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Abstract 

Recurrent contact and concussion in rugby union remains a significant public health 

concern given the potential increased risk of neurodegeneration in later-life. This study 

determined to what extent prior-recurrent contact impacts molecular-haemodynamic 

biomarkers underpinning cognition in current professional rugby union players with a 

history of concussion. Measurements were performed in 20 professional rugby union 

players with an average of 16 [interquartile range (IQR), 13-19] years playing history, 

reporting 3 (IQR, 1-4) concussions. They were compared to 17 sex-, age-, physical activity- 

and education-matched non-contact controls with no prior history of self-reported 

concussion. Venous blood was assayed directly for the ascorbate free radical (A•-, electron 

paramagnetic resonance spectroscopy), nitric oxide metabolites (NO, reductive ozone-

based chemiluminescence) and select biomarkers of neurovascular unit integrity (NVU, 

chemiluminescence/ELISA). Middle cerebral artery blood flow velocity (MCAv, doppler 

ultrasound) was employed to determine basal perfusion and cerebrovascular reactivity 

(CVR) to hyper/hypocapnia (CVRCO2HYPER/HYPO). Cognition was assessed by 

neuropsychometric testing. Elevated systemic oxidative-nitrosative stress was confirmed 

in the players through increased A•- (P < 0.001) and suppression of NO bioavailability (P 

< 0.001). This was accompanied by a lower CVR range (CVRCO2RANGE, P = 0.045), 

elevation in neurofilament light-chain (P = 0.010) and frontotemporal impairments in 

immediate-memory (P = 0.001), delayed-recall (P = 0.048) and fine-motor coordination (P 

< 0.001). Accelerated cognitive decline subsequent to prior recurrent contact and 

concussion history is associated with a free radical-mediated suppression of CVR and 

neuronal injury providing important mechanistic insight that may help better inform 

clinical management. 

 

  



 
 

Introduction 

Repetitive head trauma and concussion represents a growing public health concern that 

may predispose sports athletes to an increased risk of neurodegeneration in later-life.1 The 

deleterious effects of repetitive head trauma have been documented across an increasing 

number of sports including boxing, American Football, and soccer,2,3 though the 

mechanisms that underpin an athlete’s potential trajectory towards accelerated brain ageing 

and subsequent neurodegeneration are not fully understood.  

Recently, we demonstrated that cerebral blood flow (CBF) regulation and cognition were 

collectively impaired in male football players with a history of heading the ball.4 While not 

directly assessed, it was speculated that heading the ball promoted elevated oxidative-

nitrosative stress (OXNOS), defined by a free radical-mediated reduction in vascular nitric 

oxide (NO) bioavailability, that has been associated with cerebral hypoperfusion, impaired 

cerebrovascular reactivity (CVR) and cognitive dysfunction.5-7   

Indeed, several others have suggested that neurodegeneration is an under-recognized 

consequence of rugby union,8,9 whereby professional players are exposed to >11,000 

contact events per-season and a corresponding concussion incidence rate of 20.4/1000 

match-hours.10,11 Given that rugby players are exposed to contact events that are likely 

more severe, prolonged and recurrent to that encountered by footballers, it is surprising that 

physiological profiles documenting integrated aspects of molecular and cerebrovascular 

function have not previously been performed, especially given that 9.6 million global 

participants  are potentially more vulnerable to accelerated brain ageing.12 

Thus, for the first time, this study determined the molecular, cerebrovascular and cognitive 

signatures of formerly concussed, current professional rugby union players. We 

hypothesised that repetitive contact and concussion history would be associated with 

elevated systemic OXNOS, accompanied by depressed cerebrovascular reactivity (CVR), 

neuronal injury and impaired cognition relative to a matched group of non-concussed 

controls.   

 

 

 

 



 
 

Materials and Methods 

 

Ethical approval  

The University of South Wales ethics committee approved the study (#0617LSETOE0). 

Participants provided written informed consent. The study conformed to the standards set 

forth by the Declaration of Helsinki, except for registration in a database. 

 

Participants and design 

Twenty male professional rugby union players aged 25 (mean) ± 4 (SD) years were 

recruited from a professional rugby union first team. Players reported 3 [interquartile range 

(IQR), 1-4] concussions incurred over 16 (IQR, 13-19) years were compared with 17 sex-

, age-, physical activity- and education-matched controls, with no participation in contact 

sports or concussion history (Table 1). All participants were free of disease, non-smokers 

and were not taking nutritional supplements or prescribed medication. Participants 

refrained from physical activity13, caffeine and alcohol, followed a low nitrate/nitrite diet 

prior to experimentation14 and were 12 h overnight fasted.  

