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Introduction: Exertional tests have become a promising tool to assist clinicians in the management of concussions, however require expensive equipment, extensive spaces, and specialized clinician expertise. As such, we developed a test with minimal resource requirements encompassing key elements of sport and physical activity. The purpose of this study was to pilot test the Multimodal Exertional Test (MET) protocol in a sample of healthy interuniversity athletes.

Methods: The MET comprises four stages, each featuring three distinct tasks. The test begins with engaging in squats, alternating reverse lunges, and hip hinges (Stage 1). The next stage progressively evolves into executing these tasks within specified time limits (Stage 2). Following this, the test advances to a stage that incorporates cognitive tasks (Stage 3), and the final stage demands greater levels of physical exertion, cognition, and multi-directional movements (Stage 4). Heart rate (HR) was obtained during each stage of the MET and participants’ symptom severity scores were recorded following each task.

Results: Fourteen healthy interuniversity athletes (n = 8 female, n = 6 male) participated in the study. HR was obtained for 10 of the 14 athletes (females: n = 6, males: n = 4). Increases in average and maximum HR were identified between pre-MET and Stage 1, and between Stages 3 and 4. Consistent with the tasks in each stage, there were no increases in average and maximum HR observed between MET Stages 1 to 3. Female athletes exhibited higher average and maximum HRs compared to male athletes during all four stages. All 14 athletes reported minimal changes in symptom severity following each task.

Conclusion: Among healthy athletes, the MET elicits an increase in average and maximum HR throughout the protocol without symptom provocation. Female athletes exhibit higher HRs during all four stages in comparison to male athletes.

Keywords
 sport-related concussion; rehabilitation; mild traumatic brain injury; recovery; assessment


Introduction

The clinical assessment of concussion and determination of recovery has undergone remarkable enhancements over the past 30 years (1–6). While post-concussion symptom evaluation continues to be a crucial component (1), clinical evaluation of concussion has evolved to include a variety of tests that now embrace static and dynamic balance, cognitive functioning, oculomotor performance, vestibular functioning, and dual-task proficiency (7, 8). Furthermore, the implementation of a graduated return-to-sport (RTS) strategy has become an essential component of concussion management (1). This strategy involves a graded escalation in physical exertion; the progression through which requires the absence of symptom exacerbation, in accordance with the 2023 Consensus Statement on Concussion in Sport (1).

One significant limitation of our current understanding of RTS following a concussion is the need for universally accepted thresholds for intensity (i.e., heart rate [HR]), type and complexity of movement, and duration of activity required within each stage of the RTS strategy. Presently, providers and patients primarily rely on the subjective response to exertional stressors to guide progression through the various stages. Healthcare professionals must also make decisions based on their patients’ recall during each step of the RTS strategy in order to inform further RTS recommendations.

Clinical tests have been developed to mitigate these limitations, purporting to offer a more comprehensive and objective evaluation with consideration of athletic-specific contexts. These tests necessitate the concurrent execution of motor (i.e., physical) tasks with visual or cognitive tasks. These multifaceted “dual-task” testing paradigms have demonstrated a capacity to identify performance deficits potentially overlooked by conventional single-domain clinical measures (9, 10). However, it is essential to underscore that the psychometric properties (e.g., reference norms, test-retest reliability) of these dual-task assessments, as well as the standardization of testing procedures across divergent age groups and cultural norms, have not yet been definitively established (11, 12).

While dual-task tests offer a more accurate approximation of the movements and complexities inherent in sport, there are still limitations as the motor elements employed in such tests typically involve a gait or balance task conducted within a single plane of movement, whereby sports often necessitate multi-planar movements, rotations, and accelerations. Both the Gapski-Goodman Test (GGT) (13) and the Dynamic Exertion Test (EXiT) (14), have bridged this gap by amalgamating sensory, motor, and cognitive components. Both of these tests involve an aerobic exercise component and a plyometric/dynamic circuit protocol (13, 14). When these tests are incorporated within the post-concussion medical clearance assessment, they have demonstrated efficacy in identifying a subset of individuals prone to symptom exacerbation (13, 14). Notably, Marshall et al. (13) found that 14.6% of participants experienced symptom provocation during the GGT or the modified GGT, while Kochick et al. (14) observed that 6.6% of patients exhibited symptom provocation on EXiT.

