather basic for the military student pilots, as the 
cognitive workload values (measured by using VAS) did not reach 
overload levels and, on average, fell on the lower half of the scale. 
Nevertheless, HRV measures were still reactive to the changes seen in 
the cognitive workload. Hughes et al. (2019) noted that a participant’s 
experience or skill level in a particular task is a substantial factor 
affecting physiological responses to cognitive workload. Compared to 
novices, more experienced participants usually have more efficient 
information-processing skills during a task because fewer cognitive re
sources need to be invested in the primary task (Abernethy et al., 2007; 
Borghini et al., 2014). Although our participants were air force pilot 
students who, in the selection phase of pilot training, had been tested for 
advanced cognitive abilities, it is arguable that a sample of more expe
rienced pilots would show fewer HRV fluctuations during the same flight 
task. The present study indicates that HRV can be sensitive to changes in 
cognitive workload below the overload threshold. In future studies, HRV 
measures should be investigated with raising the simulator task diffi
culty close to the potential overload level.

It can be argued that the sample size of the present study was rather 
limited. Partly due to this, some borderline results emerged. For 
instance, in comparisons of the MEAN RRI (in literature also referred to 
as mean IBI) and cognitive workload, the distinct and expected inverse 
relationship was not statistically significant. In fact, MEAN RRI has 
previously showed validity for revealing changes in cognitive workload 
during computer, flight, and driving tasks (Henelius et al., 2009; Man
sikka et al., 2016b; Tjolleng et al., 2017; Veltman and Gaillard, 1996). In 
this study, the same limitation also concerns the cognitive workload as it 
did not significantly differ between the single flight phases, albeit the 
overall change was significant.

4.2. Conclusions, applications, and further research

Indeed, individual physiological responses to cognitive workload 
should be analyzed and used in training when one learns to operate 
complex, safety-critical systems like an aircraft. By quantifying indi
vidual processing range and limits for workload and using that infor
mation alongside additional objective or subjective methods, overload 
instances might be avoided, and piloting errors thereby prevented. HRV 
measurements also have the potential to be used as an evaluation 
method for cognitive capacity in pilot training.

The results of the present study are in line with previous findings on 

the association between cognitive workload and HRV as a cardiac 
autonomic activity measure (Alaimo et al., 2020; Hjortskov et al., 2004; 
Lehrer et al., 2010; Mansikka et al., 2016b; Mohanavelu et al., 2020; 
Tjolleng et al., 2017). In the future, it would be beneficial to integrate 
biometric monitoring into the cockpit environment to enhance flight 
safety (Alaimo et al., 2020). Also, cognitive workload assessment with a 
non-invasive appliance would be beneficial to include in pilot training 
programs, e.g., in proficiency flight tasks performed in a simulator. It 
would give valuable information about cognitive effort and residual 
capacity. Based on that, better solutions, considering training and sys
tem development, could be made (Lehrer et al., 2010; Santos et al., 
2022). Although there is no single cognitive workload threshold level 
that applies for all individuals collectively, an individual baseline could 
possibly be assessed and defined for physiological measures. The rela
tive changes in levels, caused by changes in cognitive workload, would 
be informative in detecting non-optimal cognitive workload levels 
(Lohani et al., 2019).

In summary, in the present study several HRV variables indicating 
parasympathetic downregulation of heart rate were in line with each 
other and mirrored cognitive workload during a military simulator 
flight.
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cognitive load on speech prosody in aviation: evidence from military simulator 
flights. Appl. Ergon. 42 (2), 348–357. https://doi.org/10.1016/j. 
apergo.2010.08.005.

Jorna, P.G., 1992. Spectral analysis of heart rate and psychological state: a review of its 
validity as a workload index. Biol. Psychol. 34 (2–3), 237–257. https://doi.org/ 
10.1016/0301-0511(92)90017-o.

Jorna, P.G., 1993. Heart rate and workload variations in actual and simulated flight. 
Ergonomics 36 (9), 1043–1054. https://doi.org/10.1080/00140139308967976.

Lacabanne, M., Amadieu, F., Tricot, A., Spanghero-Gaillard, N., 2012. Analysis of the 
flight task around different types of aircraft. International Conference on Human- 
Computer Interaction in Aerospace (HCI-Aero) 1–6. https://hal.science/hal 
-01627366. Bruxelles, Belgium. 

Lee, Y.H., Liu, B.S., 2003. Inflight workload assessment: comparison of subjective and 
physiological measurements. Aviat Space Environ. Med. 74 (10), 1078–1084.

Lehrer, P., Karavidas, M., Lu, S.-E., Vaschillo, E., Vaschillo, B., Cheng, A., 2010. Cardiac 
data increase association between self-report and both expert ratings of task load and 
task performance in flight simulator tasks: an exploratory study. Int. J. 
Psychophysiol. 76 (2), 80–87. https://doi.org/10.1016/j.ijpsycho.2010.02.006.

Lohani, M., Payne, B.R., Strayer, D.L., 2019. A review of psychophysiological measures 
to assess cognitive states in real-world driving. Front. Hum. Neurosci. 13 https://doi. 
org/10.3389/fnhum.2019.00057.

Lohi, J.J., Huttunen, K.H., Lahtinen, T.M., Kilpeläinen, A.A., Muhli, A.A., Leino, T.K., 
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