 

Experimental procedures  

Concussion history  

Players: Concussion history was determined via medical records from the team doctor. 

Concussion history preceding available medical records was determined via self-recall and 

cross-checked using the Sport Concussion Assessment Tool (SCAT5) at baseline.15  

Players confirmed an average of 11 (IQR, 11-15) months since their most recent 

concussion. The average time between concussions was 16 (IQR, 13-20) months and 

return-to-play granted following 11 (IQR, 7-15) days.  

Controls: Concussion history was determined via self-recall and cross-checked using the 

Sport Concussion Assessment Tool (SCAT5) at baseline.15  

 

Physical activity status 

Physical activity was self-reported using the validated Get Active Questionnaire16 and 

reflected the volume of physical activity the participants completed in a typical week.4 

 



 
 

Haematology 

Blood was collected into vacutainers from an antecubital vein (Becton, Dickinson and 

Company, Oxford, UK) and centrifuged at 600g (4C) for 10 minutes. Centrifugation-

induced) hemolysis has the potential to confound the interpretation of redox-

reactive/neurovascular unit integrity biomarkers through activation of Fenton/Haber-Weiss 

chemistry. The metrics employed herein (centrifugation force/time/temperature) do not 

induce hemolysis, previously confirmed by human sera/plasma samples that consistently 

exhibit hemolysis indices of 0.17 Plasma and serum supernatant were decanted into 

cryogenic vials (Nalgene Labware, Thermo Fisher Scientific Inc., Waltham, MA, USA) 

and snap-frozen in liquid nitrogen for analysis. Samples were thawed at 37°C prior to batch 

analysis. 

 

Free radicals 

Plasma ascorbate radical (A•-) was used as a direct measure of systemic free radical 

formation.5,18 1 mL of plasma was injected into a high-sensitivity multiple-bore sample cell 

(AquaX, Bruker Daltonics Inc., Billerica, MA, USA) housed in a TM110 cavity of an 

electron paramagnetic resonance spectrometer operating at X-band (9.87 GHz). Samples 

were recorded by cumulative signal averaging of 10 scans and established instrument 

parameters5 using WINEPR software (Version 2.11, Bruker, Karlsruhe, Germany), which 

determined the double integral of each doublet using specialist software (OriginLab Corps, 

Northampton, MA, USA). The intra- and inter-assay coefficients of variation (CVs) were 

both <5%.  

 

NO metabolites 

Plasma NO bioavailability [combined bioactive concentrations of nitrite (NO −

2
) and S-

nitrosothiols (RSNO)] were measured using reductive ozone-based chemiluminescence 

(Sievers NOA 280i, Analytix Ltd, Durham, UK).14 Briefly, an acidified tri-iodide (I3) 

solution was prepared using 70 mL of glacial acetic acid, 650 mg of iodine crystals and 1 

g of potassium iodide dissolved in 20 mL HPLC-grade water. 5 mL of the I3 reagent was 

added to a glass purge vessel with a rubber septum-covered injection inlet and 30 μL of 

antifoam 204 added. A 200 μL plasma sample was injected into tri-iodide reagent with 



 
 

oxygen-free nitrogen gas bubbled through the reagent mix that had been heated to 50°C 

using a water bath controlled by a hotplate. The reaction vessel was linked to the NO 

analyzer via a trap containing 25 mL sodium hydroxide (NaOH) to remove any acid vapors. 

The gas-phase chemiluminescent reaction between NO and ozone was detected from the 

spectral emission of the electronically excited nitrogen dioxide product by a 

thermoelectrically cooled photomultiplier tube housed within the NO analyzer thus 

converting luminescent energy into a potential difference. Signal output (mV) was plotted 

against time (s) using Origin 8 software (OriginLab Corps, Massachusetts, USA) and 

smoothed using a 150-point averaging algorithm. The Peak Analysis package was used to 

calculate the area under the curve (mV/s) and subsequently converted to a concentration, 

using standard curves of known concentrations of sodium nitrite.19 Intra- and inter-assay 

CVs were both <5%. 

 

Neurovascular unit (NVU) integrity 

Serum S100B and glial fibrillary acidic protein (GFAP) were used as biomarkers of BBB 

permeability and glio-vascular damage,20 while neuron-specific enolase (NSE), 

neurofilament light-chain (NF-L), ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), and 

tau protein determined neuronal and axonal damage.21 Automated ELISA (LIAISON, 

DiaSorin, Saluggia, Italy) and Single Molecule Array (Simoa) technology (Neuro 4-

Plexassay kit, QuanterixTM, Lexington, MA, USA) determined serum concentrations of 

S100B/NSE and GFAP/NF-L/UCH-L1/tau respectively.19 This digital ELISA assay is 

considered ~500–1000 fold more sensitive than conventional immunoassays, with 

detection limits of 0.02 pg/mL.22 All samples were analyzed using a 4-fold dilution 

provided in the kit (phosphate buffer with bovine serum and heterophilic blocker solution) 

to minimize matrix effects. All intra- and inter-assay CVs were <5%. 