Despite the significant strides made in concussion management from the utilization of dual-task tests, resource constraints such as the reliance on expensive equipment (i.e., treadmill or stationary bike), extensive spaces, and specialized clinician expertise limit their generalizability. To help address these potential barriers, our objective was to develop a test with minimal resource requirements encompassing key essential elements of sport/physical activity, including HR elevation, multi-planar movement, and multi-tasking; all executable within a limited space such as a doctor’s office. The ultimate goal is to develop and validate a generalizable, accessible, user-friendly, and multimodal physical exertion test that captures the key elements of sport participation. By accurately reflecting the multifaceted demands of sport participation, this test is designed to serve as a robust tool in aiding practitioners in the decision-making process for medical clearance, thereby facilitating a safe and informed return to sport for athletes post-concussion. To that end, it is imperative to first ascertain the response of healthy athletes to the Multimodal Exertional Test (MET) to ensure that the test can effectively elicit increases in HR while maintaining symptom provocation to a minimum. Therefore, the purpose of this study was to assess HR responses and associated symptoms at each stage of the MET protocol within a group of healthy interuniversity athletes, thereby establishing a foundational understanding of physiological and symptom responses during exertion.



Materials and methods


Study design

The current pilot study evaluated a newly developed Multimodal Exertional Test (MET) among a sample of healthy interuniversity athletes. The study was completed at an academic institution with all participants providing written informed consent prior to enrollment. All study procedures were in accordance with the Declaration of Helsinki and approved by the Health Sciences Research Ethics Board, University of Toronto (protocol #41884).



Participants

Athletes were recruited during the period from March 2022 through April 2022. Fourteen participants (female, n = 8; male, n = 6) from seven sports with an average age of 20.0 years old participated in the study. Exclusion criteria for participants included a history of concussion within 6 months of the study assessment and any injuries that would limit the participant from properly performing exercises and/or physical movements, both of which were self-reported. The demographics of the study population are described in the Results section.



Measures

Prior to beginning the MET, participants completed the Hopkins Verbal Learning Test (HVLT) (15, 16), a symptom evaluation, and were fitted with a HR monitor. With all prior components included (i.e., HVLT, symptom evaluation, and applying HR monitor to the body), the MET protocol takes approximately 20–25 min to administer and complete.


Multimodal Exertional Test

The development of the MET followed De Vet et al. (17) six-step framework for developing a measurement instrument; details of the process and steps can be found in Supplementary Methods 1. Briefly, the MET consists of a four-stage test with three tasks per stage. The MET progressively increases in difficulty by adding a new component at each stage: (Stage 1) cardiovascular load, (Stage 2) head acceleration, (Stage 3) cognitive tasks (i.e., dual-tasks), and (Stage 4) elements of coordination and multi-plane movements (the full protocol can be found in Figure 1).
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FIGURE 1
 Descriptions of preparation prior to and four stages of the Multimodal Exertional Test (MET) protocol. MET, Multimodal Exertional Test; HVLT, Hopkins Verbal Learning Test; PCSS, Post-Concussion Symptom Scale; COWAT, Controlled Oral Word Association Task. Each stage comprises of three tasks in which the order of tasks is randomized for Stages 1–3, however kept in specified order for Stage 4.




Hopkins Verbal Learning Test

Three trials of the HVLT (15, 16) were completed before beginning the MET. The HVLT is a 12-word memory test where an examiner reads 12 words at a rate of one word per second and the participant is asked to recite as many words as they can remember. This is completed across three trials with the total number of words calculated (maximum score = 36 words). The delayed recall component was completed during the last task of the MET Stage 4, where participants recited the 12 words from memory (maximum score = 12).



Symptom evaluation

Participants completed a 27-item Post-Concussion Symptom Scale with each symptom ranked on a 7-point Likert scale from none to severe (0 indicated “none,” 1–2 “mild,” 3–4 “moderate,” and 5–6 “severe”). This symptom evaluation comprised of the 22-item SCAT-5 (18) symptom evaluation with an additional five symptoms from the C3Logix platform (19, 20), including “sleeping more than usual,” “sleeping less than usual,” “difficulty sleeping soundly,” “ringing in the ears,” and “numbness and tingling.” The overall symptom severity score was calculated by summing all rated symptoms (maximum score = 162). Following each task of the MET (12 total tasks), participants were asked if there were any changes to their symptoms and a total symptom severity score was recorded.



Heart rate

Participants placed a Firstbeat chest strap HR monitor (Firstbeat Technologies Oy, Jyvaskyla, Finland) upon arrival and wore it for the duration of the MET. Average and maximum HR were calculated before beginning the MET and during each of the four MET stages.




