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Hyper-acute effects of sub-concussive soccer headers on brain function and hemodynamics









 


	
	
TYPE Original Research
PUBLISHED 14 September 2023
DOI 10.3389/fnhum.2023.1191284






Hyper-acute effects of sub-concussive soccer headers on brain function and hemodynamics

Carissa Grijalva1, Dallin Hale2, Lyndia Wu3, Nima Toosizadeh1,4 and Kaveh Laksari1,5*


1Department of Biomedical Engineering, University of Arizona, Tucson, AZ, United States

2Department of Physiology, University of Arizona, Tucson, AZ, United States

3Department of Mechanical Engineering, University of British Columbia, Vancouver, BC, Canada

4Arizona Center for Aging, Department of Medicine, University of Arizona, Tucson, AZ, United States

5Department of Aerospace and Mechanical Engineering, University of Arizona, Tucson, AZ, United States

[image: image2]

OPEN ACCESS

EDITED BY
 Marc Cavazza, National Institute of Informatics, Japan

REVIEWED BY
 Andrew P. Lavender, Federation University Australia, Australia
 Stephane Perrey, Université de Montpellier, France

*CORRESPONDENCE
 Kaveh Laksari, klaksari@arizona.edu 

RECEIVED 21 March 2023
 ACCEPTED 29 August 2023
 PUBLISHED 14 September 2023

CITATION
 Grijalva C, Hale D, Wu L, Toosizadeh N and Laksari K (2023) Hyper-acute effects of sub-concussive soccer headers on brain function and hemodynamics. Front. Hum. Neurosci. 17:1191284. doi: 10.3389/fnhum.2023.1191284

COPYRIGHT
 © 2023 Grijalva, Hale, Wu, Toosizadeh and Laksari. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Introduction: Sub-concussive head impacts in soccer are drawing increasing research attention regarding their acute and long-term effects as players may experience thousands of headers in a single season. During these impacts, the head experiences rapid acceleration similar to what occurs during a concussion, but without the clinical implications. The physical mechanism and response to repetitive impacts are not completely understood. The objective of this work was to examine the immediate functional outcomes of sub-concussive level impacts from soccer heading in a natural, non-laboratory environment.

Methods: Twenty university level soccer athletes were instrumented with sensor-mounted bite bars to record impacts from 10 consecutive soccer headers. Pre- and post-header measurements were collected to determine hyper-acute changes, i.e., within minutes after exposure. This included measuring blood flow velocity using transcranial Doppler (TCD) ultrasound, oxyhemoglobin concentration using functional near infrared spectroscopy imaging (fNIRS), and upper extremity dual-task (UEF) neurocognitive testing.

Results: On average, the athletes experienced 30.7 ± 8.9 g peak linear acceleration and 7.2 ± 3.1 rad/s peak angular velocity, respectively. Results from fNIRS measurements showed an increase in the brain oxygenation for the left prefrontal cortex (PC) (p = 0.002), and the left motor cortex (MC) (p = 0.007) following the soccer headers. Additional analysis of the fNIRS time series demonstrates increased sample entropy of the signal after the headers in the right PC (p = 0.02), right MC (p = 0.004), and left MC (p = 0.04).

Discussion: These combined results reveal some variations in brain oxygenation immediately detected after repetitive headers. Significant changes in balance and neurocognitive function were not observed in this study, indicating a mild level of head impacts. This is the first study to observe hemodynamic changes immediately after sub-concussive impacts using non-invasive portable imaging technology. In combination with head kinematic measurements, this information can give new insights and a framework for immediate monitoring of sub-concussive impacts on the head.
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1. Introduction

There are approximately 1.9 million sports-related concussions (SRC) diagnosed annually in the U.S. youth population alone, and many incidences have historically been underreported (Centers for Disease Control and Prevention, 2019). The diagnosis of concussion itself relies on subjective symptoms, as currently there is no consensus with conventional MRI/CT (McCrory et al., 2017). Researchers have correlated head kinematics with brain injury by recording real time linear acceleration and angular velocity on the field using 6 degrees-of-freedom wearable sensor technology embedded into mouth guards (Hernandez et al., 2015; Wu L. C. et al., 2018; Laksari et al., 2022). Concussive levels of impact exposure typically range between 50 and 100 g of head acceleration (Laksari et al., 2018, 2019), whereas sub-concussive impacts range between 10 and 30 g (Wu et al., 2016; Nguyen et al., 2019). However, there is less focus on sub-concussive impacts in sports participation and defining the effect of these repeated impacts on brain’s function. Sub-concussive impacts are described as a cranial impact resulting in rapid head acceleration similar to a concussion, but with less impact force and not resulting in clinical diagnosis of concussion (O'Keeffe et al., 2020). The repetitive exposure to sub-concussive head impacts has demonstrated differing brain activity, cognitive impairments, as well as long term neurological deficits for some individuals (Montenigro et al., 2017). These methods have demonstrated some brain changes (Di Virgilio et al., 2016, 2019), however, hyper-acute (within minutes after impacts) physiological response in terms of cerebral hemodynamics has not been studied rigorously.

Soccer athletes frequently sustain sub-concussive head impacts, since they intentionally use the unprotected head to direct the ball, known as “soccer heading.” Players may experience an average of 6–12 heading incidents per game (Spiotta et al., 2012) leading up to thousands of sub-concussive head impacts in a single season (Bailes et al., 2013), with ball velocities that may reach up to 25 m/s (Kirkendall and Garrett, 2001). However, there is limited data associating soccer headers with neurological function of the brain immediately after impact.

Cerebrovascular changes have been reported as indirect results of SRC, which may become chronic if subjected to repetitive head impacts (Bailes et al., 2013). This secondary injury pathology may include disruption of the blood brain barrier, impaired cerebral autoregulation, or changes in cerebral blood flow velocities (CBFV) (Giza and Hovda, 2014; Churchill et al., 2017). This has been demonstrated via functional MRI (fMRI) studies of brain oxygenation changes in sports athletes from pre- to post-season, resulting in both hyper-activation (Talavage et al., 2014) and hypo-activation (Keightley et al., 2014) within the frontal lobe during task-related functions. There is a present link between acute and long-term alterations in cerebral hemodynamics following concussions, however, these studies measure changes within days, weeks, or months post-injury (Smits et al., 2009; Hammeke et al., 2013).

Currently, there is a lack of understanding on how sub-concussive head impacts affect cerebral perfusion at the hyper-acute level, i.e., immediately after impact. The difficulty with common imaging modalities such as MRI/fMRI, is the time for travel, setup, and scanning, which makes measuring hyper-acute changes in the brain challenging. There are currently other advanced non-invasive neuroimaging devices with a unique portable capability which include the transcranial Doppler (TCD) ultrasound and functional near infrared spectroscopy (fNIRS). These methods allow for real-time measurements of real-world head impact effects on cerebral hemodynamics (Bathala et al., 2013; Bishop and Neary, 2018). Thus, results can be obtained on-field in a non-conventional setting to observe the most immediate neurophysiological effects from impacts.

TCD can measure blood flow velocity from various branches of the Circle of Willis (Sarabian et al., 2022) via transducers sending 2–16 MHz wave pulses, which are reflected by moving red blood cells (Fw, 2006). The middle cerebral artery (MCA) is one of the larger arteries in the brain supplying blood to the frontal lobe. This artery can be accessed via the trans-temporal window and has been shown to change following soccer heading (Scale et al., 1996). There are limited TCD measurements from athletes following concussion which have shown changes in the MCA blood flow velocity (Clausen et al., 2016; Smirl et al., 2020).

The fNIRS imaging modality emits near infrared light (~650-900 nm) and collects signals based on the optical absorption of the oxygenated (O2Hb) and deoxygenated (HHb) forms of hemoglobin in the tissue (Clancy et al., 2014). The modified Beer–Lambert Law is used to convert the quantity of light absorbed to change in concentration of hemoglobin (Delpy et al., 1988). The use of fNIRS in the context of concussion has been limited and the method of data processing is still being researched (Herold et al., 2018). One study had used fNIRS to distinguish between traumatic brain injury (TBI) subjects and healthy controls demonstrating diminished brain oxygenation patterns for TBI patients (Karamzadeh et al., 2016). fNIRS has shown potential applications for distinguishing between TBI and healthy subjects, especially in oxygenation and autoregulation monitoring (Roldan and Kyriacou, 2021), making it suitable to measure immediate changes in brain function.