 

 

Cardiopulmonary function 

A lead II electrocardiogram (Dual BioAmp; ADInstruments, Oxford, UK) was used to 

measure heart rate (HR). Finger photoplethysmography (Finometer PRO, Finapres Medical 

Systems, Amsterdam, The Netherlands) was used to measure beat-by-beat stroke volume 



 
 

(SV) and cardiac output (Q̇) using the Modelflow algorithm that incorporates participant 

sex, age, stature and mass23 (BeatScope 1.0 software; TNO; TPD Biomedical 

Instrumentation, Amsterdam, The Netherlands). 

 

Cerebral haemodynamic function 

Middle cerebral artery blood flow velocity (MCAv) was determined through the temporal 

window at a depth of ~1 cm distal to the MCA-anterior cerebral artery bifurcation using 

standardized search techniques24 with a 2 MHz pulsed transcranial Doppler ultrasound 

(TCD; MultiDop X4, DWL Elektronische Systeme GmbH, Germany). Cerebrovascular 

conductance and resistance indices were calculated as MCAv/MAP and MAP/MCAv, 

respectively. Cerebral oxygen delivery (CDO2) was calculated as middle cerebral artery 

velocity (MCAv) × arterial O2 content [CaO2] 1.39 × Hb × SaO2/100).5 Capnography (ML 

206, ADInstruments Ltd) was used to measure the partial pressure of end-tidal carbon 

dioxide (PETCO2). Measurements were performed in an upright seated position at rest and 

in response to hyper/hypocapnia to assess CVRCO2HYPER/HYPO. Following 10-minutes of 

seated rest, CVRCO2HYPER was assessed by breathing an inspiration of 5% CO2 with 21% 

O2 (balanced nitrogen) for 3-minutes to minimize inter-individual responses.25 Following 

a 5-minute recovery breathing room air to allow for baseline values to return, CVRCO2HYPO 

was determined following 3-minutes of controlled hyperventilation (15 breaths/min) where 

participants were verbally instructed to increase their tidal volume in order to reduce 

PETCO2.
4  

 

Data sampling/analysis  

Beat-by-beat data were continuously sampled at 1 kHz using an analogue-to-digital 

converter (Powerlab/16SP ML795, ADInstruments Ltd) and stored for offline analysis 

(Lab Chart v8.1.17). During analysis, baseline values were obtained by averaging the last 

30-seconds of data collection following 10-minutes of rest. Both CVRCO2HYPER/HYPO were 

calculated as the percentage change in MCAv from baseline per 1 mmHg change in PETCO2 

recorded during the final 30-seconds (average taken) of the respective challenge once 

steady-state had been achieved: CVRCO2HYPER/HYPO were subsequently used to calculate the 

cerebral vasomotor range (CVRCO2RANGE) as detailed below:  



 
 

 

CVRCO2RANGE (%/mmHg) = CVRCO2HYPER (%/mmHg) + CVRCO2HYPO (%/ mmHg)4,7 

 

Cognition 

Cognition was assessed using a battery of validated psychometric tests, taking into account 

criteria for the symptomatic phase prior to the onset of neurodegeneration as recommended 

by the National Institute for Ageing and the Alzheimer’s Association,26 with select domains 

scored as previously described.27 Learning and memory was assessed using the Rey 

Auditory Verbal Learning Test (RAVLT)-A and B28. Visuomotor coordination was 

assessed via the Grooved Pegboard Dexterity Test (Lafayette Instruments) using the 

dominant (GPD) and non-dominant hands (GPND)29. Higher scores in the RAVLT-A/B 

and lower scores in the GPD/GPND indicated superior performance. 

 

Statistical analysis 

Prospective power calculations were conducted via nQuery using pilot data from our 

laboratory. A sample size of 16 participants (per  group) was required to achieve 80% 

power at P < 0.05 across all molecular, cerebral haemodynamic and cognitive metrics 

(Table 2). Data were analysed using commercially available software (SPSS 26.0, 

International Business Machines, Chicago, USA). Following confirmation of distribution 

normality (Shapiro-Wilk W tests), data were analysed using independent samples t-tests. 

