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Abstract

Background: Sport-related concussion is common in rugby union, yet female players
remain underrepresented in research. This study examined seasonal changes in cerebral
oxygenation, cardiac function, and concussion symptomology in adult female rugby play-
ers, and explored acute physiological responses following a single documented concussion.
Methods: A total of 29 adult females (19 amateur rugby, 10 control) completed pre-, mid-,
and end-season assessments. Measures included functional near-infrared spectroscopy
(fNIRS) of the pre-frontal cortex, seismocardiography (SCG)-derived cardiac timing indices,
and Sport Concussion Assessment Tool 6 (SCAT6). Group and time effects were analysed
using general linear models and statistical parametric mapping. Typical error (TE) and
its 90% confidence intervals (90% CI) were used to determine meaningful changes post-
concussion. Results: Rugby players reported more SCAT6 symptoms (number: p = 0.006,
η2

p = 0.23; severity: p = 0.020, η2
p = 0.17). They also had shorter systolic time (p = 0.002,

η2
p = 0.19) and higher twist force values (p = 0.014, η2

p= 0.21) than controls. fNIRS revealed
higher right-hemisphere oxyhaemoglobin (∆O2Hb) responses for both tasks (ps < 0.001,
η2

p = 0.77 and η2
p = 0.80) and lower activation in specific prefrontal channels. No seasonal

changes occurred in global oxygenation or frequency band activity. In the exploratory
single-concussion case, symptomology, SCG twist force, ∆O2Hb, and cardiac band power
exceeded TE and its 90% CI at 5 days post-injury. Conclusions: The multimodal approach
detected stable group-level physiology alongside localised cortical and cardiac differences,
and acute changes following concussion. While these results highlight the potential of
combined fNIRS and SCG measures to capture physiological disturbances, the small sample
size and single-concussion case necessitate cautious interpretation. Further validation in
larger, longitudinal cohorts is required before any biomarker utility can be inferred.

Keywords: functional near-infrared spectroscopy; seismocardiography; female athletes;
sport-related concussion; contact sports
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1. Introduction
Sport-related concussion is an increasingly common injury in contact sports such as

rugby union [1], with potential short- and long-term consequences for brain function [2,3].
Emerging evidence also suggests that repeated sub-concussive impacts may be detrimen-
tal to brain health [4]. Despite advances in awareness, reporting, and management of
concussion, most sideline and return-to-play decisions in amateur rugby continue to rely
heavily on subjective symptom reporting and tools such as the Sport Concussion Assess-
ment Tool (SCAT) [5]. Although the SCAT provides a structured clinical framework, its
sensitivity to detect subtle or evolving (neuro)physiological dysfunction remains limited,
particularly beyond the acute post-injury phase [6]. Addressing this gap requires practical,
objective tools capable of detecting subtle physiological changes in real time and in applied
sport settings.

Although concussion affects both male and female athletes, female rugby players
remain significantly underrepresented in all rugby-related research [7], including studies
of concussion [8]. This is concerning given their rapidly growing participation base [9–11]
and documented sex-specific differences in concussion incidence [12], symptom burden [5],
and recovery trajectory [13]. Biological and biomechanical factors including hormonal
fluctuations [14], lower neck strength [15], and symptom reporting patterns [5] may con-
tribute to these differences. Current concussion protocols may not adequately account for
these differences [16], potentially affecting detection and management in female players.
Longitudinal data capturing how physiological biomarkers change over the course of a
competitive season, and how these biomarkers respond following concussion are therefore
critically needed in this population.

Technologies such as functional near-infrared spectroscopy (fNIRS) and seismocardio-
graphy (SCG) offer promising non-invasive approaches to quantify physiological responses
associated with concussion. fNIRS enables the monitoring of cerebral oxygenation and
haemodynamic responses during cognitive or postural challenges, providing insight into
neurovascular coupling (NVC) [3] and cerebral autoregulation [2], two key indicators
of brain function. While promising, the use of fNIRS in concussion management is still
experimental and not yet validated for clinical decision making. A detailed review of the
fNIRS technique, technology, and its application in cognitive neuroscience is available
elsewhere [17].

Physical and contact-based sports such as rugby can stress the autonomic nervous
system. Cardiovascular function can be used to monitor this stress and its response to
concussion [18]. SCG provides a complementary measure of cardiac function by quantifying
beat-to-beat timing intervals and contractile properties [19,20]. Altered cardiac timing
intervals and increased atrial systolic force have been reported during the acute phase of
concussion [21,22], suggesting transient autonomic dysregulation and reduced contractility.

These physiological perturbations may reflect central and peripheral regulatory distur-
bances following head trauma. While SCG has been used in clinical and exercise settings, its
application in concussion research remains limited, particularly in female athletes, despite
its potential to capture subtle changes in cardiovascular function associated with injury
and recovery.

Together, these modalities have demonstrated potential to identify changes in brain
and cardiac function following concussion. Changes in oxyhaemoglobin (∆O2Hb) concen-
trations have been reported after acute concussion [23], in retired athletes with a history
of concussion [24], and in non-concussed athletes following competitive soccer [25] and
rugby seasons [26] compared to control groups. Such alterations in prefrontal oxygenation
may reflect disrupted cortical activity and/or impaired dynamic cerebral autoregulation
(dCA). While these studies collectively highlight the sensitivity of fNIRS measures to brain
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physiology, they represent distinct contexts, acute injury, cumulative exposure or chronic
effects. These should not be interpreted as reflecting a single underlying mechanism.
In addition, most evidence is limited by male-dominated cohorts, and inconsistent task
paradigms making it difficult to draw firm conclusions or translate into clinical practice.
Indeed, a recent study reported no significant seasonal differences in O2Hb profiles between
male rugby players and age-matched controls [27]. To date, advancement in pitch-side
detection has focused predominantly on salivary [28] and blood biomarkers [29], which,
while promising, are not capable of providing real-time feedback. Similarly, advanced
neuroimaging techniques such as positron emission tomography and magnetic resonance
imaging are often cost-prohibitive and inaccessible at most levels of play. In contrast, fNIRS
and SCG offer more practical, portable options that could help detect subtle impairments or
guide return-to-play decisions and may serve as potential future physiological biomarkers,
especially in amateur playing rugby populations.

This study aimed to examine seasonal changes in prefrontal oxygenation (fNIRS),
cardiac timing indices (SCG), and SCAT6 performance in adult female rugby players
compared with non-contact controls. A secondary aim was to monitor physiological
response to any concussion events occurring during the season.