Statistical analyses

Descriptive statistics were performed for participant demographics. To estimate HR and symptoms across the four stages of the MET, we employed multilevel Student-t models. The modelling was based on the heuristic causal assumption that the MET would elicit an increase in HR without provoking symptoms, and that the estimates of HR and symptoms would differ in males and females. Posterior contrasts were created to estimate the differences across stages and between males and females. Posterior distributions for all estimates were derived using Hamiltonian Monte Carlo as implemented in Stan through RStan (21, 22) (version 2.21) via R (23, 24) (version 4.3). The R packages “rethinking” (25, 26) and “loo” (27) were used to aid in the processing of posterior samples. All models were assessed for convergence by inspection of trace plots, R-hat values, and effective sample sizes. Priors were selected via prior predictive simulation to span a scientifically credible range of outcomes, thus regularizing posterior parameter estimates. For more modeling information, including mathematical notation, prior selection, and posterior predictive checks, please see Supplementary Methods 2 and Supplementary Figures 1–3 and the GitHub repository containing the code accompanying the manuscript.1 All plots were created using the R packages “ggplot2” (28), “bayesplot” (29), and “tidybayes” (30) and all tables were created using the “gt” (31) and “gtsummary” (32) packages.




Results


Demographics

Participant demographics are reported in Table 1. Briefly, the median age of male (median = 19.1, interquartile range [IQR] = 19.3–20.4) and female (median = 20.1, IQR = 19.3–20.7) participants were similar. Males were on average taller and heavier than females. Males and females also shared a similar concussion history: the majority (males = 62%, females = 67%) reported no prior concussions. Every athlete in the study with a history of concussion had received medical clearance following their most recent incident and was actively engaged in their sport at full capacity. Raw values of MET performance metrics across all four stages can be seen in Table 2.



TABLE 1 Participant demographics.
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TABLE 2 Raw values of MET performance metrics.
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Heart rate

Student-t modeling of HR data showed that the MET elicited an increase in both average HR and maximum HR compared to participants’ pre-test values (Figures 2A,B). The first stage elicited an estimated 18.3 beats per minute (bpm) increase in average HR in all participants (90% CI = 15.6–20.6, posterior probability [pprob] > 0 = 100%). There were no meaningful changes in average HR in Stages 2 and 3, while Stage 4 elicited an estimated increase of 18.1 bpm compared to Stage 3 in all participants (90% CI = 15.7–20.4 bpm, pprob = 100%). Similarly, increases in maximum HR were also seen from pre-MET to Stage 1 (est. average increase = 20.2 bpm, 90% CI = 14.8–25.8 bpm, pprob = 100%) and again from Stage 3 to Stage 4 (est. average increase = 27.6 bpm, 90% CI = 22.6–32.3 bpm, pprob = 100%). Average HR in females was an estimated 9.1 bpm higher compared to males (90% CI = −7.7–25.5 bpm, pprob = 82.2%), and maximum HR was an estimated 11 bpm higher (90% CI = −4.7–25.6 bpm, pprob = 87.7%). Raw values for average HR and maximum HR, before and across the four stages of the MET can be seen in Supplementary Tables 1, 2. With the use of the raw maximum HR values, percentages of age-predicted maximum HRs were calculated using the formula of 220—age (33) and can be found in Supplementary Table 3. Briefly, throughout the four stages of the MET, between 55% and 90% of age-predicted maximum HR was achieved. For a table of estimated average and maximum HR in males and females, please see Supplementary Table 4, and for estimated differences across stages, please see Supplementary Table 5.

[image: Figure 2]

FIGURE 2
 Heart rates, but not symptoms, increase across the four stages of the MET. HR, heart rate; Avg, average; bpm, beats per minute; Max, maximum. Density plots displaying posterior distributions of (A) average heart rate, (B) maximum heart rate, and (C) symptom severity scores between males (blue) and females (pink) prior to (Pre) and during each of the four Multimodal Exertional Test stages. Plots were created from 6,000 posterior draws.




Symptom evaluation

Prior to beginning the MET, Student-t modeling revealed that females initially reported slightly higher symptoms compared to males (avg. = ~6.3 vs. ~4.8, respectively in females and males; avg. diff = 1.5, 90% CI = 0.1–3, pprob = 93.2%; Supplementary Table 4). Altogether, there were very minimal changes in symptom severity in participants across stages or tasks (Figure 2C; Supplementary Table 5). Raw symptom severity scores for males and females at each stage and task can be found in Supplementary Table 6.