Standardized assessments have demonstrated effective use in measuring parameters from individuals diagnosed with concussions, since they commonly suffer from deficits in sensorimotor function or balance (Wood et al., 2019). There is a validated test for predicting neurocognitive and motor performance called the upper extremity function (UEF) dual-task test (Toosizadeh et al., 2019). The usefulness of UEF dual-task actions to identify cognitive status has been previously demonstrated in older adults (Toosizadeh et al., 2016), and also used to assess various neurological related diseases including frailty (Toosizadeh et al., 2017), patients with mild cognitive impairment (Grijalva et al., 2021), and Alzheimer’s Disease (Toosizadeh et al., 2019). We expected this measure to be sensitive enough to detect motor and cognitive changes at the sub-concussive level. This test uses wearable sensor technology to measure cognition and physical function status by monitoring simultaneous performance of repetitive arm movement and counting, known as dual-tasking, which could be affected following sub-concussive head impacts (Toosizadeh et al., 2017).

The objective of this study was to apply novel mobile sensing tools including head impact sensors and neuroimaging devices with neurological assessments to examine the hyper-acute, i.e., within minutes, effects of sub-concussive soccer heading on neurological function and brain hemodynamics. Based on previous concussion and soccer studies (Kontos et al., 2014; Caccese et al., 2019), we hypothesized increased changes in blood flow velocity profiles after experiencing head impacts, as well as significant changes in brain oxygenation, cognitive abilities, and balance parameters, which would be correlated to the head kinematics experienced. Additionally, based on previous research of higher rates of concussion in the female group (Marar et al., 2012), we hypothesized any changes observed would also be greater for the females compared to males.



2. Materials and methods


2.1. Participants

The study protocol was reviewed and approved by the Human Subjects Institutional Review Board at the University of Arizona (1905625800). Twenty healthy university-level soccer athletes (n = 10 female, n = 10 male, age > 18, all right-handed) with previous soccer experience were recruited to participate in this study (Table 1). Exclusion criteria comprised diagnosed diseases associated with motor performance deficits or known history of brain injury or concussion within the last 6 months. An additional 5 subjects were analyzed as a control group with no head contact. Written informed consent was obtained from all participants before participation and all research was performed in accordance with guidelines from the Declaration of Helsinki (World Medical Association, 2013).



TABLE 1 Demographic parameters.
[image: Table1]



2.2. Participant instrumentation

Participants were equipped with a 3D-printed rigid bite-bar instrumented with a 6 degree-of-freedom inertial measurement unit (IMU) (ICM-20649) while performing soccer headers (Figure 1A). The sensor containing a tri-axial accelerometer and gyroscope (sample frequency = 1,000 Hz) was rigidly attached at the end of the bite-bar with glue extending outside the mouth and controlled via IMU Arduino software.

[image: Figure 1]

FIGURE 1
 Instrumentation. (A) 3D printed bite-bar with embedded sensor, worn during soccer headers. (B) TCD headset and Axial slice view of MCA. (C) fNIRS optodes arrangement based on the international EEG 10–20 system. Source and detector pairs are demonstrated in the 3D view: Yellow = source, Blue = detector. The Upper Extremity test protocol is performed during the fNIRS measurements system.


During the laboratory assessments participants were equipped with a TCD headset (Rimed, Digi-Lite, New York, USA) to measure both the left and right MCA velocity with 2 MHz transducers fixed in place (Figure 1B). The TCD M1 MCA depths were assigned as 65–45 mm distance from the transducer accessed via the trans-temporal window and confirmed with direction of blood flow according to previous studies (Alexandrov et al., 2002). The same trained personnel recorded all TCD signals. Participants were then separately equipped with the fNIRS (Brite 24 Artinis Medical Systems, Netherlands) device to measure brain oxygenation at a sample frequency of 50 Hz via multi-wavelength LEDs situated on a soft neoprene head-cap containing 8 receivers and 10 transmitters 30 mm apart, allowing for approximately 15 mm penetration depth. The probe positions of the fNIRS detection device covered the area linking Fp1, F3, F7, and Fp2, F4, F8, corresponding to the left and right prefrontal cortex respectively, as well as C3, Cz, C4, corresponding to the primary motor cortex and somatosensory cortex, according to the international EEG 10–20 system (Figure 1C; Okamoto et al., 2004). Changes in light attenuation were measured at two wavelengths (763 and 842 nm) and concentration change was calculated using the modified Beer– Lambert law within the Oxysoft software. The differential path length factor (DPF) was calculated for each individual in relation to their age which accounts for the increase in optical pathlength due to scattering in the tissue (Delpy et al., 1988). Data collected included oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) concentrations via OxySoft software. To ensure good signal from the fNIRS optodes, the cap was tightly fitted, properly secured, and any hair was moved aside, with signal quality verified in real time.

During fNIRS measurements, participants wore two wireless accelerometer and gyroscope sensors (sample frequency = 100 Hz, BioSensics LLC, Brookline, MA, USA) on the bicep and wrist of the dominant arm using a Velcro band, to perform the motor function UEF test. This test was easily performed and post-processed in minutes. These sensors were also used to measure balance parameters when placed on the waist and ankle as the participant stood still for 30 s. Lastly, participants were also equipped with a wireless electrocardiogram (ECG) sensor (360° eMotion Faros, Mega Electronics, Kuopio, Finland) attached across the lower torso to measure heart rate (HR) at a sampling frequency of 1,000 Hz, during fNIRS recordings and during soccer headers. HR was not expected to increase due to minimal motion or exercise involved in the controlled heading experiment. Any changes observed were expected to occur from head impact and not increased stress or HR.



2.3. Experimental protocol

Participants were evaluated using a design that involved a pre-test, head impact exposure (soccer heading), and a post-test. Measurements were completed within 20 min following 10 consecutive soccer headers to determine hyper-acute responses. These measurements consisted of the following: (1) TCD recordings (~2 min), (2) fNIRS with UEF test and ECG (~15 min), (3) balance measurements (~1 min) in this order, while continuously measuring HR. Participants were seated during TCD and fNIRS measurements. First, resting velocities of the MCA were recorded for approximately 2 min using the TCD headset. Following this, participants wore the fNIRS cap and the wireless arm sensors, and performed the UEF dual-task motor and cognitive test (Toosizadeh et al., 2016). This consisted of 2 task periods (single task and dual task) with rest periods in between, with each period lasting 3 min (Figure 1C). The single-task (ST) movement consisted of bending and straightening the dominant arm as consistently as possible. The dual-task (DT) movement consisted of the same motion while also counting backwards by three, from a given number. Participants followed instructions from a visual presentation in an enclosed room near the outdoor field, to minimize distraction. A practice trial was provided before fNIRS data acquisition to minimize learning effects. Trained personnel were able to place the TCD headset or fNIRS cap on the participant and optimize the signal within 2 min for each device before and after the head impact exposure. Following this, participants performed a balance test where they stood still in place for 30 s with their eyes open, and then repeated this with their eyes closed.

Participants performed 10 consecutive soccer headers outdoors, within a period of 7–10 min to replicate typical heading during practice (Spiotta et al., 2012; Smirl et al., 2020). Soccer balls were delivered from a ball launcher device (Sports Tutor Inc. Burbank, CA), which was set at a launch velocity of approximately 15 m/s for mild head impacts. The ball was shot an angle of approximately 35 degrees with the participant standing 24 m away. Size 5 soccer balls (GoSports, P&P Imports, LLC) were used and inflated to the manufacturer’s guidelines between 8 and 9 psi and confirmed with a pressure gauge. Each participant was instructed to contact the ball on the forehead without jumping or moving to either side. If there was no contact with the ball, another soccer ball was launched within the 30 s window and repeated until a successful header occurred. In the case of the 5 control participants, the same pre- and post-measurements were taken from the fNIRS device, however, during the “soccer” period, participants instead stood outside in the same location and only mimicked the movement of the soccer header 10 times over the course of 7–10 min.



2.4. Data analysis

All kinematic sensor data from the bite bar were filtered with a second-order Butterworth low pass filter with 300 Hz and 184 Hz cutoff frequencies for the accelerometer and gyroscope, respectively. Angular acceleration data were computed numerically by differentiating gyroscope data using a five-point differential formula in MATLAB (Miller et al., 2018). The bite-bar sensor kinematic data were converted to the head’s coordinate system at the head center of gravity (CG) according to the previously used rigid body transformation equation (Miller et al., 2019).

Images from the TCD ultrasound were exported and peaks were extracted over the course of 2 min, approximately 10 peaks over the duration of 8-s time increments which was done in a graph digitizing software. The step interpolation algorithm was used to obtain the contour trace of the velocity profile as data points with the known axis limits. The right and left MCA blood flow velocity data were averaged together for each measurement.

