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Abstract
Background

Cognitive workload can influence performance and physiological responses during computer-based
work, but these responses remain insufficiently understood in individuals with chronic non-specific low
back pain (CNSLBP). This study investigated subjective, behavioral, electromyographic, and cardiac
responses to increasing cognitive workload in individuals with CNSLBP and healthy controls during a
dual-task computer-based paradigm.

Methods

Thirty participants, including 15 individuals with CNSLBP and 15 healthy controls, completed four
experimental conditions combining two typing-speed levels and two cognitive workload levels.
Subjective workload was assessed using the NASA Task Load Index (NASA-TLX). Behavioral
performance and typing errors were recorded, while physiological responses were assessed using facial
electromyography (EMG) and heart rate. Outcomes were analyzed using mixed repeated-measures
analysis of variance to examine the effects of experimental condition, group, and their interaction.

Results

Increasing task demands significantly increased perceived workload (F = 34.63, p < 0.001) and reduced
behavioral performance (F =31.12, p < 0.001), whereas typing errors did not change significantly. No
significant between-group differences were observed in perceived workload or behavioral performance.
In contrast, participants with CNSLBP exhibited significantly greater RMS activity in the corrugator
supercilii and frontalis muscles (both p < 0.001), and a significant condition x group interaction was
observed for corrugator RMS (p = 0.018). Heart rate did not differ significantly across experimental
conditions or between groups.

Conclusions

Individuals with CNSLBP maintained subjective workload ratings and behavioral performance
comparable to healthy controls but exhibited greater facial muscle activation during task performance.
These findings suggest that maintaining performance under cognitive demands may require greater
physiological effort in individuals with CNSLBP. Multimodal assessment combining subjective,
behavioral, and physiological measures may provide a more comprehensive understanding of cognitive
workload responses in people with chronic low back pain.

Background
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Modern work environments increasingly require workers to process large volumes of information,
manage multiple tasks simultaneously, and maintain performance under conditions of time pressure and
frequent interruptions [1, 2]. Such demands place considerable strain on limited cognitive resources and
contribute to increased mental workload, a construct reflecting the proportion of cognitive and
attentional capacity required to meet task demands [3-6]. Mental workload has become a central
concern in ergonomics because excessive workload is associated with impaired decision-making,
reduced performance, increased fatigue, and a greater likelihood of human error [7, 8]. According to
cognitive resource theories, cognitive resources are finite and must be distributed across competing
tasks; consequently, performance may deteriorate when task demands exceed available resources [8—
12]. Dual-task paradigms have therefore been widely used to investigate workload-related changes in
human performance because they closely resemble occupational situations in which individuals must
perform concurrent tasks [3, 13, 14]. Previous research has demonstrated that increasing task difficulty
elevates perceived workload and alters physiological responses, even when overt behavioral
performance remains relatively stable [15, 16].

Mental workload assessment has evolved from reliance on subjective ratings toward multidimensional
approaches integrating behavioral, physiological, and subjective indicators [8, 17]. Subjective measures
such as the NASA Task Load Index (NASA-TLX) remain widely used because of their practicality and
sensitivity to workload manipulations [18, 19]. However, subjective ratings alone may not fully capture
the underlying effort required to maintain task performance under demanding conditions [8, 17].
Consequently, physiological indicators such as heart rate variability (HRV), eye-tracking,
electroencephalography (EEG), and electromyography (EMG) are increasingly used to characterize
workload-related adaptations [20, 21]. Physiological responses provide valuable information regarding
the mechanisms through which individuals regulate performance when cognitive demand increase [1,
22]. Therefore, integrating subjective, behavioral, and physiological measures may provide a more
comprehensive understanding of workload-related adaptations than any single measure alone.

This issue may be particularly relevant in individuals with chronic non-specific low back pain (CNSLBP).
Beyond its musculoskeletal manifestations, persistent pain may influence attention, information
processing, and resource allocation by continuously competing for limited cognitive resources [23, 24].
Individuals with chronic pain frequently report difficulties in sustained attention, executive functioning,
and task performance [24-27]. Furthermore, pain-related distress, fear-avoidance beliefs, and functional
limitations may increase the cognitive demands associated with occupational activities [28, 29].
Consequently, when workload increases, individuals with CNSLBP may require greater physiological and
cognitive effort to maintain task performance [23]. Although previous studies have suggested that pain
can influence both behavioral and physiological responses to cognitive challenges, the mechanisms
through which individuals with CNSLBP adapt to increasing mental workload remain incompletely
understood [23, 30].

An important unresolved question is whether behavioral performance measures alone are sufficient to
characterize workload-related adaptations in individuals with chronic low back pain [31, 32]. Although
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previous studies have investigated mental workload, physiological responses, and low back pain
separately [23, 33], limited evidence is available regarding whether individuals with chronic non-specific
low back pain exhibit greater physiological activation while maintaining comparable behavioral
performance under increasing cognitive demands [34, 35]. This distinction is important because
workload-related adaptations may not be fully captured by performance measures alone [36—38].
Consequently, individuals experiencing chronic pain may appear to perform adequately while
experiencing elevated physiological strain that remains undetected by conventional behavioral
assessments. Therefore, the present study investigated the effects of increasing cognitive workload on
subjective mental workload, behavioral performance, performance errors, facial electromyographic
activity, and heart rate in healthy individuals and patients with chronic non-specific low back pain. We
hypothesized that increasing cognitive demands would increase perceived workload and physiological
activation in both groups and that individuals with chronic non-specific low back pain would show
evidence of greater physiological effort despite broadly comparable behavioral performance outcomes.