We hypothesised (1) that women rugby players would show distinct changes in
prefrontal cerebral oxygenation and cardiac timing parameters compared with controls, and
(2) concussion events would be associated with detectable deviations in these physiological
measures from seasonal trends.

2. Methods
2.1. Participants

Participants were adult females from a United Kingdom amateur rugby club (n = 19)
and controls (n = 10). Control group participants were recruited from local sports clubs
and universities, did not take part in contact or combat sports [30] and had no history of
concussion in the last 10 years. All volunteer participants completed a General Health
Questionnaire and provided written informed consent. The study was conducted in
accordance with the Declaration of Helsinki and the study was approved by the University
of Essex research subcommittee. Demographic information is shown in Table 1.

Table 1. Pre-season characteristics by group.

Variable Group Mean ± SD/Median
(IQR) Test Statistic p Value Effect Size

Height (cm) Rugby 165.26 ± 6.46 t(27) = −0.93 0.363 d = −0.36
Control 167.98 ± 9.29

Body Mass (kg) Rugby 75.25 ± 11.42 t(27) = 0.98 0.335 d = 0.38
Control 70.15 ± 16.40

Age (years) Rugby 26 (24–30) U = 73.50 0.334 r = 0.18
Control 39.5 (23.5–44.75)

BMI (kg·m−2) Rugby 27.2 (25.4–28.6) U = 46.50, z = −2.23 0.024 * r = 0.41
Control 24.9 (22.5–26.7)

Physical Activity Rugby 4 (3–5) U = 76.50, z = −0.86 0.403 r = 0.16
Control 4 (3–5)

Concussion History Rugby 2 (1–3) U = 61.50, z = −1.88 0.126 r = 0.35
Control 1 (0–2)

Contraception Use Rugby 4/13 (30.8%) χ2 (1, N = 20) = 0.66 0.417 φ = 0.18
Control 1/7 (14.3%) Fisher’s Exact p = 0.613
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Table 1. Cont.

Variable Group Mean ± SD/Median
(IQR) Test Statistic p Value Effect Size

Average Cycle
Length (Days) Rugby 4.5 (0–6) U = 35.00, z = −0.83 0.395 r = 0.19

Control 5.0 (2–6)
Values are presented as mean ± standard deviation (SD) or median (IQR). Effect sizes for non-parametric variables
are rank-biserial correlations. Phi is used for binary categorical variables. * = p < 0.05.

2.2. Experimental Design

A longitudinal observational design was implemented to assess the influence of
playing rugby upon cerebral oxygenation, cardiac intervals and timing and performance on
concussion assessment indices. Testing took place in the same set of rooms at the same time
of day. Participants had not exercised in the previous 12 h or consumed alcohol/caffeine
within 6 h. Baseline testing was conducted over 2 days. Day 1 involved the collection
of demographic measures, menstrual cycle characteristics (including contraception use),
GHQ, and the Sport Concussion Assessment Tool Version 6 (SCAT6). On day 2, assessment
of prefrontal oxygenation (fNIRS), cardiac function via seismocardiography (SCG) and
general cognitive assessment battery (CAB) took place.

2.3. CAB

Cognitive assessment was carried out at pre-season only using the online digital
cognitive assessment CogniFit, CAB (CogniFit Ltd., San Francisco, CA, USA) tool. The CAB
has been widely applied in cognitive training and rehabilitation, with studies confirming
its effectiveness in measuring cognitive performance across various domains [31]. The test
took about 30–40 min to complete, participants were allowed to use an electronic device of
their choice including a computer, tablet or smartphone.

2.4. SCAT6

The SCAT6 is a standardised clinical tool used in the assessment of sport-related
concussion [32]. The SCAT6 was administered by trained personnel at three time points:
pre-, mid-, and end-of-season to mirror real-world clinical practice and to provide a clinical
reference against which to compare physiological measures. The SCAT6 consists of multiple
domains evaluating symptoms, cognitive performance, and balance/postural control, and
is primarily designed for use within the acute phase of concussive injury (0–72 h) [6],
though it can be administered beyond this window as part of clinical monitoring. It is
commonly used during pre-season to establish individual baseline limits, with normative
reference values available to aid clinical interpretation [33].

2.5. SCG

Cardiac function was assessed using a non-invasive SCG sensor (LLA Recordis™, LLA
Technologies, Langley, BC, Canada), which was positioned over the sternum approximately
1 cm above the xiphoid process and secured using a standard heart rate monitor chest strap.
The sensor, approximately the size of a two-pound coin, detects low-frequency vibrations
generated by cardiac mechanical activity during each heartbeat [20]. Participants were
instructed to lie supine in a quiet, restful state with a pillow under their head. After a one-
minute rest period, a one-minute recording was collected during spontaneous breathing.
Data were sampled at 500 Hz and processed using a first-order Butterworth bandpass filter
(1–30 Hz). No participants were excluded due to poor SCG data quality. The LLA Recordis™
waveform and identification of these fiducial points has been previously documented [34].
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These fiducial points were then converted to temporal features of the cardiac cycle. This
method has previously been described and validated to examine cardiac adaptations and
stress responses in both athletic and clinical populations [19]. Briefly, the waveform was
assessed for points of mitral valve closure (MVC), mitral valve opening (MVO), aortic valve
opening (AVO), aortic valve closing (AVC), aortic twist (ATT), aortic systole, rapid ejection
period (REP), and ventricular untwisting. These points were used to calculate diastolic time
(MVC–MVO), systolic time (AVO–AVC), isovolumic contraction time (IVCT; MVC–AVO),
isovolumic relaxation time (IVRT; AVC–MVO), atrial systole to mitral valve closure (AS
to MVC), mitral valve open to E-wave (MVO to E), and heart rate (AVOn+1–AVOn). This
fiducial point labelling aligns with established cardiac timing intervals and physiological
events described in SCG literature [20], providing a standardised physiological reference
framework for interpreting the derived intervals. The contractile forces were calculated
as Twist force and atrial systole (milligravity, mG) representing the magnitude of force
captured by the accelerometer at time points of ventricular and atrial contraction [19].

2.6. Game Data Capture

Veo Cam (Veo Cam 2, Veo Technologies, Copenhagen, Denmark) was used to film
rugby games in situ. Overall game time (minutes) and matches played were obtained for
each rugby player.

2.7. fNIRS Protocol

To assess neurovascular coupling (NVC) and dynamic cerebral autoregulation (dCA),
we used a modified Neary protocol [35]. NVC was evaluated using a “Where’s Wally”
visual search task on a high-definition screen at a self-selected viewing distance. The task
followed a block design of five 20-second (s) eyes-closed periods alternating with 40 s
eyes-open periods, during which participants searched for “Wally.” A new image was
presented once the target was found [36].