The fNIRS signal was down-sampled to 5 Hz when exported from Oxysoft software (Artinis Medical Systems, Netherlands). All data was read into MATLAB Fieldtrip Toolbox for analysis (Oostenveld et al., 2011). Channels were visually inspected on the screen during data collection and during analysis, for the presence of large motion artifacts, and to certify that heartbeat oscillations were occurring indicating a good optical coupling between the optodes and the scalp (Pinti et al., 2019). Bad channels due to poor scalp coupling were removed within the Fieldtrip toolbox. This was done by using the optical density traces which should have a heart beat that is positively correlated, if not, the optode was excluded (Pollonini et al., 2014). Motion correction is performed using a built-in function called ft_artifact_zvalue in the Fieldtrip toolbox in MATLAB. This scans the data segments of interest for artifacts due to motion, by means of thresholding the z-scored values of signals that have been preprocessed using heuristic properties to increase the sensitivity to detect certain artifacts (Oostenveld et al., 2011). Channels that contain a signal in which the peak-to-peak range within the trial exceeds this threshold are selected. The z-score is applied to make the threshold independent of physical units in the data, and the output is an Nx2 matrix with the first column specifying the begin samples of the artifact period, and the second column specifying the end samples of the artifact period (Oostenveld et al., 2011). Then these selected matrices are removed by using the built in function called ft_rejectartifact which removes data segments containing the artifacts. The data was then converted into concentration values using the modified Beer Lambert Law (Delpy et al., 1988). Cardiac (1–2 Hz) and respiration (0.2–0.4 Hz) interference in the signal were removed using a band-pass filter with cut-off frequencies of 0.001–0.1 Hz (Li et al., 2021), while still extracting important physiological signal due to the task (stimulation frequency = 1/180 s = 0.005 Hz). Next, Principal Component Analysis (PCA) was done to remove global interference. Each component had an associated eigenvalue, and the component with the largest value was likely due to the most interference from surface tissue (Mäki et al., 2010). This was the first principal component and the time course was then removed in later analysis. A preferred method of removing additional physiological factors in fNIRS experiments is using the General Linear Model (GLM) (Cohen-Adad et al., 2007; Ye et al., 2009), which consists of regressing fNIRS data with a linear combination of regressors and an error term. GLM measures the temporal variational pattern of signals rather than their absolute magnitude and incorporate regressors such as scalp blood flow, into the statistical framework (Ye et al., 2009; Tachtsidis and Scholkmann, 2016). The GLM regression analysis was applied to all channels using the MATLAB FieldTrip Toolbox (Oostenveld et al., 2011). Briefly, we read in “events,” which are represented as triggers, indicating the samples in the data in which the task started or stopped. We use these to make some additional continuously represented channels that represent the onset, offset, and the motion. We include two channels for a constant offset, and for a slope. These are used to remove the baseline and a constant drift in the signal over time. We perform GLM analysis where each channel is represented as a pixel in the statistical parametric map (SPM) which is done to statistically analyze and compare groups of images to highlight neurological differences (Ye et al., 2009). To create a regressor of interest, the hemodynamic response is predicted by convolving the canonical hemodynamic response function (HRF) and its temporal and dispersion derivatives included, with a single boxcar function regressor that represents the task segments (Schroeter et al., 2004; Koh et al., 2007; Lindquist et al., 2009). A boxcar function was used due to the required sustained stimulation of performing motor and cognitive tasks in our study (Schroeter et al., 2004; Wu Z. et al., 2018). The first and second derivatives control the timing of the peak response as well as the width. The design matrix consisted of one regressor of interest (single or dual task) convolved with the HRF, and added nuisance regressors including the signal drift and the time course of the first principal component to be removed. After GLM analysis of the channels, results were grouped together based on functional regions, i.e., prefrontal, motor/sensorimotor for concentration changes in O2Hb. Results were plotted and peak concentrations during the task regions were assessed.

Analysis of the fNIRS signals included concentration changes in O2Hb, and sample entropy analysis. Sample entropy calculations were performed on pre- and post-header measurement data as a metric for signal complexity using a custom MATLAB code. It is calculated as SampleEntropy (m,r,N) = −ln(A(m)/B(m)). This is defined as the negative logarithm of the conditional probability that A(m) – two sequences are similar for m points (possibles) –, and B(m) – two sequences are similar for m + 1 points (matches) –, that match pointwise within a tolerance r and small number of points N (Delgado-Bonal and Marshak, 2019). For example, an ideal periodic time series is more predictable and would have zero sample entropy; whereas, large sample entropy values would represent less repeatability and higher variability (Lamoth et al., 2011). Lastly, to assess changes in an individual’s performance from a single to a dual-task, dual-task “cost” was calculated as the percentage of change within the conditions. This was obtained by normalizing the DT performance for each participant using the ST baseline to assess compromised motor/cognitive parameters ([DT – ST]/ST).

Angular velocity and anthropometric data of the UEF elbow flexion test, i.e., participants’ stature and body mass, were used to define the UEF neurocognitive score for each participant. Lastly, the ECG signal was analyzed using an in-home peak detection MATLAB algorithm for beat-to-beat HR. Briefly, the data from the HR sensor was read into the MATLAB app and separated into regions of ST, DT, Rest, and the soccer measurement was analyzed separately. These regions were marked by pushing the sensor button to mark the event during the experiments. ECG data was analyzed for 20 s of baseline, 180 s of UEF (for the fNIRS measurements ST and DT), and 30 s of recovery. RR intervals (successive R peaks of the QRS signal) were computed using the Pan-Tompkins algorithm (Pan and Tompkins, 1985). Next, the automated peak detection process was manually inspected. Output parameters extracted were baseline HR (the HR before the task began), as well as change in HR during the UEF task (Toosizadeh et al., 2022). The same analysis was done for signals recorded during the soccer headers. We measured changes in HR during the fNIRS task and rest blocks as well as during soccer heading for comparison.

All data was assessed for normal distribution using the Shapiro–Wilk test (Shapiro et al., 1968). Statistical paired t-tests were used for normally distributed groups and Wilcoxon non-parametric tests were used for non-normally distributed groups to determine significant difference between the pre- and post-header measurements across participants. Statistical significance was set at p ≤ 0.05 for all analyses. Cohen’s d was applied to determine effect size with the numerator being the difference between the means of the two observations, and the denominator being a pooled standard deviation (Lakens, 2013).




3. Results


3.1. Kinematics

During the heading protocol, 172 successful headers were recorded by 18 participants with an average peak head linear acceleration of 30.6 ± 8.9 g, peak angular velocity of 7.2 ± 3.1 rad/s, and peak angular acceleration of 1,084 ± 700 rad/s2 (Figure 2; Table 2). The data from the mouth guard were corrupted for two participants. Female participants experienced a significantly higher linear acceleration (p = 0.01) and angular velocity (p < 0.0001) compared with males, but we observed no significant differences in angular acceleration (p = 0.17). According to sensor orientation, these forehead impacts typically resulted in higher linear accelerations in both vertical and forward directions while rotational motion was predominantly in the sagittal and coronal directions.

[image: Figure 2]

FIGURE 2
 Kinematics. (A) Time trace for linear acceleration and rotational velocity from performing one soccer header. AP, anterior–posterior; ML, medial-lateral; IS, inferior–superior. (B) Peak linear acceleration, peak rotational velocity, and peak rotational acceleration across all participants.




TABLE 2 Kinematic and TCD results.
[image: Table2]



3.2. Pre- and post-header TCD changes

When comparing pre-and post-header measurements from the TCD ultrasound, there were significant changes in MCA velocity in some participants in terms of peak velocities recorded over the 2 min, however there was not a significant change in peak values across all 19 participants (Figure 3; Table 2). The MCA was not able to be located for one participant. Additionally, there was a significant difference between female and male participants in the post-header measurements (p = 0.04; Figure 3C; Table 2). Sample entropy analysis and pulsatility index (PI) calculated from the TCD signal also showed some significant changes at the individual level, but this change was not observed on average across participants. However, male and female differences were seen in both the pre- and post-measurements for PI (p = 0.02) (Table 2). We also observed a small correlation of participant kinematics and change in blood flow velocity (see Supplementary information).

[image: Figure 3]

FIGURE 3
 Transcranial doppler. (A) Ultrasound recording of blood flow velocity (BFV). (B) Male and female comparison of peak BFV. (C) Peak BFV levels. (D) Sample entropy of BFV. (E) Pulsatility index of TCD signal. Error bars represent standard error.