Methods
Study Design

This controlled laboratory-based study was conducted in 2025 at the University of Social Welfare and
Rehabilitation Sciences, Tehran, Iran. The study employed a mixed repeated-measures design to
investigate the effects of increasing cognitive workload on subjective, behavioral, electromyographic,
and cardiac responses in individuals with chronic non-specific low back pain (CNSLBP) and healthy
controls. Participants completed four experimental conditions combining different levels of cognitive
workload and typing task demands, allowing the examination of both within-subject (condition) and
between-subject (group) effects.

Participants

Thirty participants, including 15 individuals with chronic non-specific low back pain (CNSLBP) and 15
healthy controls, were recruited from students and staff members of the University of Social Welfare and
Rehabilitation Sciences.

Eligible participants were between 18 and 50 years of age, had at least one year of regular computer-use
experience, and were able to complete the experimental protocol. Participants in the CNSLBP group
reported non-specific low back pain persisting for at least 12 weeks [39]. Exclusion criteria included
severe pain, significant psychological distress, neurological disorders, inadequate sleep prior to testing,
recent intensive cognitive activity, alcohol consumption, or the use of medications affecting central
nervous system function.

All participants provided written informed consent before participation. Sample size was estimated
based on a previous study [40]. Assuming a significance level of 0.05 and statistical power of 80%, a
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minimum of 12 participants per group was required [41]. To account for potential attrition, 15
participants were recruited for each group.

Apparatus

Surface electromyographic (EMG) activity was recorded using a DataLOG W4X8 system (Biometrics Ltd.,
Newport, UK). Bipolar surface electrodes were placed over the left corrugator supercilii and right
frontalis muscles according to established facial EMG electrode-placement procedures [42]. A reference
electrode was positioned over the ulnar styloid process. Prior to electrode placement, the skin was
cleaned with alcohol to reduce electrode—skin impedance [43].

Heart rate was recorded using an Apple Watch SE (2nd generation; Apple Inc., Cupertino, CA, USA).
Previous studies have reported acceptable accuracy of Apple Watch devices for heart rate monitoring
under a range of experimental conditions [44].

Cognitive workload was manipulated using computer-based mental arithmetic tasks with two levels of
difficulty, which were performed concurrently with typing tasks of different durations to create four
experimental conditions [40]. Subjective mental workload was assessed using the NASA Task Load
Index (NASA-TLX) [45].

Experimental Procedure

Following screening and informed consent, demographic information was collected and participants
were prepared for physiological recordings. Surface EMG electrodes and the heart rate monitoring
device were attached prior to testing, and signal quality was verified before data collection.

The primary task consisted of computerized data entry in Microsoft Excel. To account for individual
differences in typing ability, participants first completed a 2-min calibration trial at their preferred typing
speed. Individual typing speed was subsequently used to standardize task demands across
experimental conditions. Participants completed typing tasks under two time-demand conditions: a
standard-duration condition and a shortened-duration condition, in which the same amount of data entry
was completed within 75% of the time allocated to the standard condition.

Cognitive workload was manipulated using auditory mental arithmetic tasks presented through
headphones at 6-s intervals [40]. The low-workload condition involved summation of three single-digit
numbers (e.g., A+ B + C), whereas the high-workload condition involved multi-step arithmetic operations
using five single-digit numbers (e.g., A+ B - C + D * E) [46]. Participants were instructed to record their
answers on a response sheet while simultaneously performing the typing task.

Four experimental conditions were created by combining two typing-task demand levels (standard and
shortened duration) with two cognitive workload levels (low and high). The order of conditions was
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randomized for each participant to minimize potential order effects. Each condition was followed by a 5-
min rest period. Perceived mental workload was assessed using the NASA-TLX immediately after
completion of each condition.

Typing performance, typing errors, facial EMG activity, and heart rate were recorded during each
experimental condition.

Outcome Measures

Outcome Measures

Subjective Mental Workload

Perceived mental workload was assessed using the NASA Task Load Index (NASA-TLX). Participants
completed the questionnaire immediately after each experimental condition [47]. The NASA-TLX
provides a multidimensional assessment of perceived workload across six domains: mental demand,
physical demand, temporal demand, performance, effort, and frustration. Higher scores indicate greater
perceived workload [45].

Behavioral Performance

Behavioral performance during the typing task was quantified using a weighted performance index
derived from correct responses, incorrect responses, and omitted responses. Correct responses were
assigned a weight of + 1, incorrect responses a weight of - 0.25, and omitted responses a weight of - 1.
The performance index was calculated as:

Performance Index = (% Correct x 1) + (% Incorrect x -=0.25) + (% Omitted x -1)

This approach was used to distinguish between inaccurate responding and complete response omission
under increasing task demands [14, 48].

Performance Errors

Typing accuracy was evaluated using a performance error measure calculated as the proportion of
incorrectly entered data relative to the total number of entered items. Higher values indicated poorer
task accuracy [49, 50].