To assess dCA, following NVC assessment, participants sat quietly for 1 min, then
stood for 1 min before completing a 5 min squat–stand manoeuvre [35]. This consisted of
15 repetitions of 10 s squatting at ~90◦ knee angle followed by 10s standing. Movement
pace was standardised using an on-screen audio timer. Squat depth was established during
familiarisation at the initial visit, with each participant’s range assessed and a height-
adjustable chair positioned to provide a consistent depth reference. Participants were
visually monitored during testing to ensure consistent execution across timepoints. Both
tasks have previously demonstrated validity for assessing NVC and dCA [37,38]. Task
performance was measured as the number of correct identifications during the visual search.
The full experimental protocol is shown in Figure 1a.

2.8. fNIRS Data Processing and Analysis
2.8.1. Data Acquisition and Preprocessing

Functional near-infrared spectroscopy (fNIRS) data were recorded using a continuous-
wave Brite system (Artinis Medical Systems, Elst, The Netherlands) with a 22-channel
montage (1 × 22 channels at 30 mm and 2 short-separation channels at 10 mm) (Figure 1b).
The head cap was positioned 1 cm above the eyebrows on the supraorbital ridge to ensure
coverage of the prefrontal cortex (PFC) while minimising interference from the frontal
sinuses. Changes in light attenuation were measured at two wavelengths (762 and 843nm).
The differential path length factor was calculated for individuals in relation to their age [39].
The sampling frequency was set at 50 Hz, and raw data were exported from the Oxysoft
software version 4.0 as SNIRF files for further analysis in MNE-NIRS, a Python v3.11.4
(Python Software Foundation, USA)-based fNIRS toolbox [40].
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(a) 

(b)

Right Side Left Side 
(c) 

(d) 

Figure 1. (a) Depicting the experimental protocol. (b) Depicting the 22-channel montage
(1 × 22 channels at 30 mm and 2 short-separation channels at 10 mm); Tx = transmitter and
Rx = receiver. The 2 short separation channels are shown within the boxes. (c) Depicting the hemi-
spheric lateralisation grouping channels. Channel pairs enclosed within the grey box represent the
right PFC, while those enclosed in the black box represent the left PFC. (d). Depicting the 22 probe po-
sitions of the fNIRS device covered the area linking Fp1, F3, F7, and Fp2, F4, F8, corresponding to the
left and right PFC, respectively, according to the international EEG 10–20 system. T = transmitter and
R = receiver. SPM analysis was carried out on the individual channels.
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Each channel was visually inspected for excessive motion artefacts or non-pulsatile
signals. Channels with a signal quality index (SQI) < 3 as determined by the Artinis
SQI function implemented in Python v3.11.4 (Python Software Foundation, USA) were
excluded from further analysis [41]. Across the dataset, channel exclusion rates were
low and consistent. For the “Where’s Wally” and squat–stand task pipelines, an average
of 2.0% of channels were excluded at pre-season (range: 0–10.4%), 3.5% at mid-season
(range: 0–29.2%), and 3.5% at end-season (range: 0–16.7%). A comparable pattern was
observed in the General Linear Model (GLM) analysis, where average exclusions were 2.5%
at pre-season, 3.5% at mid-season, and 3.5% at end-season.

After channel selection, raw optical intensity data were converted into oxyhaemoglobin
(∆O2Hb) concentration changes using the modified Beer-Lambert Law [42], allowing for
quantification of task-related hemodynamic responses.

A finite impulse response band-pass filter was applied with cutoff frequencies of
0.01–0.9 Hz, based on recommendations by Naseer and Hong [43].

2.8.2. Task-Specific Analytical Approaches

A progressive analytical approach was implemented to fully explore the fNIRS data:
(1) Mean oxygenation (∆O2Hb) changes were calculated across all channels to assess

‘Global PFC’ [27].
(2) Data were separated into left and right hemispheres (Figure 1c) to explore potential

lateral differences [3].
(3) To model task-related haemodynamic responses, a GLM was applied to filtered

fNIRS signals [44]. The GLM was fitted channel-wise, yielding beta coefficients (Beta_Work)
for the task condition. Statistical Parametric Mapping (SPM) allowed for channel-wise
analysis to localise task-specific activation within the PFC (Figure 1d).

Data were segmented to capture the stimulation period (300–600 s) and task structure
(40 s task/20 s rest) was encoded in a binary design matrix [45]. Task regressors were
convolved with a canonical haemodynamic response function modelled using a gamma
function to approximate the expected physiological delay [46]. This exploratory analytical
approach identifies brain regions where oxygenation changes are systematically linked to
the timing and structure of the Where’s Wally task, allowing us to localise task-specific
activation within the PFC, with the beta coefficient (Beta_Work) reflecting the strength of
the task-related haemodynamic response at each channel.

∆O2Hb was quantified by calculating the difference between the average peak signal
during the 40 s eyes-open period and the average trough during the 20 s eyes-closed
period of each “Where’s Wally” trial. This was repeated across five trials per channel, and
values were averaged across the 22 channels. For the squat–stand manoeuvre, ∆O2Hb
was computed as the difference between the average maximum during the 10s squat
and the average minimum during the 10s stand phase, averaged over 15 repetitions and
22 channels [2,3].

2.8.3. Wavelet Analysis for Squat–Stand Task

In addition to the global and hemispheric analysis, to further investigate dynamic
cerebral autoregulation (dCA), a wavelet transform was applied to decompose the fNIRS
signal into three physiological frequency bands. A separate preprocessing pipeline was
used. To extract frequency-specific features from the fNIRS signals, continuous wavelet
transform (CWT) was applied using the complex Morlet wavelet (cmor1.5–1.0) [47]. The
signals were first down-sampled to 10 Hz, detrended using a 120 s moving average,
normalised, and segmented to a 5 min interval. Wavelet power spectra were computed
across three physiologically relevant frequency bands, cardiac (0.6–2 Hz) [48], respiratory
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(0.145–0.6 Hz) [48], and smooth muscle activity (0.052–0.145 Hz) [49], using scale values
derived from the Morlet central frequency. The mean power across each band was extracted
for the O2Hb signal. This decomposition allowed for the isolation of frequency-specific
contributions from cardiac, respiratory, and myogenic (vasomotor) activities, providing
insights into the physiological underpinnings of cerebral autoregulation during the squat–
stand manoeuvre.