Discussion

The Multimodal Exertional Test (MET) was successfully piloted on healthy interuniversity athletes, demonstrating its ability to incrementally increase and maintain increased HRs across stages without provoking symptoms. Notably, HR increases were observed from pre-MET to Stage 1, and then between Stages 3 to 4, aligning with the expected physical demands of these stages. Female participants exhibited higher HR throughout, indicating a potential sex difference in cardiovascular response during the MET protocol. Minimal symptom provocation supports the protocol’s safety and provides a normative benchmark for symptom levels in healthy, uninjured athletes.

We monitored average and maximum HR across different stages of the MET protocol. Initial observations indicated that Stages 1 and 4 notably increased HR among participants, likely reflecting a progression from rest to activity in Stage 1, and then an intensification of cardiovascular exertion during Stage 4 through plyometric exercises. The consistent heart rates observed across Stages 1 to 3 were not surprising, as these stages aimed to increase head movement and cognitive load rather than cardiovascular demand.

We observed sex-specific differences in HR response: females exhibited higher and more varied HR than males. These preliminary observations underscore the inherent differences in cardiovascular physiology between sexes (34), and one explanation for these differences may be due to the impact of hormonal variations between sexes, specifically from menstrual cycle or contraceptive use (35, 36). Although the limited sample size precluded a thorough exploration of sex-based disparities, these results provide an intriguing direction for future field testing of the MET protocol.

Understanding how the MET impacts symptom burden in healthy athletes is crucial for differentiating between concussion-related symptoms and those arising from normal physical exertion. Our findings indicate minimal symptom provocation during the MET across all participants, with modelled average symptom severity score estimates prior to the MET and throughout all tasks and stages of approximately 5 for males and 6 for females. These estimates are aligned with prior work in healthy athletes (37), as it is common for individuals to report some symptoms owing to fluctuations in daily stress and well-being. The lack of variation in symptom burden across the MET led to expected degeneracies in our statistical modelling; a larger sample and greater detail of participant information will likely overcome this issue and improve future estimates. However, the consistency of symptom scores holds significant clinical relevance, as it will assist us in identifying clinical cut points for test stoppage and can assist healthcare professionals in both clinical decision-making and the future management of individuals with concussions. More specifically, the minimal symptom provocation in healthy athletes provides normative values that can be used for comparison with the responses of individuals with concussion. This is particularly relevant because symptom provocation may signal incomplete recovery and lack of readiness for individuals to return to sport.


Future directions

Upon completion of the pilot testing and following De Vet et al. (17) six-step framework for the development of a measurement instrument, we reviewed each stage and corresponding tasks to ensure they were aligned with our aim for the MET. The majority of the tasks achieved our desired goals for the stage, however to amplify the cognitive demands of Stage 4’s initial task and to further standardize test administration, we have updated the protocol. Instead of a simple step down followed by a lateral jump based on the examiner’s hand gesture, we have now introduced a cognitive decision-making component. Participants will now perform a lateral jump to the left or to the right contingent on the color of the card presented to them—red for right, blue for left—thereby elevating the task’s cognitive challenge while also standardizing the administration process. Overall, encouraged by the preliminary findings of our pilot work, we embarked on field testing in August 2022. This is the sixth and final step of de Vet et al. (17) framework for measurement tool development and this ongoing process will determine the MET’s re-test reliability, validity, and prognostic capability. We envision the MET protocol as an aid for healthcare professionals in monitoring recovery progression and determining an athlete’s readiness for returning to sport (i.e., unrestricted game play). The results from the present study have provided the initial groundwork for now pursuing field testing with both healthy athletes and those in post-concussion recovery. Future research stemming from these efforts will illuminate the most strategic moments to employ the MET protocol and its potential added value in clinical settings. Additionally, while the statistical models we derived may be overly complicated for the simple design of the current study, their creation was an important and deliberate step not only for deriving estimates in the pilot phase, but to lay the groundwork for normative data mapping and evaluation of future MET studies where we will be estimating responses within a concussion population throughout clinical recovery and beyond.




Conclusion

The MET has shown promise in its pilot application with healthy athletes, effectively demonstrating the capacity to induce cardiovascular exertion without significant symptom provocation. The MET emerges as an innovative tool that is widely accessible and cost-effective, and may enhance concussion management by integrating cardiovascular stress, cognitive challenges, and coordination tasks with multi-plane movements. This provides a foundation for further validation of the MET and underscores the MET’s potential as a multifaceted measurement instrument in the context of sport-related concussion management.
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SUPPLEMENTARY FIGURE 1 | Posterior Predictive Check of Student-t model estimating average heart rate. HR, heart rate; Avg, average; bpm, beats per minute. Dot plots facilitating a comparison between the modelled individual average HR predictions (open circles) and the sample data (coloured circles) in males (left panel) and females (right panel) across each stage. Dotted lines represent the estimated group HR averages for males (left panel) and females (right panel). Plots are comprised from 6,000 posterior draws.