Electromyographic Activity

Facial muscle activity was assessed using surface electromyography (EMG) recorded from the
corrugator supercilii and frontalis muscles. For each muscle, root mean square (RMS) and zero-crossing
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rate (ZCR) were extracted as indicators of muscle activation amplitude and temporal characteristics of
muscle activation, respectively [51, 52].

Heart Rate

Heart rate (HR) was recorded during each experimental condition using the optical heart rate sensor of
an Apple Watch SE (2nd generation). HR was used to examine cardiovascular responses to variations in
cognitive workload and task demands [44].

Signal Processing

EMG signals were recorded according to SENIAM recommendations, sampled at 1000 Hz, and exported
to MATLAB (MathWorks Inc., Natick, MA, USA) for offline processing. Signals were band-pass filtered
(20-450 Hz), full-wave rectified, and normalized using an intra-subject normalization procedure to
reduce inter-individual variability. For each trial, the mean of the five highest initial signal peaks was used
as a reference value, and signal amplitudes were normalized relative to this reference [53, 54]. Root
mean square (RMS) and zero-crossing rate (ZCR) were subsequently calculated for the corrugator
supercilii and frontalis muscles. RMS was used as an indicator of muscle activation amplitude, whereas
ZCR was used to characterize the temporal properties of the EMG signal and motor unit activation
patterns [52, 55].

Statistical Analysis

Statistical analyses were performed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA). Descriptive
statistics are presented as mean * standard deviation. A mixed repeated-measures ANOVA was
conducted with experimental condition (four task conditions combining typing duration and cognitive
workload level) as the within-subject factor and group (healthy control vs. CNSLBP) as the between-
subject factor. Main effects of condition and group, as well as condition x group interactions, were
examined for all outcome measures.

Mauchly’s test was used to assess sphericity, and Greenhouse—Geisser corrections were applied when
necessary. Homogeneity of variance was evaluated using Levene's test. Bonferroni-adjusted pairwise
comparisons were performed for significant effects. Partial eta squared (n?p) was reported as the
measure of effect size, and statistical significance was set at p < 0.05.

Results

Participant Characteristics

Demographic and clinical characteristics of the participants are presented in Table 1. No significant
between-group differences were observed for age, stress, anxiety, or depression scores (all p > 0.05). The
mean pain intensity in the CNSLBP group was 4.53 £ 0.99, with an average pain duration of 24.20+17.95
months. The mean Spinal Function Index (SFI) score in the CNSLBP group was 61.33 + 16.38.
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Table 1
Demographic and clinical characteristics of the study participants

Variable Healthy (n=15) CNSLBP (n=15) p-value
Age (years) 26.20 £ 6.76 25.47 +8.10 0.79
Male/Female, n 9/6 10/5 -
Stress (DASS-21) 16.07 £3.47 19.07 £6.30 0.117
Anxiety (DASS-21) 5.07+5.75 9.20+5.60 0.056
Depression (DASS-21) 8.93+4.71 12.00+6.84 0.164
Pain intensity (NPRS) - 4.53+0.99 —

Pain duration (months) - 24.20+17.95 —
Spinal Function Index (SFI) — 61.33+16.38 —

Table 1. here
Subjective Mental Workload and Behavioral Outcomes

Descriptive statistics for subjective mental workload, performance scores, and typing error rates across
the four experimental conditions are presented in Table 2. Results of the repeated-measures ANOVA are
summarized in Table 3.

Table 2

Means and standard deviations of subjective mental workload and behavioral outcomes across
experimental conditions

Outcome Group C1 C2 C3 C4
NASA-TLX Healthy 10.33+2.24 12.82+3.11 10.79+2.84 12.35+2.32
CNSLBP 9.22+3.28 12.93+3.38 9.36 +3.27 12.48 +3.28

Performance score  Healthy  -25.08+10.15 -53.84+11.90 -44.23+10.08 -55.57+6.25
CNSLBP  -26.52+24.41 -48.44+14.58 -39.89+8.86 -49.24 +14.17

Typing Healthy  1.02+0.94 0.74+0.98 0.75%0.65 0.74+0.99

error (%) CNSLBP 0.47+0.78 0.87+0.87 0.52+0.53 0.77 £1.02

C1 = 5-min typing + low cognitive load, C2 = 5-min typing + high cognitive load

C3 =3.5-min typing + low cognitive load, C4 = 3.5-min typing + high cognitive load
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Table 3
Repeated-measures ANOVA results for subjective mental workload and behavioral performance

outcomes.
Outcome Condition nZp Group n2p Condition x Group nZp
F(p) F(p) F(p)
NASA-TLX 34.63 (< 0.553 0.34 0.012 2.29(0.085) 0.075
0.001) (0.56)
Performance 31.12 (< 0.520 1.33 0.045 0.63(0.59) 0.022
score 0.001) (0.25)
Typing error (%) 0.25(0.85) 0.009 ?.60 ) 0.021 1.14(0.33) 0.039
0.44

A significant main effect of condition was observed for NASA-TLX scores (F(3,84) =34.63, p<0.001, n?p
= 0.553), indicating increased perceived workload under more demanding task conditions. However,
neither the main effect of group (F(1,28) = 0.34, p = 0.56) nor the condition x group interaction (F(3,84) =
2.29, p = 0.085) reached statistical significance.