2.8.4. Statistical Analyses

Data were analysed using SPSS (v30.0; IBM Corp, Armonk, NY, USA). Shapiro–Wilk
tests assessed normality, and data exceeding 3 standard deviations from the mean were
excluded [50]. Between-group comparisons for demographics and CAB scores were eval-
uated using independent t-tests or Mann–Whitney U tests, and Fisher’s Exact tests as
appropriate. Effect sizes were calculated and reported as Cohen’s d for t-tests, rank-biserial
correlation (r) for Mann–Whitney U tests, and Phi (φ) for binary categorical comparisons.

Separate linear mixed-effects models were used to assess the effects of group, time-
point, and their interaction on SCAT6 domains, SCG indices, and global and hemispheric
fNIRS (∆O2Hb) outcomes. For fNIRS lateralisation analyses, an additional group × hemi-
sphere interaction term was included. Age and BMI were entered as covariates in models
for SCG and fNIRS outcomes. An iterative model-building approach was applied for each
outcome to identify the optimal structure, balancing model fit and convergence diagnos-
tics. All models were estimated using maximum likelihood (ML) to allow comparison of
nested fixed-effect structures. Repeated measures were modelled using an autoregressive
(AR [1]) covariance structure with participant ID specified as a random intercept. Bonfer-
roni corrections were applied to post hoc comparisons of estimated marginal means. Partial
eta-squared (η2

p) was reported for fixed effects. Statistical Parametric Mapping (SPM)
was used to analyse fNIRS-derived Beta_Work values via a channel-wise mixed model
approach, with post hoc pairwise comparisons performed within and between groups at
each timepoint (Bonferroni-adjusted).

To explore concussed player responses, Typical Error (TE) and its 90% confidence
interval (90%CI) were calculated using repeated measures from non-concussed rugby
players across the season to quantify normal biological and measurement variability. These
TE values served as thresholds to identify meaningful changes in concussed players, dis-
tinguishing responses that exceeded expected fluctuation. TE was derived for fNIRS
∆O2Hb, “Where’s Wally,” squat–stand (global and hemispheric indices), and SCG-derived
metrics [51]. As only one concussion occurred during the study, an exploratory case
study analysis was also conducted on fNIRS-derived Beta_Work values for this individual.
Channel-wise differences (∆Beta_Work) were calculated between Mid-Season and 5 Days
Post-Concussion. Channels were ranked by the magnitude of change, and the five with
the greatest increases were identified, alongside the five with the greatest decreases. This
approach enabled preliminary identification of cortical regions showing the largest haemo-
dynamic shifts during early concussion recovery. An a priori power calculation was not
conducted due to the exploratory, multimodal nature of the study. To contextualise the
sample a post hoc sensitivity analysis [52] indicated that the study was powered to detect
medium to medium–large effects, but not smaller effects.

3. Results
Table 1 summarises the demographic and anthropometric characteristics of the rugby

and control groups. A significant difference was observed in body mass index (BMI) with
the rugby group showing a higher median BMI (27.2, IQR = 25.4–28.6) than controls (24.9,
IQR = 22.5–26.7); U = 46.50, z = −2.23, p = 0.024, r = 0.41, with a moderate effect size. The
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control group was also older than the rugby group (median: 39 vs. 26 years), with a small
effect size (r = 0.18). While this difference was not statistically significant (p = 0.13), the age
gap was considered practically meaningful. No other differences were found (ps > 0.126).

3.1. CAB

There was no significant difference in overall pre-season cognitive performance be-
tween the rugby and control groups (U = 51.00, p = 0.591), and the effect size was small
(r = 0.12). The median overall score was 550.00 (IQR = 518.25–581) for controls and 527.00
(IQR = 467–587) for rugby players. For individual domains; shifting: (p = 0.007), controls
(M = 734.50 ± 47.11) scored significantly higher than the rugby group (M = 565.00 ± 205.02),
with a large effects size (d = 1.00); and working memory: (p = 0.02) controls
(M = 597.25 ± 146.16) rugby players (M = 433.73 ± 209.13) showed controls outperformed
rugby players, with a large effects size (d = 0.86). No other significant difference were found
in individual cognitive domains (ps > 0.05).

3.2. SCAT6

There were no significant group, timepoint or group x timepoint interaction differences
(ps > 0.05) for SCAT6 total scores, indicating that total scores remained stable over the
playing season.

Symptomology showed a significant group effect for both number and severity of
symptoms (Figure 2A,B). Rugby players had a significantly greater total number of symp-
toms compared to controls, with a large effect size (p = 0.006, η2

p= 0.23) suggesting
a meaningful difference in symptom burden. There was no effect of time (p = 0.121,
η2

p = 0.09) or interaction (p = 0.869, η2
p = 0.006). Symptom severity was significantly

greater in rugby players, with a large effects size; (p = 0.020, η2
p = 0.17) indicating a mean-

ingful difference in symptom burden. There was no effect of timepoint (p = 0.068, η2
p = 0.12)

or interaction effects (p = 0.673, η2
p = 0.02). Full significant model outputs are available in

Supplemental Table S1.
Timed Tandem Gait performance, as measured by both the Mean and Fastest scores,

demonstrated a significant main effect of timepoint, with large effects sizes ((Mean)
p < 0.001, η2

p = 0.51; (Fastest) p < 0.001, η2
p = 0.45)), indicating that regardless of group, dy-

namic balance changed significantly over the season (Figure 2C,D). Pairwise comparisons
confirmed that both Mean and Fastest measures showed significant improvements from
Pre to Mid-Season (p < 0.001), with no significant differences between Mid- and End-Season
(Mean: p = 0.492; Fastest: p = 0.680). The magnitude of change from Pre- to Mid-Season was
large (d = 1.05 for Mean, d = 0.93 for Fastest scores). There were no significant main effects
of group, or group x timepoint interaction for either Mean or Fastest measures (ps > 0.05).
This suggests that both rugby and control participants improved similarly over time.

Cognitive performance assessed via immediate memory and digits backward scores
showed no significant effects (ps > 0.05), indicating that cognitive assessment remained
stable over the playing season.

Balance assessed via the modified Balance Error Scoring System (mBESS) test showed
no significant effects (ps > 0.05), indicating that balance remained stable over the playing
season. Full significant model outputs are available in Supplemental Table S1.
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Figure 2. Data shown as mean ± SE for SCAT6 outcome measures across pre, mid and end-season in
control and rugby groups. (A) Total number of symptoms (maximum = 22). (B) Symptom severity
score (maximum = 132). (C) Timed tandem gait mean performance (in seconds). (D) Timed tandem
gait fastest performance (in seconds). Group differences are indicated with lowercase a, and timepoint
differences with lowercase b.