SUPPLEMENTARY FIGURE 2 | Posterior Predictive Check of Student-t model estimating maximum heart rate. HR, heart rate; Max, maximum; bpm, beats per minute. Dot plots facilitating a comparison between the modelled individual maximum HR predictions (open circles) and the sample data (coloured circles) in males (left panel) and females (right panel) across each stage. Dotted lines represent the estimated group maximum HR for males (left panel) and females (right panel). Plots are comprised from 6,000 posterior draws.



SUPPLEMENTARY FIGURE 3 | Posterior Predictive Check of Student-t model estimating symptom severity. Dot plots facilitating a comparison between the modelled individual symptom severity predictions (open circles) and the sample data (coloured circles) in males (left panel) and females (right panel) across each stage and task. Multiple dots with the same colour reflect that each stage is comprised of more than one task. Dotted lines represent the estimated group symptom severity for males (left panel) and females (right panel). Plots are comprised from 6,000 posterior draws.




Footnotes

1   https://github.com/kylap/Pyndiura_et_al_2024_MET_FNeur.git
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acteri Female, N Male, N =6
Demographics

Age 2008 (19.32-20.68) 19.94 (19.10-20.38)
Height (cm) 164 (162-171) 181 (179-186)
Weight (kg) 65 (63-68) 81(79-98)
Education Level

Undergraduate (Year 1) 4(50%) 2(33%)

Undergraduate (Year 2+) 4(50%) 4(67%)
Sport

Basketball 1(13%) 0(0%)

Field Hockey 2(25%) 0(0%)

Football 0(0%) 3(50%)

Lacrosse 1(13%) 107%)

Soccer 3(38%) 107%)

‘Track and Field 00%) 107%)

Volleyball 1(13%) 0(0%)
Learning Disability 1(13%) 0(0%)
Ansiety 2(25%) 0(0%)
Depression 2(25%) 0(0%)
Headaches/Migraines 1(13%) 1(17%)
Number of Prior Concussions

0 5(63%) 4(67%)

1 1(13%) 2(33%)

2 2(25%) 0(0%)

Data presented as Median (IQR), or 1 (%).
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Overall, N Male, N =6

Pre-MET
HVLT (sum of three trials /36) 27(24-28) 27(24-28) 27(25-28)
MET—Stage 1
20 Hip Hinges (completion time [seconds]) 416 (36.7-52.5) 48.2(36.7-56.1) 384 (36.7-47.0)
20 Lunges (completion time [seconds]) 418 (36.5-48.5) 448 (37.6-49.7) 400 (36.6-41.9)
20 Squats (completion time [seconds]) 315 (305-44.4) 37.1(307-44.4) 315 (306-41.3)
MET—Stage 2
10 Hip Hinges (completion time [seconds]) 147 (13.7-16.2) 15.1 (13.5-16.7) 144 (138-149)
10 Lunges (completion time [seconds]) 145 (13.7-15.4) 149 (14.0-16.4) 145 (13.6-14.7)
10 Squats (completion time (seconds]) 128 (11.9-14.0) 129 (126-13.9) 123 (11.7-14.0)
MET—Stage 3
20 Hip Hinges + COWAT (completion time 363 (31.2-41.0) 363 (324-43.2) 37.2(285-405)
[seconds])
COWAT — Hip Hinges (number of words) 7(5-10) 7(5-10) 8(6-8)
20 Lunges + COWAT (completion time [seconds]) 39.1(35.9-41.7) 390 (36.9-42.5) 39.1(33.8-40.1)
COWAT ~ Lunges (number of words) 7(5-9) 9(6-9) 7(5-7)
20 Squats + COWAT (completion time [seconds]) 342(293-37.5) 347 (33.7-36.9) 297 (28.9-36.0)
COWAT - Squats (number of words) 9(6-11) 9(6-10) 8(6-11)
MET—Stage 4
Step Down + Lateral Jump (number of errors /12) 0(0-0) 0(0-0) 0(0-0)
Jump-Overs 1 (number of jump-overs in 20 seconds) 12(10-15) 11(10-14) 14(11-16)
Jump-Overs 2 (number of jump-overs in 20 seconds) 13 (10-14) 12(10-14) 14(12-14)
Delayed HVLT (/12) 10(8-11) 10(9-10) 10(8-11)

Data presented as Median (IQR). MET, Multimodal Exertional Test; HVLT, Hopkins Verbal Learning Te

; COWAT, Controlled Oral Word Association Test.
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