Similarly, performance scores differed significantly across experimental conditions (F(3,84) =31.12, p <
0.001, n?p = 0.520). Post-hoc comparisons indicated lower performance in conditions involving greater
task demands. No significant main effect of group (F(1,28) = 1.33, p = 0.25) or condition x group
interaction (F(3,84) = 0.63, p = 0.59) was found.

For typing error rate, neither the main effect of condition (F(3,84) = 0.25, p = 0.85), the main effect of
group (F(1,28) = 0.60, p = 0.44), nor the interaction effect (F(3,84) = 1.14, p = 0.33) was significant. These
findings suggest that increasing task demands increased perceived workload and reduced performance,
while typing accuracy remained relatively stable across conditions and groups.

Table 2. Here

Table 3. Here
Electromyographic Outcomes

Descriptive statistics for electromyographic outcomes are presented in Table 4, and repeated-measures
ANOVA results are summarized in Table 5.
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Table 4

Means and standard deviations of electromyographic outcomes across experimental conditions

Outcome Group C1 C2 C3 C4
RMS Corrugator Healthy  0.158 + 0.052 0.108 £ 0.025 0.141+0.053 0.119%0.052
CNSLBP 0.234+0.046 0.217+0.104 0.256+0.070 0.147 +0.091
RMS Frontalis Healthy  0.160+0.059 0.147 £0.048 0.170+£0.050 0.134+0.063
CNSLBP  0.249+0.063 0.234+0.111 0.210+0.079 0.196+0.083
ZCR Frontalis Healthy 488609531 51393 + 6031 48602 +7084 49729 + 8271
CNSLBP 47324 +4751 47858 + 4814 50187 +1348 50118 £904
ZCR Corrugator  Healthy = 47593 +8575 49317 + 6961 47221 +6275 50786 +7258
CNSLBP 45186+11841 45385+11723 4418114361 45254113403
Table 5
Repeated-measures ANOVA results for electromyographic outcomes
Variable Condition nZp Group Effect n?%p Condition x Group n%p
Effect F (p) F (p) Effect F (p)
RMS 8.52 (< 0.001) 0.233 27.96 (< 0.500 3.56(0.018) 0.113
Corrugator 0.001)
RMS 2.07 (0.111) 0.069 15.90 (< 0.362 1.07(0.367) 0.037
Frontalis 0.001)
ZCR Frontalis  1.50 (0.210) 0.051 0.16 (0.680) 0.006 2.91(0.030) 0.094
ZCR 0.65 (0.580) 0.023  1.39(0.240) 0.047 0.60(0.610) 0.021
Corrugator
Root Mean Square (RMS)

For the corrugator supercilii muscle, significant main effects of condition (F(3,84) =8.52, p<0.001, n?p =
0.233) and group (F(1,28) =27.96, p < 0.001, n?p = 0.500) were observed. A significant condition x group
interaction was also found (F(3,84) =3.56, p =0.018, n?p = 0.113). RMS values were consistently higher
in the CNSLBP group across all conditions, and the magnitude of between-group differences varied
across experimental conditions. For the frontalis muscle, no significant effect of condition was observed
(F(3,84) =2.07,p=0.111). However, a significant main effect of group was identified (F(1,28) =15.90, p <
0.001, n?p = 0.362), indicating higher RMS activity in the CNSLBP group. The interaction effect was not
significant (F(3,84) =1.07, p =0.367).

Zero-Crossing Rate (ZCR)

For the frontalis muscle, neither the main effect of condition nor group was significant. However, a
significant condition x group interaction was observed (F(3,84) =2.91, p = 0.030, n?p = 0.094), indicating
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different patterns of ZCR changes across conditions between groups.
For the corrugator supercilii muscle, no significant main or interaction effects were identified.
Table 4. Here

Table 5. Here

Heart Rate

No significant main effect of condition was observed for heart rate (F(3,84) =0.97,p=0.411,n%p =
0.033). Similarly, neither the main effect of group (F(1,28) = 1.47, p =0.236, n?p = 0.050) nor the condition
x group interaction (F(3,84) = 1.34, p = 0.268, n?p = 0.046) was significant.

Discussion

The present study examined whether increasing cognitive workload elicited different subjective,
behavioral, electromyographic, and cardiac responses in individuals with CNSLBP compared with healthy
controls. The main finding was a dissociation between observable performance and physiological
activation: participants with CNSLBP reported similar workload levels and achieved comparable
behavioral performance, yet showed greater facial muscle electromyographic activity across task
conditions. Increasing task demands also increased perceived workload and reduced performance,
supporting the effectiveness of the workload manipulation.

This pattern suggests that individuals with CNSLBP may preserve task performance while requiring
greater physiological effort. In practical terms, comparable productivity or similar self-reported workload
should not necessarily be interpreted as comparable effort. The findings are consistent with resource
allocation models in which persistent pain competes for limited cognitive resources and may increase
the effort required to maintain performance under demand [8, 12]. Reliance on behavioral outcomes
alone may therefore underestimate the actual workload experienced by individuals with chronic pain.
The conceptual contribution of the present study is therefore not that individuals with CNSLBP
performed worse under cognitive demand, but that they appeared to achieve comparable performance
through greater physiological activation. This distinction is important for both clinical interpretation and
occupational ergonomics, because hidden workload may accumulate over time even when short-term
task performance remains preserved.