3.3. SCG and Cardiac Function Monitoring

Of the thirteen cardiac indices assessed, two demonstrated statistically significant
group differences: systolic time and twist force. Systolic time was significantly longer in
the control group compared with the rugby group, with a moderate effects size (p = 0.020,
η2

p = 0.19) (Figure 3A). Both covariates were significant predictors: age was positively
associated with systolic time (p = 0.009, η2

p = 0.21), while BMI was negatively associated
(p = 0.048, η2

p = 0.15). Rugby players demonstrated significantly greater twist force
compared than controls (p = 0.014, η2

p = 0.21), with a large effect size (Figure 3B).
Neither age nor BMI significantly predicted twist force (both ps > 0.15). No other in-
dices were significantly between groups. Full significant model outputs are available in
Supplemental Table S1.

3.4. fNIRS Global and Hemispheric Analysis
3.4.1. Global ‘Where’s Wally’ Task

There were no significant main effects of group (p = 0.114, η2
p = 0.088), timepoint,

(p = 0.738, η2
p = 0.015) or group × timepoint interaction (p = 0.889, η2

p = 0.006). Neither
age (p = 0.234, η2

p = 0.056) nor BMI (p = 0.481, η2
p = 0.010) were significant covariates.
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Figure 3. Data shown as mean ± SE. Systolic time (ms) (A) and Twist force (mG) (B) comparison
between rugby and control groups. Group differences are indicated with lowercase a.

3.4.2. Hemispheric NVC ‘Where’s Wally’ Task

There was a significant main effect of hemisphere (Figure 4A) (p < 0.001,
η2

p = 0.770) with a large effect size, indicating greater activation on the right hemisphere
compared to the left, p < 0.001. No significant effects were observed for group (p = 0.176,
η2

p = 0.065), timepoint (p = 0.451, η2
p = 0.026), or the timepoint × side interaction (p = 0.418,

η2
p = 0.016). Neither age (p = 0.164, η2

p = 0.075) nor BMI (p = 0.735, η2
p = 0.002) were

significant covariates. Full significant model outputs are available in Supplemental Table S1.

Figure 4. Grouped data shown as mean ± SE. (A) Hemispheric ∆O2Hb during the ‘Where’s
Wally’ task, showing significantly greater activation in the right hemisphere compared with the left
(p < 0.001). (B) Hemispheric ∆O2Hb during the squat–stand task, showing significantly greater
activation in the right hemisphere compared with the left (p < 0.001). Significance hemispheric
differences are indicated with lowercase b.

3.4.3. Global Analysis—Squat–Stand Task

There were no significant main effects of group (p = 0.910, η2
p = 0.000), or timepoint

(p = 0.228, η2
p = 0.054). However, a significant group × timepoint interaction was observed
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(p = 0.047, η2
p = 0.10) with a moderate effect size, indicating differential changes in ∆O2Hb

over time between groups (Supplemental Figure S1).
Post hoc comparisons revealed that in the control group, ∆O2Hb was significantly

higher at mid-season compared to end-season (p = 0.022, d = 0.43), while no significant
changes were observed across timepoints in the rugby group (ps > 0.05). Neither age
(p = 0.125, η2

p = 0.069) nor BMI (p = 0.546, η2
p = 0.006) were significant covariates. Full

significant model outputs are available in Supplemental Table S1.

3.4.4. Hemispheric Analysis—Squat–Stand Task

There was a significant main effect of hemisphere (p < 0.001, η2
p = 0.804) with a large

effect size, indicating that ∆O2Hb values were significantly higher in the right hemisphere
than in the left (Figure 4B). There were no significant main effects of group (p = 0.493,
η2

p = 0.017), timepoint (p = 0.786, η2
p = 0.008) or group × timepoint interaction (p = 0.384,

η2
p = 0.017). Age approached significance as a covariate (p = 0.072, η2

p = 0.121), while BMI
was not a significant predictor (p = 0.523, η2

p = 0.005). Full significant model outputs are
available in Supplemental Table S1.

3.5. GLM-SPM

Three prefrontal channel-pairs (Tx9–Rx8, Tx8–Rx5, and Tx5–Rx3) showed significant
effects in the SPM analysis (Figure 5). For Tx9–Rx8 (Figure 5A), there was a significant
main effect of group (p = 0.011, η2

p = 0.241) (large effect size), with rugby players exhibiting
lower Beta_Work values than controls. Post hoc comparisons showed significantly lower
Beta_Work values in the rugby group at the end-season timepoint (p = 0.011, Bonferroni-
adjusted), with a large effect size (d = 0.96). Neither age (p = 0.642, η2

p < 0.01) nor BMI
(p = 0.124, η2

p = 0.09) were significant covariates. For Tx8–Rx5 (Figure 5B), a significant
main effect of group was also observed (p = 0.049, η2

p = 0.184), with rugby players again
showing reduced Beta_Work. Post hoc comparisons indicated a significant difference at
pre-season (p = 0.005), with a large effect size (d = 1.49). Neither age (p = 0.62, η2

p < 0.01) nor
BMI (p = 0.54, η2

p < 0.01) were significant covariates. No significant timepoint or interaction
effects were found in either of these channels. For Tx5–Rx3 (Figure 5C), a main effect of
timepoint emerged (p = 0.034, η2

p = 0.156). Pairwise comparisons showed that Beta_Work
significantly increased from pre- to end-season (p = 0.048), with a large effect size, (d = 3.43).
Neither age (p = 0.71, η2

p < 0.01) nor BMI (p = 0.45, η2
p = 0.03) were significant covariates.

Full significant model outputs are available in Supplemental Table S1. No other channels
showed significant effects.

3.6. Task Responses

‘Where’s Wally’ task performance (number of correct identifications) revealed no
significant main effect for group, timepoint, or group × timepoint interaction, (ps > 0.05);
rugby players (M = 3.52 ± 0.35) and controls (M = 3.70 ± 0.44).

3.7. Wavelet Analysis

No significant main effects of group, timepoint, or group × timepoint interactions
were observed in the respiratory, cardiac, or smooth muscle frequency bands (all ps > 0.15;
η2

p range = 0.005–0.076). Although age was a significant predictor in the respiratory model
(p = 0.045, η2

p = 0.198) (with a large effect size), indicating that higher age was associated
with lower respiratory signal values it did not alter the pattern of primary effects. These
results suggest that frequency-specific oscillatory activity remained stable over the season
and did not differ between rugby players and controls. Full significant model outputs are
available in Supplemental Table S1.
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Figure 5. Data shown as mean ± SE Beta_Work (µM) for three significant fNIRS channel pairs by
group (control vs. rugby) and timepoint (pre, mid and end-season). (A) Tx9–Rx8: Significant main
effect of group; significant between-group difference at end-season. (B) Tx8–Rx5: Significant main
effect of group; significant group difference at pre-season. (C) Tx5–Rx3: Significant main effect of
timepoint, from pre- to end-season. Significant group differences are indicated with lowercase a, and
timepoint differences with lowercase b.