3.3. Pre- and post-header fNIRS changes

A total of 19 participants fNIRS data were included in the analysis because one subject did not have sufficient skin-coupling with the sensors. There was an overall increasing trend of O2Hb concentration during the post-header measurements compared with the pre-header measurements following GLM regression. This was significant in the left prefrontal cortex during the ST period (p = 0.002) (Table 3; Figure 4). This was also significant in the left motor cortex during the DT period (p = 0.007). The right cortex did not show any significance in terms of O2Hb concentration changes. The results of this study report significantly increased sample entropy in post-header measurements of oxyhemoglobin concentration in the right prefrontal cortex for the ST period (20.8%, p = 0.007), and the DT period (17.3%, p = 0.02), and in the right motor cortex for the ST period (19.3%, p = 0.04), and the DT period (17.4%, p = 0.004; Figure 5). The left motor cortex ST period was significantly different (16.5%, p = 0.04). Additionally, we did not find any significant differences in terms of O2Hb concentration changes for the control participant group in single or dual task (see Supplementary material). Lastly, DT cost function analysis results demonstrate mostly decreased values in the post-header measurements but was not significant for the left prefrontal cortex region (p = 0.06; Figure 6).



TABLE 3 fNIRS concentration changes.
[image: Table3]
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FIGURE 4
 fNIRS concentration. O2Hb concentration changes for (A) Premotor Cortex and (B) Motor Cortex during the single and dual task UEF test. (C) Example time trace of concentration change.
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FIGURE 5
 Sample entropy of fNIRS. Sample entropy of oxyhemoglobin concentration pre-post measurements in the (A) prefrontal cortex and the (B) motor cortex. Error bars represent the standard error.


[image: Figure 6]

FIGURE 6
 Additional analysis from fNIRS. Dual task cost analysis of fNIRS concentration changes. Error bars represent the standard error.




3.4. Task-based fNIRS changes

In many cases the more challenging DT period had significantly greater peak O2Hb concentrations (Figure 4). DT concentrations were significantly different compared with the ST period in the left prefrontal cortex (pre-headers p = 0.03), and the right prefrontal cortex (pre-headers p = 0.02). DT concentrations were also significantly different compared with the ST period in the left motor cortex (post-headers p = 0.02), and the right motor cortex (pre-headers p = 0.01).



3.5. Balance, function, and heart rate

Balance parameters were compared between pre- and post-header measurements but showed no significant differences among the athletes (p = 0.46). There were also no significant differences present in the motor and cognition UEF DT performance score when comparing pre- and post-header measurements. Lastly, there was a similar pattern seen in terms of HR. Across the athletes, HR showed significant differences between the rest and task periods before and after a bout of soccer heading (p = 0.04). However, HR during soccer heading was comparable to the DT period as there were no significant differences (p = 0.19) (see Supplementary material). In addition, the HR range was calculated post-headers and correlated with fNIRS results using Pearson correlation. There was no significant correlation of the HR range with changes in fNIRS values for either the heading and the control group (p > 0.09) (see Supplementary material).




4. Discussion

The present study explored how hemodynamics are affected after a bout of controlled soccer heading through non-invasive, portable, real-time ultrasound and near infrared spectroscopy measurements of blood flow velocity and oxygenation. We observed significant changes in oxyhemoglobin concentrations via fNIRS measures immediately after impacts. Other measures of the fNIRS signal such as sample entropy and DT total cost, also support the regional brain oxygenation changes occurring immediately after headers. This information in combination with kinematic data, can provide more insight to sub-concussive responses in brain function and physiology at the hyper-acute stage.

To our knowledge, this is the first study to use the portable, real-time DT-based fNIRS to explore the immediate effects of sub-concussive level impacts on brain oxygenation changes. Overall, we found increases of O2Hb concentrations for each region of the brain, however, the significant results occur in the left prefrontal and motor cortex. All of the athletes were right-handed, and it was interesting to see the main brain oxygenation patterns that we observe were contralateral to the arm doing the task. During an evoked brain activity, regional changes in blood flow alter the concentration of O2Hb in the brain (Clancy et al., 2014). Research has shown in healthy subjects, neural stimulation in the form of cognitive/motor tasks, can induce an increase in cerebral blood flow and O2Hb concentration, in which the increase in delivery of oxygen exceeds oxygen consumption as cerebral vasculature responds to physiological signaling messengers, i.e., calcium ions, nitric oxide, other metabolites (Davis et al., 1998). Significantly diminished brain oxygenation patterns have been observed in frontal and motor regions of the brain for post-concussion athletes 45 days post (Kontos et al., 2014), and TBI patients within hours after diagnosis (Roldan and Kyriacou, 2021), when performing motor and cognitive tasks. These studies hypothesized an altered cognitive resource allocation and compromised signaling messengers post-injury. However, our trends report increases in brain oxygenation changes which could be considered an immediate response, or specific to sub-concussive level impacts. Other studies that report increases in brain oxygenation for TBI patients when performing motor and cognitive tasks suggest the brain needs to work extra for similar tasks leading to overcompensation and increased brain oxygenation readouts (Rodriguez Merzagora et al., 2014). According to previous work, rotational velocities and accelerations even at lower levels, have been associated with diffuse brain tissue strains, which could lead to the disruption of neural connections especially at the repetitive level (Hernandez and Camarillo, 2019). This explanation would agree with the trends we observe in this study. It may also be that the type of cognitive load affects the brain oxygenation changes seen. One group reported that at lower cognitive load, a concussed group showed increased brain activity compared to controls, but in more difficult tasks the concussed group had diminished brain oxygenation compared to the control group (McAllister et al., 2001). This is similar to our results since in some cases there is an increase in brain oxygenation which may be greater during the ST period than the DT.

The goal of calculating sample entropy of fNIRS data was to include an additional measure to observe the regularity of the fNIRS series based on the existence of patterns in the data which could correspond to greater variations in concentration of hemoglobin. Entropy has been used as a mesure to detect cognitive impairments within dual-task functions in previous studies (Lamoth et al., 2011; IJmker, 2012). This is done to monitor possible hidden dynamical structures of motor function alterations due to dual-task abilities and identify potential cognitive impairment using the fNIRS signal (Ehsani et al., 2020). It is interesting to see greater sample entropy during the task sections of the fNIRS signal following the headers even though the athlete was performing the same task. This suggests that there was an increase in attentional resources and an elevated level of uncertainty in the motor function response as the signal became more unpredictable following the impacts. With more work, this additional analysis could have the potential to aid the fNIRS measurement as a biomarker for greater level head impacts in the future. Lastly, DT cost analysis of the fNIRS signal was included to account for musculoskeletal deficits following impacts. The average decrease may suggest that the skill level be increasing because subjects do not need the same attentional resources to perform the task, but this would need further testing since we do not see significant differences. Although, the level of sub-concussive soccer heading may not be enough to detect these changes in DT cost, this parameter may still be useful for higher level impacts in future studies.

We provide measurements from impacts for athletes performing 10 soccer headers from a ball launcher which is comparable to on-field scenarios of soccer headers in games or practice according to previous work (Kenny et al., 2022). On average, the female group experienced greater values of head kinematics including linear acceleration and angular velocity, which has also been reported in other studies, as well as higher rates of concussion among this group (Marar et al., 2012). In the current study, players were directed to stand still and return the ball to the same direction. Future studies could include allowing the players to freely move and direct the ball, replicating additional on-field scenarios. It has also been suggested that increasing neck muscle strength contributes to preventing large linear and angular accelerations while performing soccer headers (Caccese et al., 2018), which could also explain differences seen in male and female sports populations. We did not include this as a confounding factor in the current work, but this would be important for future studies.

The TCD portable imaging device allowed us to observe immediate individual changes of MCA blood flow velocities when comparing pre- and post-header measurements, but this trend did not hold across all participants. However, the female group differed from the male group with greater peak blood flow velocity after headers. The female group also experienced greater head kinematic values which may explain these differences. A previous study recorded posterior cerebral artery (PCA) and MCA blood flow velocity during a visual task (neurovascular coupling or NVC) using TCD, for seven male soccer athletes after performing 40 soccer headers, but did not observe changes in peak MCA or PCA velocities as well (Smirl et al., 2020). Interestingly, resting PCA and MCA velocity TCD measures have also been reported to remain unaltered days following concussion-level injury (Wright et al., 2017). Sample entropy analysis of the TCD signal was also different in these groups, before the headers, and almost significant following the headers. This could describe a change in the velocity profile or more complexity in the systolic and diastolic patterns for the different groups. There were also significant differences between male and female for the PI pre-header measurements. PI is known as a measure of flow resistance in the arteries and can be influenced by cerebral perfusion pressure, cerebrovascular resistance, arterial bed compliance, or HR (Thibeault et al., 2019). Increased PI has been reported in the case of severe TBI and led to increased intracranial pressure (O’Brien et al., 2015). Although we see significant differences in this parameter between males and females, this does not change after the 10 headers for either group. Overall, these results suggest that the TCD may not be sensitive enough to detect hemodynamic changes at this level of head impacts.