Increasing task demands resulted in significantly higher NASA-TLX scores and lower behavioral
performance across participants, confirming the effectiveness of the workload manipulation. This
finding is consistent with contemporary models of mental workload, which conceptualize workload as
the cognitive cost associated with allocating limited attentional resources to meet task demands [8, 40].
Similarly, Ding et al. reported that increasing the difficulty of computer-based cognitive tasks was
accompanied by higher subjective workload ratings and reduced task performance [40].
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The observed decline in performance under more demanding conditions is also consistent with Multiple
Resource Theory, which predicts performance deterioration when concurrent tasks compete for limited
processing resources [12]. As cognitive demands increase, additional effort is required to maintain task
execution, often resulting in reduced efficiency and poorer performance.

Interestingly, typing error rates remained relatively stable despite significant changes in workload and
performance. This pattern suggests that participants adopted compensatory strategies to preserve
accuracy under increasing cognitive demands. Similar findings have been reported in dual-task and
occupational workload studies, where workload primarily affects response efficiency rather than
response accuracy [5, 14].

Contrary to our initial expectations, no significant group differences were observed for NASA-TLX scores
or behavioral performance. This finding should not be interpreted as evidence that cognitive workload is
equivalent in both groups. Rather, it suggests that subjective ratings and behavioral outcomes may be
insensitive to compensatory effort in this experimental context. Individuals with CNSLBP may have
maintained performance by allocating additional resources that were captured more clearly by
physiological measures than by self-report or typing performance.

To gain further insight into the mechanisms underlying task performance, physiological responses were
examined alongside subjective and behavioral measures. In contrast to the relatively similar workload
ratings and performance outcomes observed between groups, electromyographic measures provided
evidence of differential physiological responses in participants with CNSLBP.

Facial electromyographic activity has been used as an indicator of mental effort, sustained attention,
and task engagement [25, 55, 56]. In particular, activation of the corrugator supercilii has been
associated with effortful information-processing and cognitive demand [56, 57]. The higher RMS activity
observed in the CNSLBP group therefore supports the interpretation that maintaining performance may
have required greater physiological effort.

A plausible explanation is that chronic pain functions as an additional background demand. Persistent
pain may require ongoing monitoring, evaluation, and regulation, thereby consuming attentional
resources that would otherwise be available for task performance [25]. From this perspective, individuals
with chronic pain may operate with a reduced reserve of available cognitive resources and may therefore
need to recruit additional physiological effort to perform cognitively demanding tasks at a level
comparable to healthy individuals.

This interpretation is consistent with previous evidence suggesting that chronic pain is associated with
alterations in attentional control and cognitive processing. Ge et al. reported that increasing cognitive
load produced greater interference with motor performance in individuals with low back pain, indicating
that pain-related processes may compete with task-related cognitive resources [58]. Similarly,
contemporary neuroergonomic frameworks propose that physiological measures may capture
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compensatory resource allocation processes that are not apparent from behavioral outcomes alone [7,
8l.

Although conducted in a different chronic pain population, the present findings are also broadly
consistent with those reported by Sjors et al., who observed heightened physiological responses during
mentally demanding tasks in individuals with chronic musculoskeletal pain [59]. Together, these findings
support the notion that preserved behavioral performance does not necessarily imply equivalent
cognitive efficiency. Rather, individuals with chronic pain may recruit additional physiological resources
to compensate for the attentional and cognitive burden imposed by persistent pain.

The workload-related effects were more evident for RMS than for ZCR measures. RMS reflects the
magnitude of muscle activation and has been widely used as an indicator of effort-related changes in
muscular activity [55, 56]. In contrast, ZCR primarily reflects temporal characteristics of the EMG signal
and motor unit firing behavior [60, 61]. The predominance of RMS effects in the present study suggests
that the between-group differences were mainly reflected in the amplitude of facial muscle activation
rather than in temporal features of the EMG signal.

Heart rate did not differ significantly across experimental conditions or between groups, and no
condition x group interaction was observed. Thus, unlike the electromyographic measures, heart rate did
not appear to be sensitive to either increasing task demands or group differences in the present study.
This finding reinforces the value of a multimodal approach, as physiological measures may differ in their
sensitivity to cognitive workload depending on the task and measurement characteristics.

The finding that individuals with CNSLBP maintained performance despite greater physiological
activation has implications for computer-based and cognitively demanding work. In occupational
settings, productivity metrics and self-reported workload may fail to detect increased physiological effort
in workers with chronic pain. Such differences may be overlooked when workload assessment relies
solely on short-term performance or self-reported measures.

Limitations and Future Directions

Several limitations should be considered when interpreting the findings. First, the sample size was
relatively small, which may have limited statistical power to detect subtle effects, particularly for
physiological outcomes. Second, participants were recruited from a university population and were
predominantly young adults, which limits generalizability to broader clinical and occupational
populations. Third, the study was conducted under controlled laboratory conditions using a simulated
computer-based task; the findings may not fully reflect the complexity, duration, and psychosocial
demands of real-world work.