3.8. Concussion Exploratory Case Study Analysis
SCAT6

Only symptomology (Figure 6) indices, i.e., symptom number (Figure 6A) and symp-
tom severity (Figure 6B) showed noticeable changes during the concussive period, docu-
mented as unusually high in both cases versus normative reported scores [53].

Figure 6. Symptomology indices for a concussed female rugby player across five timepoints.
(A) shows the total number of reported symptoms (/22), and (B) presents the symptom severity score
(/132). Both indices peaked at 5 Days Post-Concussion.
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3.9. Cardiac Function Monitoring

Only Twist Force (mG) showed deviation greater than typical error (TE), with a peak
increase at Day 5 post-concussion (Figure 7). No other cardiac indices showed deviation.

Figure 7. Twist Force (mG) measured across five timepoints for a concussed female rugby player.
Red dashed lines represent typical error (TE), and black dashed lines represent 90% confidence
intervals (90% CI). Twist Force exceeded the upper TE and 90% CI limits at 5 Days Post-Concussion.

3.10. fNIRS Global and Hemispheric Analysis

‘Where’s Wally’ global (Figure 8), hemispheric and squat–stand global and left and
right hemispheric analysis showed change greater than TE with a peak at day 5 post-
concussion (Supplemental Figures S2–S4).

Figure 8. ∆O2HbµM responses across five timepoints in a concussed female rugby player. Black
dashed lines represent typical error (TE), and red dashed lines represent the 90% confidence intervals
(90% CI). ∆O2Hb exceeded the upper TE and 90% CI limits at 5 Days Post-Concussion, indicating
increased cortical oxygenation response at this timepoint.

3.11. GLM-SPM

An exploratory analysis was conducted on GLM Beta_Work values. Time course data
for all channels were plotted to visualise changes in cortical activation over time. Peak
responses were seen at 5 days post-concussion (Figure 9A). To identify focal areas of change
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during the acute post-concussion phase, channel-wise differences in ∆Beta_Work were
calculated between Mid-Season and 5 Days Post-Concussion (Figure 9B).

Figure 9. Beta_Work (µM) across five timepoints in a concussed female rugby player (A). Each
coloured line represents a channel pair (n = 22) positioned over the prefrontal cortex. Channel
pairs exhibiting the greatest change in ∆Beta_Work between mid-season and 5 days post-concussion
(B). Red rings indicate the five channel pairs with the greatest increases, and blue rings indicate the
five channel pairs with the greatest decreases in activation.

3.12. Wavelet Analysis

Only cardiac contribution to the wavelet signal showed deviation greater than TE
(Supplemental Figure S5).

4. Discussion
This is the first study to our knowledge aimed to characterise seasonal changes in

prefrontal oxygenation, cardiac timing, and SCAT6 domains in adult female rugby players
using a multimodal physiological approach, and to explore responses following a docu-
mented concussion. Across the season, group-level physiological and clinical measures
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were generally stable, with limited changes over time. However, significant group differ-
ences were observed between rugby players and controls in fNIRS-derived hemispheric
oxygenation and identified channels, two SCG cardiac indices, and SCAT6 symptomol-
ogy measures. These findings indicate subtle but consistent physiological differences
associated with rugby participation, even in the absence of a clinical concussion. Fur-
thermore, an exploratory case study in one concussed player showed marked changes in
prefrontal oxygenation and cardiac function exceeding typical seasonal variation, provid-
ing preliminary support for the potential utility of fNIRS and SCG in tracking individual
recovery trajectories.

4.1. Seasonal Analysis

At baseline, the rugby and control groups differed in several important respects.
Rugby players had a significantly higher BMI, and although not statistically significant, the
control group was older than the rugby group (median: 39 vs. 26 years), suggesting po-
tential cohort differences that were subsequently accounted for through covariate analysis.
Pre-season cognitive function assessed using the Cognitive Assessment Battery (CAB) [31]
showed similar overall performance between groups, with some domain-specific variation.
Given that CAB data was only collected at baseline, we are unable to determine whether
these differences reflect rugby participation, prior concussion history, or pre-existing
individual differences.

4.2. Cardiac Function (SCG)

Across the competitive season, two SCG-derived indices systolic time (left ventricular
ejection duration) and twist force (a surrogate of systolic rotational mechanics) differed
significantly between rugby players and controls. Rugby players exhibited shorter systolic
times and higher twist force values.

Age and BMI contributed significantly to systolic time, with older age associated with
longer ejection duration, and higher BMI associated to shorter systolic time. Age-related
prolongation of systolic intervals aligns with prior work showing cardiac timing parameters
vary with age and sex [54,55] with diastolic indices reliably lengthening and systolic indices
showing sport and cohort-dependent shifts in athletes [19]. Similarly, BMI explained addi-
tional variance in systolic timing consistent with known demographic influences on cardiac
intervals [54,55] but did not alter the primary group effect. This supports the robustness of
the between-group differences while highlighting inter-individual heterogeneity. Previous
population studies have identified BMI as a significant covariate influencing LV ejection
time and other timing indices, even after adjustment for age and sex [54,55]. Given that
BMI in athletic populations often reflects lean mass, this relationship should be interpreted
with caution in the absence of body composition data. These patterns underscore the need
to account for demographic factors when comparing athletic groups.

Shortened ejection time can be consistent with training-related adaptations observed
in athletic cohorts [19]. However, because SCG provides timing rather than volumetric
data, direct inferences regarding stroke volume or contractile efficiency cannot be made
and should be verified with imaging modalities such as echocardiography.

Rugby players also demonstrated higher twist force compared with controls. Elevated
twist force has been reported in other athletic cohorts and may reflect sport-specific myocar-
dial loading and contractile demands [56]. Our finding that neither age nor BMI predicted
twist force suggests this difference may be more directly related to rugby participation and
the mixed endurance/resistance training profile characteristic of the sport. Nonetheless,
twist force is a mechanical surrogate, and linking these changes to chamber mechanics (e.g.,
torsion/strain, stroke volume) will require paired imaging data.
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Importantly, no significant time effects were observed for any SCG variable, indicating
that cardiac function remained stable throughout the season in both groups. This suggests
that, despite the physiological demands and potential sub-concussive exposure associated
with rugby participation, SCG-derived indices were not adversely affected.