The UEF motor function test involves performing a novel and unfamiliar movement, which may require more motor cortex oxygenation changes (Kawai et al., 2015). Counting is considered a rhythmic task that involves working memory and is more directly related to executive function (Montero-Odasso et al., 2009). Combining these rhythmic tasks of different frequency may cause interference or be difficult to execute since DT recruits the same resources at the same time (Beauchet et al., 2005). The combination of skill-learning and counting backward creates a stress test in which the brain may reveal changes in terms of impairment. However, there was no change in the cognitive score calculated from the arm sensor movements nor balance parameters, suggesting no immediate change after 10 sub-concussive impacts. Studies have suggested neuropsychological function determined by neurocognitive tests is unaffected by repetitive sub-concussive level head impacts (Belanger et al., 2016). Previous work has shown that balance performance of healthy athletes returns to baseline levels within 20 min of rest following 30 min of physical activity (Susco et al., 2004). In our study, balance is the last parameter measured following TCD and fNIRS, which is measured near that 20-min mark and could explain why there are no significant changes observed. These aspects were still investigated because soccer heading has previously been associated with neurocognitive deficits and changes in balance long term (Svaldi et al., 2017).

Lastly, the HR measured while athletes performed the DT did not show significant differences to HR when performing soccer heading. Participants remained relatively still and only made head contact with the ball during the 10 headers with minimal exercise. During exercise, the heart beats faster and healthy blood vessels will expand in size to allow increased blood flow and help maintain blood pressure. No change in HR from the arm motor movement to heading may suggest that hemodynamic changes observed in this study are largely due to the impact to the head and not the autonomic nervous system response or changes in HR. In addition, there were no correlations of fNIRS concentration values with change in HR for any brain regions following the headers, and the control group did not exhibit any significant changes in HR or O2Hb concentration, which further supports this assumption.


4.1. Limitations

There are several limitations to this study. The smaller sample size of soccer athletes from one institution may have contributed to a reduced number of significant findings. Future work should include larger sample sizes with varying levels of soccer athletes, as well as a control group that would undergo similar movement without contact to the head. Additionally, the bite-bar sensor has limitations in its ability to measure head impacts more accurately. With the sensor being placed at the end of the bar and outside the mouth, there is chance for cantilever resonance that could affect the recordings (Camarillo et al., 2008). For this reason, the players were instructed to clench onto the bite-bar as tightly as possible during the headers. The UEF DT test as well as balance measures may also be limited to a learning curve from the participants with the pre- and post-header measurement design. To minimize this, a trial period was conducted before any measurements took place. Additionally, we did not include HHb concentration change results in this study and would need further investigation as not many patterns were found in our data. A few studies have demonstrated that oxyhemoglobin is a more sensitive marker of task-related brain oxygenation compared to deoxyhemoglobin (Wolf et al., 2002; Mihara et al., 2007; Harada et al., 2009), which is why we only include this parameter in our results.




5. Conclusion

This work has provided multiple measures to show that changes in brain physiology can be observed hyper-acutely resulting from sub-concussive impacts using portable, non-invasive, real-time imaging techniques. Our findings report interesting changes in fNIRS imaging in terms of increased concentration changes post-impacts. Further analysis of fNIRS signals such as sample entropy has shown significance in post-header measurement changes as well, which could serve as a possible biomarker for hyper-acute changes from impacts and applicable in future work. Immediate on-field measurements on repetitive head impact exposure and hemodynamic response could lead to improved monitoring and management of real-world head impacts in sports and making decisions to best minimize the magnitude and number of reoccurring head impacts during sport participation.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving humans were approved by Human Subjects Institutional Review Board at the University of Arizona. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

CG is the primary author and contributed to the design of the research questions, the protocol conducted, data collection, data analysis and interpretation, and drafting and revising of the work. DH contributed to the data collection and data analysis for the entire study. LW contributed substantially to the revision of the drafted work, and provided the custom IMU methods for the tri-axial bite-bar sensor. NT contributed to the interpretation of data as well as substantial revision of the drafted work. KL contributed to the design of the study, data interpretation, and substantial revising of the drafted work. All authors listed have made a substantial contribution to this work in terms of design, data acquisition, data analysis, or interpretation of data.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2023.1191284/full#supplementary-material



References

 Alexandrov, A. V., Demchuk, A. M., and Burgin, W. S. (2002). Insonation method and diagnostic flow signatures for transcranial power motion (M-mode) Doppler. J. Neuroimaging 12, 236–244. doi: 10.1111/j.1552-6569.2002.tb00127.x 

 Bailes, J. E., Petraglia, A. L., Omalu, B. I., Nauman, E., and Talavage, T. (2013). Role of subconcussion in repetitive mild traumatic brain injury. J. Neurosurg. 119, 1235–1245. doi: 10.3171/2013.7.JNS121822 

 Bathala, L., Mehndiratta, M., and Sharma, V. (2013). Transcranial doppler: technique and common findings (Part 1). Ann. Indian Acad. Neurol. 16, 174–179. doi: 10.4103/0972-2327.112460 

 Beauchet, O., Dubost, V., Aminian, K., Gonthier, R., and Kressig, R. W. (2005). Dual-task-related gait changes in the elderly: does the type of cognitive task matter? J. Mot. Behav. 37, 259–264.

 Belanger, H. G., Vanderploeg, R. D., and McAllister, T. (2016). Subconcussive blows to the head: a formative review of short-term clinical outcomes. J. Head Trauma Rehabil. 31, 159–166. doi: 10.1097/HTR.0000000000000138 

 Bishop, S. A., and Neary, J. P. (2018). Assessing prefrontal cortex oxygenation after sport concussion with near-infrared spectroscopy. Clin. Physiol. Funct. Imaging 38, 573–585. doi: 10.1111/cpf.12447 

 Caccese, J. B., Best, C., Lamond, L. C., Difabio, M., Kaminski, T. W., Watson, D., et al. (2019). Effects of repetitive head impacts on a concussion assessment battery. Med. Sci. Sports Exerc. 51, 1355–1361. doi: 10.1249/MSS.0000000000001905 

 Caccese, J. B., Buckley, T. A., Tierney, R. T., Arbogast, K. B., Rose, W. C., Glutting, J. J., et al. (2018). Head and neck size and neck strength predict linear and rotational acceleration during purposeful soccer heading. Sport Biomech. 17, 462–476. Available from:. doi: 10.1080/14763141.2017.1360385


 Camarillo, D. B., Shull, P. B., Mattson, J., Shultz, R., and Garza, D. (2008). An instrumented mouthguard for measuring linear and angular head impact kinematics in American football. Bone 23, 1–7. doi: 10.1007/s10439-013-0801-y


 Churchill, N. W., Hutchison, M. G., Richards, D., Leung, G., Graham, S. J., and Schweizer, T. A. (2017). The first week after concussion: blood flow, brain function and white matter microstructure. NeuroImage Clin. 14, 480–489. Available from:. doi: 10.1016/j.nicl.2017.02.015 

 Clancy, M., Belli, A., Davies, D., Lucas, S. J. E., Su, Z., and Dehghani, H. (2014). Comparison of neurological NIRS signals during standing Valsalva maneuvers, pre and post vasopressor injection. Opt. InfoBase Conf. Pap. 9538, 1–6. doi: 10.1117/12.2183796


 Clausen, M., Pendergast, D. R., Willer, B., and Leddy, J. (2016). Cerebral blood flow during treadmill exercise is a marker of physiological postconcussion syndrome in female athletes. J. Head Trauma Rehabil. 31, 215–224. doi: 10.1097/HTR.0000000000000145


 Cohen-Adad, J., Chapuisat, S., Doyon, J., Rossignol, S., Lina, J. M., Benali, H., et al. (2007). Activation detection in diffuse optical imaging by means of the general linear model. Med. Image Anal. 11, 616–629. doi: 10.1016/j.media.2007.06.002


 Davis, T. L., Kwong, K. K., Weisskoff, R. M., and Rosen, B. R. (1998). Calibrated functional MRI: mapping the dynamics of oxidative metabolism. Proc. Natl. Acad. Sci. U. S. A. 95, 1834–1839. doi: 10.1073/pnas.95.4.1834 