Additional methodological limitations are also relevant. The physiological assessment focused on
selected facial EMG and heart rate measures during a single experimental session. Facial EMG may
reflect cognitive effort, but it is not specific to workload and may also be influenced by pain, affect,
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concentration, and individual response tendencies. Heart rate was recorded using a consumer-grade
wrist-worn device rather than electrocardiography, which may have limited the sensitivity and temporal
precision of the cardiovascular assessment. Future studies should include larger and more clinically
diverse samples, longer task durations, real or simulated occupational environments, and additional
physiological and neurocognitive measures. Longitudinal studies are also needed to determine whether
the greater physiological effort observed in CNSLBP contributes to fatigue, reduced work capacity, or
other long-term occupational outcomes.

Conclusion

Increasing cognitive workload was associated with higher perceived workload and reduced task
performance. Individuals with CNSLBP reported comparable workload levels and achieved similar
behavioral performance to healthy controls, but showed greater facial electromyographic activity during
task execution. These findings suggest that preserved performance in CNSLBP may require greater
physiological effort. The study supports the value of combining physiological, behavioral, and subjective
measures to better understand workload in chronic pain populations, particularly in computer-based and
cognitively demanding work settings.

Declarations

Ethics Approval and consent to participate:

This study was conducted in accordance with the principles of the Declaration of Helsinki. It was
approved by the Ethics Committee of the University of Social Welfare and Rehabilitation Sciences (code:
IR.USWR.REC.1403.286). Written informed consent was obtained from all participants.

Consent for publication:

Not applicable

Competing interests:

The authors declare that they have no competing interests.

Clinical trial number

not applicable.

Funding:

Page 14/19



This research received no specific grant from any funding agency in the public, commercial, or not-for-
profit sectors.

Author Contribution

Z.R. contributed to the investigation, data collection, and preparation of the original draft. H.R.M.
contributed to the conceptualization, methodology, supervision, data analysis, and critical revision of the
manuscript. M.V. contributed to the statistical analysis and interpretation of the data. M.M. contributed
to the interpretation of the findings and critical review and editing of the manuscript. All authors read and
approved the final manuscript.

Acknowledgements:

The authors are grateful to the volunteers for their participation.

Availability of data:

The datasets generated and/or analysed during the current study are available from the corresponding
author (HRM) on reasonable request. The data are not publicly available due to privacy and ethical
restrictions.

References

1. John AR, Singh AK, Do T-TN, Eidels A, Nalivaiko E, Gavgani AM, Brown S, Bennett M, Lal S, Simpson
AM. Unraveling the physiological correlates of mental workload variations in tracking and collision
prediction tasks. IEEE Trans Neural Syst Rehabil Eng. 2022;30:770-81.

2.Jin H, Zhu L, Li M, Duffy VG. Recognition and evaluation of mental workload in different stages of
perceptual and cognitive information processing using a multimodal approach. Ergonomics
2023:1-21.

3. Arana-De las Casas NI, De la Riva-Rodriguez J, Maldonado-Macias AA, Saenz-Zamarrdén D. Cognitive
Analyses for Interface Design Using Dual N-Back Tasks for Mental Workload (MWL) Evaluation. Int J
Environ Res Public Health. 2023;20(2):1184.

4. Mohammadian M, Parsaei H, Mokarami H, Kazemi R. Cognitive demands and mental workload: A
filed study of the mining control room operators. Heliyon 2022, 8(2).

5. Zahmat Doost E, Zhang W. Mental workload variations during different cognitive office tasks with
social media interruptions. Ergonomics. 2023;66(5):592-608.

6. Restuputri DP, Pangesti AK, Garside AK. The measurement of physical workload and mental
workload level of medical personnel. Jurnal Teknik Industri. 2019;20(1):34-44.

Page 15/19



10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20

21.

22.

. Dehais F, Lafont A, Roy R, Fairclough S. A neuroergonomics approach to mental workload,

engagement and human performance. Front NeuroSci. 2020;14:519228.

. Longo L, Wickens CD, Hancock G, Hancock PA. Human mental workload: A survey and a novel

inclusive definition. Front Psychol. 2022;13:883321.

. Bagheri M, Power SD. Simultaneous classification of both mental workload and stress level suitable

for an online passive brain—computer interface. Sensors. 2022;22(2):535.

Bruggen A. An empirical investigation of the relationship between workload and performance.
Manag Decis. 2015;53(10):2377-89.

Deng J, Guo Y, Ma T, Yang T, Tian X. How job stress influences job performance among Chinese
healthcare workers: a cross-sectional study. Environ Health Prev Med. 2019;24(1):2.

Wickens CD. Multiple resources and mental workload. Hum Factors. 2008;50(3):449-55.

Bafna T, Paulin J. Cognitive load during gaze typing. In: Proceedings of the 24th International
Conference on Intelligent User Interfaces: Companion: 2019; 2019: 83-84.

He M, Guo J, Zeng S. Cognitive load measurement and impact analysis on performance in dual-task
situations. In: Proceedings of the 2nd World Symposium on Software Engineering: 2020; 2020: 303-
307.

Vine CAJ, Runswick OR, Blacker SD, Coakley SL, Siddall AG, Myers SD. Cognitive,
Psychophysiological, and Perceptual Responses to a Repeated Military-Specific Load Carriage
Treadmill Simulation. Hum Factors. 2024;66(10):2379-92.

Filo P, Janousek O. The relation between physical and mental load, and the course of physiological
functions and cognitive performance. Theoretical Issues Ergon Sci. 2022;23(1):38-59.