Interpreting these findings in the context of sub-concussion requires caution. Research
examining autonomic nervous system dysfunction following concussion has produced
equivocal results, with some studies reporting transient reductions in heart rate variabil-
ity [57] and others showing minimal or no lasting effects [58]. While assessing differ-
ent aspects of cardiac function, SCG has shown promise in detecting concussion-related
changes in cardiac waveform morphology and timing [22], suggesting its broader appli-
cability in monitoring recovery. In addition, SCG’s use in post-COVID monitoring [59]
reinforces its utility in detecting subtle cardiovascular changes. Together, these findings
support SCG’s potential as a practical, non-invasive tool for monitoring cardiac function in
athletic populations.

4.3. fNIRS

To assess brain function via fNIRS, we used two tasks designed to evoke neurovascu-
lar coupling (NVC) and dynamic cerebral autoregulation (dCA). NVC was probed using
a visual search task (‘Where’s Wally’), which engages visual attention and prefrontal
cortical activity, [60] while dCA was assessed using a squat–stand manoeuvre, to chal-
lenge cerebral blood flow regulation [38,61]. In healthy individuals, both tasks typically
evoke increased ∆O2Hb responses within the prefrontal cortex (PFC), reflecting efficient
neurovascular function.

Global and hemispheric ∆O2Hb analyses revealed no significant seasonal changes,
with right hemispheric dominance observed across both groups, consistent with existing
literature linking hemispheric asymmetry to visuospatial and postural control [62]. A
significant group × timepoint effect was identified during the (global) squat–stand task,
driven by higher mid-season ∆O2Hb responses in controls, likely attributable to differences
in task execution (e.g., squat depth, motor control), rather than cumulative sub-concussive
exposure as the movement appeared more challenging for control participants. Rugby
players consistently exhibited numerically higher ∆O2Hb values at almost all timepoints
compared to controls, these differences did not reach statistical significance.

Including age and BMI as covariates did not alter the outcome pattern, and neither
covariate was a significant predictor of ∆O2Hb, though small negative parameter estimates
were consistently observed aligning with evidence of age-related declines in cerebral
haemodynamic responsiveness [63].

To further explore individual differences, we examined hormonal contraceptive use
as a proxy marker of menstrual cycle phase stability. No significant effects were detected.
While these null findings may reflect genuine stability of NVC across the cycle, this ex-
ploratory analysis was limited by reduced sample size, and a lack of menstrual phase
granularity (e.g., luteal vs. follicular phase). Sex hormones such as oestrogen and proges-
terone are known to modulate cerebrovascular function through vasodilatory mechanisms,
and fluctuations across the menstrual cycle may influence NVC and fNIRS-derived haemo-
dynamic responses. However, as highlighted by recent systematic evidence, very few
neuroimaging studies (≈0.3%) account for menstrual phase or hormonal status in their de-
signs, representing an important but underexplored source of variance in NVC metrics [64].
This may be particularly relevant in female collision-sport cohorts, where subtle physiologi-
cal variability could compound exposure-related effects. Future work incorporating precise
hormonal profiling or menstrual phase tracking is warranted to better isolate sport-related
changes from endogenous hormonal influences.
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The current pattern of results contrasts with some previous studies reporting lower
O2Hb or altered haemodynamic profiles in concussed athletes or after cumulative expo-
sure to head impacts. However, findings across the literature remain mixed. Altered
∆O2Hb has been observed post-concussion [15], in retired athletes [16], and after seasonal
exposure [17,18], yet differences in task design, brain region targeted, and participant sex
make direct comparisons challenging. Notably, many previous studies have predominantly
focused on male cohorts. A recent study in male rugby players reported no seasonal
differences in ∆O2Hb [19], broadly consistent with our findings here in a female cohort.

Taken together, these findings suggest that in the absence of acute injury, prefrontal
cerebral oxygenation as measured by fNIRS may remain relatively stable across a competi-
tive season in adult female rugby players. However, caution is warranted before generalis-
ing this to concussion detection or cumulative exposure effects. The NVC paradigm used
here may not be sufficiently sensitive to detect subtle changes in cerebral autoregulation,
or the physiological perturbations associated with rugby participation may be more het-
erogeneous than detectable with group-level analysis. Nonetheless, our results support
the feasibility and tolerability of portable fNIRS assessments in applied sport settings and
underscore the need for further female-focused validation work.

To capture more subtle and spatially localised effects, we used GLM-SPM analysis
to estimate Beta_Work values, reflecting task-related haemodynamic amplitude. Lower
Beta_Work values indicate reduced cortical activation during the task [65]. Three prefrontal
channel pairs showed significant effects: Tx8–Rx5 and Tx9–Rx8 revealed between-group dif-
ferences at pre-season and end-season, respectively, with lower activation in rugby players.
Tx5–Rx3 showed increased activation over time across both groups. These findings suggest
that while group-averaged global and hemispheric ∆O2Hb responses remained stable,
GLM-SPM detected channel-specific alterations potentially indicative of subtle dysfunction
not evident in traditional mean-based metrics. Weak age effects were evident in the global
and hemispheric ∆O2Hb analyses but not in the GLM-SPM model. This likely reflects
methodological differences where amplitude-based measures could be more sensitive to
baseline vascular tone and slow physiological fluctuations that can vary with age. Whereas
GLM focuses on task-locked response shape and timing, attenuating such influences. This
highlights the value of complementary analytical strategies when interpreting NVC data.
Importantly, group differences in NVC response were not attributable to performance on
the ‘Where’s Wally’ task, as no differences in the number of correct identifications were
observed. The use of more targeted analytical approaches supports previous work in
paediatric concussion where increased regional activation was detected using site-specific
fNIRS approaches [66].

Wavelet decomposition showed no significant group or time differences in the car-
diac, respiratory, or smooth muscle frequency bands. Age was a significant negative
predictor in the respiratory frequency band, likely reflecting reduced vascular compliance
and respiratory–cerebrovascular coupling with age, but this did not influence group or
timepoint effects. Previous studies have shown changes in cardiac band power following
acute concussion [67] and altered dCA responses in contact sport athletes using the same
squat–stand protocol across a season [68]. These alterations were linked to cumulative
sub-concussive exposure, suggesting that repetitive impacts can impair the cerebrovascular
pressure-buffering system. These alterations were, however, not evident in our cohort
of non-concussed players, possibly reflective of differences in methodology, participant
characteristics, or cumulative impact events in our sample.