 Delgado-Bonal, A., and Marshak, A. (2019). Approximate entropy and sample entropy: a comprehensive tutorial. Entropy 21:541. doi: 10.3390/e21060541 

 Delpy, D. T., Cope, M., Van Der Zee, P., Arridge, S., Wray, S., and Wyatt, J. (1988). Estimation of optical pathlength through tissue from direct time of flight measurement. Phys. Med. Biol. 33, 1433–1442. doi: 10.1088/0031-9155/33/12/008 

 di Virgilio, T. G., Hunter, A., Wilson, L., Stewart, W., Goodall, S., Howatson, G., et al. (2016). Evidence for acute electrophysiological and cognitive changes following routine soccer heading. EBioMedicine 13, 66–71. Available from:. doi: 10.1016/j.ebiom.2016.10.029 

 Di Virgilio, T. G., Ietswaart, M., Wilson, L., Donaldson, D. I., and Hunter, A. M. (2019). Understanding the consequences of repetitive subconcussive head impacts in sport: brain changes and dampened motor control are seen after boxing practice. Front. Hum. Neurosci. 13:13. doi: 10.3389/fnhum.2019.00294


 Ehsani, H., Parvaneh, S., Mohler, J., Wendel, C., Zamrini, E., O'Connor, K., et al. (2020). Can motor function uncertainty and local instability within upper-extremity dual-tasking predict amnestic mild cognitive impairment and early-stage Alzheimer’s disease? Comput. Biol. Med. 120:103705. doi: 10.1016/j.compbiomed.2020.103705 

 Fw, K. Part 1 sonographic principles in diagnostic ultrasound: principles and instruments. 7th ed. Philadelphia: Elsevier Publications (2006).


 Giza, C. C., and Hovda, D. A. (2014). The new neurometabolic cascade of concussion. Neurosurgery 75, S24–S33. doi: 10.1227/NEU.0000000000000505 

 Grijalva, C., Toosizadeh, N., Sindorf, J., Chou, Y. H., and Laksari, K. (2021). Dual-task performance is associated with brain MRI morphometry in individuals with mild cognitive impairment. J. Neuroimaging 31, 588–601. doi: 10.1111/jon.12845


 Hammeke, T. A., McCrea, M., Coats, S. M., Verber, M. D., Durgerian, S., Flora, K., et al. (2013). Acute and subacute changes in neural activation during the recovery from sport-related concussion. J. Int. Neuropsychol. Soc. 19, 863–872. doi: 10.1017/S1355617713000702 

 Harada, T., Miyai, I., Suzuki, M., and Kubota, K. (2009). Gait capacity affects cortical activation patterns related to speed control in the elderly. Exp. Brain Res. 193, 445–454. doi: 10.1007/s00221-008-1643-y 

 Hernandez, F., and Camarillo, D. B. (2019). Voluntary head rotational velocity and implications for brain injury risk metrics. J. Neurotrauma 36, 1125–1135. doi: 10.1089/neu.2016.4758 

 Hernandez, F., Wu, L. C., Yip, M. C., Laksari, K., Hoffman, A. R., Lopez, J. R., et al. (2015). Six degree-of-freedom measurements of human mild traumatic brain injury. Ann. Biomed. Eng. 43, 1918–1934. doi: 10.1007/s10439-014-1212-4 

 Herold, F., Wiegel, P., Scholkmann, F., and Müller, N. (2018). Applications of functional near-infrared spectroscopy (fNIRS) neuroimaging in exercise–cognition science: a systematic, methodology-focused review. J. Clin. Med. 7:466. doi: 10.3390/jcm7120466


 IJmker, T., and CJC, L. (2012). Gait and cognition: the relationship between gait stability and variability with executive function in persons with and without dementia. Gait Posture 35, 126–130. Available from:. doi: 10.1016/j.gaitpost.2011.08.022 

 Karamzadeh, N., Amyot, F., Kenney, K., Anderson, A., Chowdhry, F., Dashtestani, H., et al. (2016). A machine learning approach to identify functional biomarkers in human prefrontal cortex for individuals with traumatic brain injury using functional near-infrared spectroscopy. Brain Behav. 6, 1–14. doi: 10.1002/brb3.541


 Kawai, R., Markman, T., Poddar, R., Ko, R., Fantana, A. L., Dhawale, A. K., et al. (2015). Motor cortex is required for learning but not for executing a motor skill. Neuron 86, 800–812. doi: 10.1016/j.neuron.2015.03.024 

 Keightley, M. L., Singh Saluja, R., Chen, J. K., Gagnon, I., Leonard, G., Petrides, M., et al. (2014). A functional magnetic resonance imaging study of working memory in youth after sports-related concussion: is it still working? J. Neurotrauma 31, 437–451. doi: 10.1089/neu.2013.3052 

 Kenny, R., Elez, M., Clansey, A., Virji-Babul, N., and Wu, L. C. (2022). Head impact exposure and biomechanics in university varsity women’s soccer. Ann. Biomed. Eng. 50, 1461–1472. doi: 10.1007/s10439-022-02914-3 

 Kirkendall, D. T., and Garrett, W. E. (2001). Heading in soccer: integral skill or grounds for cognitive dysfunction? J. Athl. Train. 36, 328–333.

 Koh, P. H., Glaser, D. E., Flandin, G., Kiebel, S., Butterworth, B., Maki, A., et al. (2007). Functional optical signal analysis: a software tool for near-infrared spectroscopy data processing incorporating statistical parametric mapping. J. Biomed. Opt. 12:064010. doi: 10.1117/1.2804092


 Kontos, A., Huppert, T. J., Beluk, N. H., Elbin, R. J., Henry, L. C., French, J., et al. (2014). Brain activation during neurocognitive testing using functional near-infrared spectroscopy in patients following concussion compared to healthy controls. Brain Imaging Behav. 8, 621–634. doi: 10.1007/s11682-014-9289-9 

 Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and ANOVAs. Front. Psychol. 4, 1–12. doi: 10.3389/fpsyg.2013.00863


 Laksari, K., Fanton, M., Wu, L., Nguyen, T., Kurt, M., Giordano, C., et al. (2019). Multi-directional dynamic model for traumatic brain injury detection. J Neurotrauma 37, 982–993. doi: 10.1089/neu.2018.6340 

 Laksari, K., Kurt, M., Babaee, H., Kleiven, S., Camarillo, D., Rowley, C. W., et al. (2018). Mechanistic insights into human brain impact dynamics through modal analysis. Phys. Rev. Lett. 120:138101. doi: 10.1103/PhysRevLett.120.138101


 Laksari, K, Mehmet, K, and Wu, L. (2022). Tackling the concussion epidemic: a bench to bedside approach Springer; Berlin. 1–24


 Lamoth, C. J., Van Deudekom, F. J., Van Campen, J. P., Appels, B. A., De Vries, O. J., and Pijnappels, M. (2011). Gait stability and variability measures show effects of impaired cognition and dual tasking in frail people. J. Neuroeng. Rehabil. 8, 1–9. doi: 10.1186/1743-0003-8-2


 Li, C., Yang, H., and Cheng, L. (2021). Fugl-Meyer hand motor imagination recognition for brain–computer interfaces using only fNIRS. Complex Intell. Syst. 8, 731–741. doi: 10.1007/s40747-020-00266-w


 Lindquist, M. A., Loh, J. M., Atlas, L. Y., and Wager, T. D. (2009). Modeling the hemodynamic response function in fMRI: efficiency, bias and mis-modeling. Neuroimage 45, S187–S198. doi: 10.1016/j.neuroimage.2008.10.065


 Mäki, H., Näsi, T., Kotilahti, K., Nissilä, I., Meriläinen, P., and Ilmoniemi, R. J. (2010). Characterizing cerebral and extracerebral components in TMS-evoked near-infrared spectroscopy signals. IFMBE Proc. 28, 88–91. doi: 10.1007/978-3-642-12197-5_16


 Marar, M., McIlvain, N. M., Fields, S. K., and Comstock, R. D. (2012). Epidemiology of concussions among United States high school athletes in 20 sports. Am. J. Sports Med. 40, 747–755. doi: 10.1177/0363546511435626


 McAllister, T. W., Sparling, M. B., Flashman, L. A., Guerin, S. J., Mamourian, A. C., and Saykin, A. J. (2001). Differential working memory load effects after mild traumatic brain injury. Neuroimage 14, 1004–1012. doi: 10.1006/nimg.2001.0899