Lucchese A, Padovano A, Facchini F. Comprehensive systematic literature review on cognitive
workload: trends on methods, technologies and case studies. IET Collaborative Intell Manuf.
2025;7(1):€70025.

Diarra M, Theurel J, Paty B. Systematic review of neurophysiological assessment techniques and
metrics for mental workload evaluation in real-world settings. Front Neuroergonomics 2025, Volume
6—2025.

Barajas-Bustillos MA, Maldonado-Macias AA, Serrano-Rosa MA, Hernandez-Arellano JL, Llamas-
Alonso L, Balderrama-Armendariz O. Impact of experience on the sensitivity, acceptability, and
intrusive of two subjective mental workload techniques: The NASA TLX and workload profile. Work.
2023;75(4):1265-75.

. Tao D, Tan H, Wang H, Zhang X, Qu X, Zhang T. A systematic review of physiological measures of

mental workload. Int J Environ Res Public Health. 2019;16(15):2716.

Charles RL, Nixon J. Measuring mental workload using physiological measures: A systematic
review. Appl Ergon. 2019;74:221-32.

Fine MS, Lombardo JM, Colombe JB, Gawron VJ, Brokaw EB. Use of wearable physiological sensors
to predict cognitive workload in a visuospatial learning task. Technol Health Care. 2022;30(3):647-

Page 16/19



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

60.

Brochin G. Dual task function differences in chronic low back pain: a narrative review. J Can Chiropr
Assoc. 2025;69(2):145.

Grabovac |, Dorner TE. Association between low back pain and various everyday performances:
Activities of daily living, ability to work and sexual function. Wiener klinische Wochenschrift.
2019;131(21):541-9.

Fine PG. Long-term consequences of chronic pain: mounting evidence for pain as a neurological
disease and parallels with other chronic disease states. Pain Med. 2011;12(7):996—1004.

Sidig M, Muzaffar T, Janakiraman B, Masoodi S, Vasanthi RK, Ramachandran A, Bansal N, Chahal A,
Kashoo FZ, Rizvi MR. Effects of pain education on disability, pain, quality of life, and self-efficacy in
chronic low back pain: A randomized controlled trial. PLoS ONE. 2024;19(5):e0294302.

Dick BD, Rashiqg S. Disruption of attention and working memory traces in individuals with chronic
pain. Anesth Analgesia. 2007;104(5):1223-9.

Baker KS, Gibson S, Georgiou-Karistianis N, Roth RM, Giummarra MJ. Everyday executive functioning
in chronic pain: specific deficits in working memory and emotion control, predicted by mood,
medications, and pain interference. Clin J Pain. 2016;32(8):673-80.

Grotle M, Vgllestad NK, Veiergad MB, Brox JI. Fear-avoidance beliefs and distress in relation to
disability in acute and chronic low back pain. Pain. 2004;112(3):343-52.

Pereira Nery EC, Rocha NP, Cruz VT, Silva AG. Systematic review and meta-analysis on the
association between chronic low back pain and cognitive function. Pain Pract. 2023;23(4):399-408.

Farragher J, Williams G, Pranata A, El-Ansary D, Parry S, Bryant A. Adaptations Associated with Non-
Specific Chronic Low Back Pain: A Narrative Review. 2021, 9(1):10.

Reneman MFJW, Schellekens JM, Géeken LN. Concurrent validity of questionnaire and performance-
based disability measurements in patients with chronic nonspecific low back pain. J Occup Rehabil.
2002;12(3):10.

Hemmati L, Piroozi S, Rojhani-Shirazi Z. Effect of dual tasking on anticipatory and compensatory
postural adjustments in response to external perturbations in individuals with nonspecific chronic
low back pain: Electromyographic analysis. J Back Musculoskelet Rehabil. 2018;31(3):489-97.
Jiang F, Huang H, Chen 'Y, Li X, Wei J, Wen J, Wang P, Long Y, Xiao C, Huang G. Cortical activity during
cognitive and walking tasks in individuals with chronic nonspecific low back pain: a functional near-
infrared spectroscopy study. Front NeuroSci. 2026;20:1778661.

Seminowicz DA, Wideman TH, Naso L, Hatami-Khoroushahi Z, Fallatah S, Ware MA, Jarzem P,
Bushnell MC, Shir Y, Ouellet JA. Effective treatment of chronic low back pain in humans reverses
abnormal brain anatomy and function. J Neurosci. 2011;31(20):7540-50.

Guhe M, Gray WD, Schoelles MJ, Liao W, Zhu Z, Ji Q. Non-intrusive measurement of workload in real-
time. In: Proceedings of the human factors and ergonomics society annual meeting: 2005: SAGE
Publications Sage CA: Los Angeles, CA; 2005: 1157-1161.

Page 17/19



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Teo G, Reinerman-Jones L, Matthews G, Szalma J, Jentsch F, Hudson |, Hancock PA. Selecting
workload and stress measures for performance prediction. In: Proceedings of the human factors and
ergonomics society annual meeting: 2017: SAGE Publications Sage CA: Los Angeles, CA; 2017:
2042-2046.

Hancock PA, Matthews G. Workload and performance: Associations, insensitivities, and
dissociations. Hum Factors. 2019;61(3):374-92.