Our findings align with previous neuroimaging research reporting subtle, sub-clinical
brain changes in non-concussed female rugby players over a competitive season. Reduc-
tions in glutamine levels and altered white matter microstructure have been observed using
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MRS and diffusion imaging, particularly in prefrontal regions implicated in head impact
exposure [69]. Notably, these changes occurred without clinical symptoms, reinforcing the
notion that conventional assessments may miss early or subclinical alterations. Our fNIRS
results echo this pattern, with localised reductions in prefrontal activation observed despite
stable SCAT6 symptom scores and SCG-derived cardiac function. While the magnitude
and clinical relevance of these changes remain uncertain, our findings add to growing
evidence that spatially resolved fNIRS may be sensitive to subtle, functionally relevant
brain changes associated with season-long participation in contact sports.

4.4. SCAT6

Significant group-level differences were observed in SCAT6 symptomology scores,
with rugby players reporting a higher number and greater severity of symptoms than
controls at all timepoints. These findings are consistent with previous research showing
higher symptom reporting in female athletes and rugby cohorts [5,53]. Despite elevated
scores, no significant within-group changes were observed over time. While it might be
tempting to attribute elevated symptom reporting to a history of contact or sub-concussive
exposure (which may contribute), longer-term studies have not consistently supported
such associations [70]. Instead, the elevated symptom burden may reflect the cumulative
effects of physical training, occupational demands, and psychosocial stressors commonly
experienced by female athletes [71].

Tandem gait performance improved in both groups, likely due to a practice or learning
effect rather than genuine physiological change. This highlights a known limitation of
SCAT’s dynamic balance components, where repeated administration can result in artifi-
cially enhanced scores [72]. Collectively, these findings emphasise both the strengths and
constraints of SCAT6 in longitudinal settings. Designed primarily as an acute diagnostic
tool [6], its application to monitor player health over time should be interpreted cautiously.
Its inclusion in the current was intended to provide a familiar clinical benchmark rather
than a sensitive longitudinal measure, complementing the physiological assessments

4.5. Exploratory Concussion Case Study

The exploratory case study of a concussed female rugby player revealed acute, multi-
system physiological and cognitive changes peaking at five days post-concussion. SCAT6
symptom number and severity both reached “unusually high” thresholds during this
period, aligning with clinical expectations of peak symptom burden within the first week
post-injury [73].

Twist Force, a surrogate for contractility, was the only SCG-derived metric to ex-
ceed Typical Error (TE), mirroring prior reports of altered cardiac contractility during
acute concussion [22]. The mechanism may relate to autonomic imbalance or reduced
parasympathetic tone, but further investigation is needed.

fNIRS data provided the most consistent signal of acute change. Both global and
hemispheric ∆O2Hb responses during the ‘Where’s Wally’ and squat–stand tasks exceeded
TE thresholds, consistent with our research [27] and prior work [2,24,74] demonstrating
spatially localised cortical changes post-injury. GLM analysis revealed widespread increases
and decreases in Beta_Work across prefrontal channels, with maximal divergence occurring
at Day 5. Wavelet decomposition of the fNIRS signal showed an increase in O2Hb power
within the cardiac frequency band, consistent with altered cerebrovascular reactivity [75]
or autonomic coupling [67].

Together, these findings indicate that multimodal physiological assessment can detect
subtle, time-sensitive responses to concussion, with fNIRS emerging as a particularly sensi-
tive tool for capturing cortical disturbances during the acute recovery phase as suggested
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by others [35,76]. However, these data are derived from a single subject and should be
considered preliminary, providing evidence to inform future work.

A key strength of this study is its novelty. To our knowledge, this is the first investiga-
tion to longitudinally monitor cerebral and cardiovascular physiology using fNIRS and
SCG in female rugby players across a competitive season, or to include a detailed acute
concussion case analysis. The use of progressive fNIRS techniques combining hemispheric,
GLM-based spatial, and frequency-domain wavelet analyses enabled a multidimensional
view of cortical and vascular changes following concussion. This layered approach sup-
ports recent calls for multimodal physiological monitoring in sports neuroscience [6] and
demonstrates the utility of fNIRS beyond group-level comparisons.

Several limitations should be acknowledged. First, the case study analysis was lim-
ited to a single individual, which restricts generalisability and statistical power. While
exploratory visualisation of Beta_Work overtime yielded clear patterns, a larger sample
would allow for more robust statistical modelling (e.g., linear regression of slopes or
mixed effects approaches). Second, as with our previous work [27], we acknowledge
that the TE approach, while clinically pragmatic, assumes stable within-subject variance
and normally distributed measurement error. These assumptions may not hold in all
contexts especially when only a single pre-season baseline is collected. Future studies
should incorporate multiple individual pre-season recordings to improve the precision of
TE thresholds. In this study, TE estimates are presented with 90% confidence intervals,
providing a plausible range of measurement error rather than a single point estimate.
Third, fNIRS data processing introduces variability. Different filtering pipelines may yield
divergent outcomes [77]. We adopted a GLM-compatible filtering strategy, aligned with
current recommendations [78,79], but future research should directly compare alternative
preprocessing approaches to assess their impact on outcome. Fourth, the large number of
channel-wise fNIRS comparisons increases the risk of Type I error, even with Bonferroni
correction. We emphasise that these analyses were exploratory and hypothesis-generating,
and findings should be interpreted cautiously until replicated in larger cohorts. Fifth,
although residual diagnostics indicated acceptable model assumptions, the small sample
size limits the sensitivity of these checks. This should be considered when interpreting the
statistical models. Finally, while task-based NVC responses appear broadly comparable
between males and females [80], sex hormones and menstrual cycle phase can modulate
cerebrovascular reactivity and thus influence fNIRS-derived measures [81].

5. Conclusions
This study provides novel exploratory insights into the physiological responses of

female rugby players across a competitive season, integrating clinical, cerebral, and car-
diovascular domains. By integrating hemispheric, GLM-SPM, and wavelet analyses, we
demonstrate the feasibility of portable, field-based monitoring and identify group-level
differences in neurovascular and cardiac timing parameters. Importantly, these findings
should be interpreted as hypothesis-generating rather than confirmatory, given the small
sample size and exploratory nature of the analyses.

The single-concussion case study provides preliminary evidence that fNIRS and SCG
may be sensitive tools for detecting acute physiological disturbances following injury, but
conclusions regarding biomarker utility or clinical decision-making (e.g., return-to-play)
are premature in the absence of imaging validation and larger datasets.

While further validation in larger, longitudinal cohorts is needed, this work sup-
ports the advancement of non-invasive, multimodal monitoring frameworks to inform
concussion detection, recovery tracking, and player welfare in contact sports.
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