 McCrory, P., Meeuwisse, W., Dvořák, J., Aubry, M., Bailes, J., Broglio, S., et al. (2017). Consensus statement on concussion in sport—the 5th international conference on concussion in sport held in Berlin, October 2016. Br. J. Sports Med. 51, 838–847. doi: 10.1136/bjsports-2017-097699 

 Mihara, M., Miyai, I., Hatakenaka, M., Kubota, K., and Sakoda, S. (2007). Sustained prefrontal activation during ataxic gait: a compensatory mechanism for ataxic stroke? NeuroImage 37, 1338–1345. doi: 10.1016/j.neuroimage.2007.06.014


 Miller, L. E., Kuo, C., Wu, L. C., Urban, J. E., Camarillo, D. B., and Stitzel, J. D. (2018). Validation of a custom instrumented retainer form factor for measuring linear and angular head impact kinematics. J. Biomech. Eng. 140, 1–7. doi: 10.1115/1.4039165


 Miller, L. E., Pinkerton, E. K., Fabian, K. C., Wu, L. C., Espeland, M. A., Lamond, L. C., et al. (2019). Characterizing head impact exposure in youth female soccer with a custom-instrumented mouthpiece. Res. Sport Med. 28, 55–71. doi: 10.1080/15438627.2019.1590833 

 Montenigro, P. H., Alosco, M. L., Martin, B. M., Daneshvar, D. H., Mez, J., Chaisson, C. E., et al. (2017). Cumulative head impact exposure predicts later-life depression, apathy, executive dysfunction, and cognitive impairment in former high school and college football players. J. Neurotrauma 34, 328–340. doi: 10.1089/neu.2016.4413 

 Montero-Odasso, M., Bergman, H., Phillips, N. A., Wong, C. H., Sourial, N., and Chertkow, H. (2009). Dual-tasking and gait in people with mild cognitive impairment. The effect of working memory. BMC Geriatr. 9, 1–8. doi: 10.1186/1471-2318-9-41


 Nguyen, J. V. K., Brennan, J. H., Mitra, B., and Willmott, C. (2019). Frequency and magnitude of game-related head impacts in male contact sports athletes: a systematic review and meta-analysis. Sports Med. 49, 1575–1583. doi: 10.1007/s40279-019-01135-4


 O’Brien, N. F., Maa, T., and Reuter-Rice, K. (2015). Noninvasive screening for intracranial hypertension in children with acute, severe traumatic brain injury. J. Neurosurg. Pediatr. 16, 420–425. doi: 10.3171/2015.3.PEDS14521


 Okamoto, M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S., et al. (2004). Three-dimensional probabilistic anatomical cranio-cerebral correlation via the international 10-20 system oriented for transcranial functional brain mapping. NeuroImage 21, 99–111. doi: 10.1016/j.neuroimage.2003.08.026 

 O'Keeffe, E., Kelly, E., Liu, Y., Giordano, C., Wallace, E., Hynes, M., et al. (2020). Dynamic blood-brain barrier regulation in mild traumatic brain injury. J. Neurotrauma 37, 347–356. doi: 10.1089/neu.2019.6483 

 Oostenveld, R., Fries, P., Maris, E., and Schoffelen, J.-M. (2011). FieldTrip: open source software for advanced analysis of MEG, EEG, and invasive electrophysiological data. Comput. Intell. Neurosci. 2011, 1–9. doi: 10.1155/2011/156869 

 Pan, J., and Tompkins, W. J. (1985). A real-time QRS detection algorithm. I.E.E.E. Trans. Biomed. Eng. BME-32, 230–236. doi: 10.1109/TBME.1985.325532


 Centers for Disease Control and Prevention
. (2019) Surveillance report of traumatic brain injury-related emergency department visits, hospitalizations, and deaths—United States, 2014. Atlanta, Georgia: Centers for Disease Control and Prevention, U.S. Department of Health and Human Services.


 Pinti, P., Scholkmann, F., Hamilton, A., Burgess, P., and Tachtsidis, I. (2019). Current status and issues regarding pre-processing of fNIRS neuroimaging data: an investigation of diverse signal filtering methods within a general linear model framework. Front. Hum. Neurosci. 12, 1–21. doi: 10.3389/fnhum.2018.00505


 Pollonini, L., Olds, C., Abaya, H., Bortfeld, H., Beauchamp, M. S., and Oghalai, J. S. (2014). Auditory cortex activation to natural speech and simulated cochlear implant speech measured with functional near-infrared spectroscopy. Hear Res. 309, 84–93. Available from:. doi: 10.1016/j.heares.2013.11.007 

 Rodriguez Merzagora, A. C., Izzetoglu, M., Onaral, B., and Schultheis, M. T. (2014). Verbal working memory impairments following traumatic brain injury: an fNIRS investigation. Brain Imaging Behav. 8, 446–459. doi: 10.1007/s11682-013-9258-8 

 Roldan, M., and Kyriacou, P. A. (2021). Near-infrared spectroscopy (NIRS) in traumatic brain injury (TBI). Sensors 21:1586. doi: 10.3390/s21051586 

 Sarabian, M., Babaee, H., and Laksari, K. (2022). Physics-informed neural networks for brain hemodynamic predictions using medical imaging. IEEE Trans. Med. Imaging 41, 2285–2303. doi: 10.1109/TMI.2022.3161653 

 Scale, G. C., San, A., and General, F. (1996). Imaging of acute head injury. Semin Ultrasound CT MR 17, 185–205. doi: 10.1016/S0887-2171(96)90035-9


 Schroeter, M. L., Bücheler, M. M., Müller, K., Uludağ, K., Obrig, H., Lohmann, G., et al. (2004). Towards a standard analysis for functional near-infrared imaging. NeuroImage 21, 283–290. doi: 10.1016/j.neuroimage.2003.09.054 

 Shapiro, S. S., Willk, M. B., and Chen, H. T. (1968). A comparative study of various tests for normality. J. Am. Stat. Assoc. 63, 1343–1372. doi: 10.1080/01621459.1968.10480932


 Smirl, J. D., Peacock, D., Wright, A. D., Bouliane, K. J., Dierijck, J., Burma, J. S., et al. (2020). An acute bout of soccer heading subtly alters neurovascular coupling metrics. Front. Neurol. 11:11. doi: 10.3389/fneur.2020.00738


 Smits, M., Dippel, D. W. J., Houston, G. C., Wielopolski, P. A., Koudstaal, P. J., Hunink, M. G. M., et al. (2009). Postconcussion syndrome after minor head injury: brain activation of working memory and attention. Hum. Brain Mapp. 30, 2789–2803. doi: 10.1002/hbm.20709 

 Spiotta, A. M., Bartsch, A. J., and Benzel, E. C. (2012). Heading in soccer: dangerous play? Neurosurgery 70, 1–11. doi: 10.1227/NEU.0b013e31823021b2


 Susco, T. W., Valovich McLeod, T. C., Gansneder, B. M., and Shultz, S. J. (2004). Balance recovers within 20 minutes after exertion as measured by the balance error scoring system. J. Athl. Train. 39, 241–246.

 Svaldi, D. O., McCuen, E. C., Joshi, C., Robinson, M. E., Nho, Y., Hannemann, R., et al. (2017). Cerebrovascular reactivity changes in asymptomatic female athletes attributable to high school soccer participation. Brain Imaging Behav. 11, 98–112. doi: 10.1007/s11682-016-9509-6 

 Tachtsidis, I., and Scholkmann, F. (2016). False positives and false negatives in functional near-infrared spectroscopy: issues, challenges, and the way forward. Neurophotonics 3:031405. doi: 10.1117/1.NPh.3.3.031405 

 Talavage, T. M., Nauman, E. A., Breedlove, E. L., Yoruk, U., Dye, A. E., Morigaki, K. E., et al. (2014). Functionally-detected cognitive impairment in high school football players without clinically-diagnosed concussion. J. Neurotrauma 31, 327–338. doi: 10.1089/neu.2010.1512


 Thibeault, C. M., Thorpe, S., Canac, N., Wilk, S. J., and Hamilton, R. B. (2019). Sex-based differences in transcranial doppler ultrasound and self-reported symptoms after mild traumatic brain injury. Front. Neurol. 10:10. doi: 10.3389/fneur.2019.00590


 Toosizadeh, N., Ehsani, H., Wendel, C., Zamrini, E., Connor, K. O., and Mohler, J. (2019). Screening older adults for amnestic mild cognitive impairment and early-stage Alzheimer’s disease using upper-extremity dual-tasking. Sci. Rep. 9, 1–11. doi: 10.1038/s41598-019-46925-y