Nicol V, Verdaguer C, Daste C, Bisseriex H, Lapeyre E, Lefévre-Colau M-M, Rannou F, Réren A, Facione
J, Nguyen C. Chronic low back pain: a narrative review of recent international guidelines for
diagnosis and conservative treatment. J Clin Med. 2023;12(4):1685.

Ding Y, Cao Y, Duffy VG, Wang Y, Zhang X. Measurement and identification of mental workload
during simulated computer tasks with multimodal methods and machine learning. Ergonomics.
2020;63(7):896-908.

Chow S-C, Shao J, Wang H, Lokhnygina Y. Sample size calculations in clinical research. chapman
and hall/CRC; 2017.

Lapatki BG, Oostenveld R, Van Dijk JP, Jonas IE, Zwarts MJ, Stegeman DF. Optimal placement of
bipolar surface EMG electrodes in the face based on single motor unit analysis. Psychophysiology.
2010;47(2):299-314.

Tassinary LG, Cacioppo JT, Geen TR. A psychometric study of surface electrode placements for
facial electromyographic recording: I. The brow and cheek muscle regions. Psychophysiology.
1989;26(1):1-16.

Giggins OM, Muggeridge D. P1 State of play of wearable devices for the measurement of heart rate:
a systematic review of the accuracy of wrist-worn technologies. Heart. 2019;105(Suppl 4):A5-5.
Arefian S, Laybidi MI, Vahedi M, Melloh M, Mokhtarinia HR. Impact of mental and physical workload
on work function in office workers with musculoskeletal disorders. BMC Musculoskelet Disord.
2025;26(1):867.

Blakely MJ, Kemp S, Helton WS. Volitional running and tone counting: The impact of cognitive load
on running over natural terrain. IIE Trans Occup Ergon Hum Factors. 2016;4(2-3):104-14.

Alhaag MH, Ramadan MZ, Al-harkan IM, Alessa FM, Alkhalefah H, Abidi MH, Sayed AE. Determining
the fatigue associated with different task complexity during maintenance operations in males using
electromyography features. Int J Ind Ergon. 2022;88:103273.

Kosch T, Karolus J, Zagermann J, Reiterer H, Schmidt A, Wozniak PW. A survey on measuring
cognitive workload in human-computer interaction. ACM-CSUR. 2023;55(13s):1-39.

De Jong M, Jolij J, Pimenta A, Lorist MM. Age modulates the effects of mental fatigue on
typewriting. Front Psychol. 2018;9:1113.

Kole JA, Healy AF, Bourne LE Jr. Cognitive complications moderate the speed-accuracy tradeoff in
data entry: a cognitive antidote to inhibition. Appl Cogn Psychology: Official J Soc Appl Res Memory
Cognition. 2008;22(7):917-37.

Page 18/19



o1.

92.

53.

o4.

99.

56.

o7.

58.

59.

60.

61.

Kim H, Lee J, Kim J. Electromyography-signal-based muscle fatigue assessment for knee
rehabilitation monitoring systems. Biomed Eng Lett. 2018;8(4):345-53.

Garcia MA, Catunda JM, Lemos T, Oliveira LF, Imbiriba LA, Souza MN. An alternative approach in
muscle fatigue evaluation from the surface EMG signal. In: 2070 Annual International Conference of
the IEEE Engineering in Medicine and Biology: 2010: IEEE; 2010: 2419-2422.

Burden A. How should we normalize electromyograms obtained from healthy participants? What we
have learned from over 25 years of research. J Electromyogr Kinesiol. 2010;20(6):1023-35.

Faro Viana F, Cotovio G, da Silva DR, Seybert C, Pereira P, Silva A, Carvalho F, Oliveira-Maia AJ.
Reducing motor evoked potential amplitude variability through normalization. Front Psychiatry.
2024,15:1279072.

Mead J, Middendorf M, Gruenwald C. Investigating facial electromyography as an indicator of
cognitive workload;. 19th International Symposium on Aviation Psychology 2017.

Van Boxtel A. Optimal signal bandwidth for the recording of surface EMG activity of facial, jaw, oral,
and neck muscles. Psychophysiology. 2001;38(1):22-34.

Waterink W, Van Boxtel A. Facial and jaw-elevator EMG activity in relation to changes in performance
level during a sustained information processing task. Biol Psychol. 1994;37(3):183-98.

Ge L, Yu Q, Wang C, Huang H, Li X, Zhang S, Zhang S. How cognitive loads modulate the postural
control of older women with low back pain? BMC Geriatr. 2021;21(1):82.

Sjors A, Larsson B, Dahlman J, Falkmer T, Gerdle B. Physiological responses to low-force work and
psychosocial stress in women with chronic trapezius myalgia. BMC Musculoskelet Disord.
2009;10(1):63.

Kilbom A, Hagg GM, Kall C. One-handed load carrying — Cardiovascular, muscular and subjective
indices of endurance and fatigue. Eur J Appl Physiol Occup Physiol. 1992;65(1):52-8.

Knaflitz M, Bonato P. Time-frequency methods applied to muscle fatigue assessment during
dynamic contractions. J Electromyogr Kinesiol. 1999;9(5):337-50.

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

Tables.docx

Page 19/19


https://assets-eu.researchsquare.com/files/rs-11217686/v1/f9ee6a722b179e2a4a79ddb2.docx