 Toosizadeh, N., Eskandari, M., Ehsani, H., Parvaneh, S., Asghari, M., and Sweitzer, N. (2022). Frailty assessment using a novel approach based on combined motor and cardiac functions: a pilot study. BMC Geriatr. 22, –10. Available from:. doi: 10.1186/s12877-022-02849-3 

 Toosizadeh, N., Joseph, B., Heusser, M. R., Jokar TO, Mohler, J., Phelan, H. A., et al. (2017). Assessing upper-extremity motion: an innovative, objective method to identify frailty in older bed-bound trauma patients. J. Am. Coll. Surg. 223, 240–248. doi: 10.1016/j.jamcollsurg.2016.03.030 

 Toosizadeh, N., Najafi, B., Reiman, E. M., Mager, R. M., Veldhuizen, J. K., O’Connor, K., et al. (2016). Upper-extremity dual-task function: an innovative method to assess cognitive impairment in older adults. Front. Aging Neurosci. 8, 1–12. doi: 10.3389/fnagi.2016.00167


 Wolf, M., Wolf, U., Toronov, V., Michalos, A., Paunescu, L. A., Choi, J. H., et al. (2002). Different time evolution of oxyhemoglobin and deoxyhemoglobin concentration changes in the visual and motor cortices during functional stimulation: a near-infrared spectroscopy study. NeuroImage 16, 704–712. doi: 10.1006/nimg.2002.1128 

 Wood, T. A., Hsieh, K. L., An, R., Ballard, R. A., and Sosnoff, J. J. (2019). Balance and gait alterations observed more than 2 weeks after concussion: a systematic review and meta-analysis. Am. J. Phys. Med. Rehabil. 98, 566–576. doi: 10.1097/PHM.0000000000001152


 World Medical Association (2013). Declaration of Helsinki, ethical principles for scientific requirements and research protocols. Bull. World Health Organ. 79:373.


 Wright, A. D., Smirl, J. D., Bryk, K., and Van Donkelaar, P. (2017). A prospective transcranial Doppler ultrasound-based evaluation of the acute and cumulative effects of sport-related concussion on neurovascular coupling response dynamics. J. Neurotrauma 34, 3097–3106. doi: 10.1089/neu.2017.5020 

 Wu, L. C., Kuo, C., Loza, J., Kurt, M., Laksari, K., Yanez, L. Z., et al. (2018). Detection of American football head impacts using biomechanical features and support vector machine classification. Sci. Rep. 8:855. doi: 10.1038/s41598-017-17864-3


 Wu, Z., Mazzola, C. A., Catania, L., Owoeye, O., Yaramothu, C., Alvarez, T., et al. (2018). Altered cortical activation and connectivity patterns for visual attention processing in young adults post-traumatic brain injury: a functional near infrared spectroscopy study. CNS Neurosci. Ther. 24, 539–548. doi: 10.1111/cns.12811 

 Wu, L. C., Nangia, V., Bui, K., Hammoor, B., Kurt, M., Hernandez, F., et al. (2016). In vivo evaluation of wearable head impact sensors. Ann. Biomed. Eng. 44, 1234–1245. doi: 10.1007/s10439-015-1423-3


 Ye, J. C., Tak, S., Jang, K. E., Jung, J., and Jang, J. (2009). NIRS-SPM: statistical parametric mapping for near-infrared spectroscopy. Neuroimage 44, 428–447. doi: 10.1016/j.neuroimage.2008.08.036 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Hyper-acute effects of sub-concussive soccer headers on brain function and hemodynamics



		1. Introduction



		2. Materials and methods



		2.1. Participants



		2.2. Participant instrumentation



		2.3. Experimental protocol



		2.4. Data analysis









		3. Results



		3.1. Kinematics



		3.2. Pre- and post-header TCD changes



		3.3. Pre- and post-header fNIRS changes



		3.4. Task-based fNIRS changes



		3.5. Balance, function, and heart rate









		4. Discussion



		4.1. Limitations









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Human Neuroscience

Hyper-acute effects of
sub-concussive soccer headers on
brain function and hemodynamics












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Human Neuroscience






OPS/images/fnhum-17-1191284-g005.jpg
.

sample Entropy of INIRS

Right Prefrontal Cortex

Single Task
W Pre-Headers 02Hb

03
02
01

0

Dual Task
B Post Headers 02Hb

Sample Entropy of INIRS

Single Task
mPre-Headers O7Hb

Right Motor Cortex

03
02
01

0

Dual Task
RPost Headers 07Hb





OPS/images/fnhum-17-1191284-g006.jpg
Dual Task Cost

12

08

04

0

=006

1

Left Prefront Right Prefront ~ Left Motor  Right Motor
Cortex Cortex Cortex Cortex

@ Pre-Headers @ Post-Headers





OPS/images/fnhum-17-1191284-g003.jpg
g 3

Bo0d Flow Velodity {cmis) 3 |
€

£

o

£

73

Peak Blood Flow Velacity
{omis)

Vel

Pulsatility Index

d J

Sample Entropy (TCD)

Pre-Hoadars PostHaaders

Proeaders  Post-Headers |

Buole Bremole |





OPS/images/fnhum-17-1191284-g004.jpg
B | . : g
5 os [
H
Eﬂﬂ) . I I
ER
Single Task Dual Task single Task Dul Task
bre-Headers @Posc Headers re-Headers @PostHeaders
Dual Task
n Rest  [Single Task|  Rest Rest 8Oxyhemoglobin
2 N @ De-oxyhemoglobin
S0t ™\_ 1 @Total Hemoglabin
%2 L _~< BDifference
4l
0 180 360 540 720
Time (s)






OPS/images/fnhum-17-1191284-t003.jpg
Prefrontal/Premotor cortex Motor/Somatosensory cortex

Parameters Pre- Post- p value Pre- Post- p value
headers headers headers headers

Single-task

Left O2Hb 0374017 052+0.16 +0.002 09 0442014 055025 0.05 054
Right 02Hb 0424019 0456022 031 015 041£0.14 048022 o1 038
Dual-task

Left 02Hb 049202 0622029 007 052 051£0.13 0712026 #0.007 097
Right O2Hb 055016 058028 035 013 0524016 0542017 045 012

Bolded values represent significance at the level of p <0.05. O2Hb, oxyhemoglobin.





OPS/images/fnhum-17-1191284-t001.jpg
Characteristic Male Female p value

n 10 10
Age (years) 216+29 20526 042
Height (cm) 17526467 165.8+7.1 001
Weight (Ibs) 17624328 1327496 001

Years of experience 125833 141222 022





OPS/images/fnhum-17-1191284-t002.jpg
Parameters

Linear acceleration (g)
Angular velocity (rad/s)
Angular acceleration (rad/s)
MCA blood flow velocity (cm/s)
Pre-header

Post-header

pvalue (pre vs. post)

Effect size (pre vs. post)
Sample entropy MCA
Pre-header

Post-header

pvalue (pre vs. post)

Effect size (pre vs. post)

Pulsatility index MCA

Pre-header
Post-header
pvalue (pre vs. post)

Effect size (pre vs. post)

MCA, middle cerebral artery. Bold values with an asteri

All Male
307489 293485
72431 63£27
1,084£700 10122614
83.2£102 802479
8374108 798485

026 031

005
022003 021£002
0.21£0.02 024002

0.1 044

04
0.94:£0.09 0.9:£0.06
093£0.1 0.89:£0.08

044 039

011

indicate significance p < 0.05.

Female
321901
81233

1160776

8655119
8815118

017

024001
0224002

007

0.98£0.09
0.97£0.09

037

20,0001

017

009

#0.04

#0002

007

#0.02

#0.02

Effect size
032
055
02

058
076

093

097

087





OPS/images/fnhum-17-1191284-g001.jpg
fNIRS Test Protocol

Motor/Somatosensol International EEG 10-20
3D View
i
B TCD Test Protocol f
probe "
i
:I Detector
Il Source Premotor Cortex

11 fNIRS Cap
|

Neural
Stimulation

Higher Neural
stimulation

3 min 3 min

Pre- and
Post-test






OPS/images/fnhum-17-1191284-g002.jpg
Acceleratian (g)

@
g

e
&

Linear Acceleration (g)
N w
B8

=

]

—— AP Accsleration ——Caronal Rotation|
——Sagittal Rotation

——ML Accelertion

~—— IS Acosleration | 5 ~— Lateral Rotation
b Magnitude e ===+ Magnitude
z
i
8
®
2
% -
2
<
-15
0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Time (s) Time (s)
B
= o
s T2
3 3 &
5 i P s
2 o
3
<10
ge &
3
3
. 25
o
Male Female Male Female