Retrospective analyses of effect sizes (Cohen’s d) were determined for all variables.30 

Relationships between metabolic, haemodynamic and clinical variables were determined 

using Spearman’s rank tests. Retrospective power calculations were performed using 

nQuery to confirm observed power for all study metrics. Data are expressed as mean ± 

standard deviation (SD) or median (IQR) if not normally distributed. Significance for all 

two-tailed tests was established at P < 0.05.  

 

 

 

 

 



 
 

Results 

 

Molecular function 

Players confirmed elevated OXNOS through increased A•- (95% CI, 28.1 – 53.8 x 103 AU, 

P < 0.001) and a corresponding suppression of NO bioavailability (95% CI -98.54 – -26.54 

nM/L, P < 0.001, Figure 1 A). Players exhibited elevated NF-L (IQR, 5.91 – 48.68 pg/Ml, 

P = 0.010), whereas no differences were identified in S100B, GFAP, NSE, UCH-L1 and 

tau (P > 0.050). 

 

Cerebrovascular reactivity 

The percentage decrease in MCAv from rest to hypocapnia was lower in players (95% CI, 

0.78 – 14.22%, P = 0.030) and corresponded with a suppression in CVRCO2RANGE (95% CI, 

-2.15 – -0.04 %/mmHg, P = 0.045, Figure 1B).  

 

Cognition 

Immediate memory was supressed in players (95% CI, -3.00 – -0.92pts, P = 0.001, Table 

3) and inversely associated with CVRCO2RANGE (r = 0.495, P = 0.026, Figure 1C). 

Impairments in delayed recall (95% CI, -3.12 – -0.01pts, P = 0.048), and fine-motor 

coordination using the dominant (P = <0.001)/non-dominant hands (P = 0.004) were also 

apparent.  

 

 

 

 

 

 

 

  



 
 

Discussion 

By comparing sex-, age-, physical activity- and education-matched non-contact controls to 

formerly concussed professional rugby union players, the present study has identified two 

unique and clinically relevant findings. First, players were characterised by a more 

pronounced systemic elevation in OXNOS and molecular evidence for neuronal injury. 

Second, these differences were accompanied by lower CVR and cognitive performance. 

Collectively, these findings provide integrative mechanistic insight into the molecular-

haemodynamic biomarkers underpinning cognitive decline, that may help inform a player’s 

trajectory towards neurodegeneration in later-life. 

Our study highlights that cumulative exposure to contact in rugby players with concussion 

history incurred a molecular shift towards a progressive elevation in systemic OXNOS. 

Our results are consistent with the literature that supports the free-radical mediated 

scavenging of NO underpinning cerebrovascular impairment.5 Furthermore, the depression 

in CVRCO2RANGE emphasizes the importance of NO in the autochemoregulation of CBF and 

suggests that the capacity of a player’s cerebrovascular bed to respond to dynamic changes 

in blood flow was suppressed31,32 subsequent to a more constrained vasomotor range, an 

early predictor of neurodegeneration.21 

While persistent cognitive impairment in formerly concussed athletes remains a subject of 

ongoing controversy, our results are consistent with those supporting frontotemporal 

cognitive impairment in players.33,34 This region of the head is vulnerable to trauma during 

tackling with elevated NF-L indicating axonal damage and subtle blood-brain barrier 

disruption given its detection in peripheral blood.20 Others have demonstrated that 

concussion was associated with suppressed scores across all psychometric domains of 

5,616 high school and junior high school athletes,35 and in contrast, others have indicated 

that a prior history of concussion failed to impact cognition using CogSport.36,37 Thus, our 

findings are consistent with evidence of lasting cognitive deficits that persist following 

prior concussions.38 

Unlike previous studies,39 our findings highlight the perpetuation of chronic impairments 

that were apparent even at baseline prior to the playing season, given that players suffered 

their last concussion 16 months ago on average. Thus, the functional molecular-

haemodynamic impairments observed herein were not confounded by ‘carryover’ effects 



 
 

from acute (i.e. last prior) concussion, and rather, they more likely reflect longer-term, 

cumulative implications incurred through repetitive contact sustained over an average 

playing career of 16 years. Indeed, the reduction in cerebrovascular range and cognition in 

the rugby players was comparable to our recently previously published data in football 

players.4 All cerebral haemodynamic and cognitive metrics collected from rugby and 

football players were within 13% of one another and consistently suppressed compared to 

their respective control counterparts. Moreover, the present study adds a molecular ‘arm’ 

to our previous research, suggesting that cumulative exposure to contact (i.e. physical 

contact in rugby and heading the football) incurs a molecular shift towards a systemic 

elevation in OXNOS that underpins a decline in CVRCO2RANGE and subsequent cognition.  

Indeed, the reversibility of OXNOS and suppressed cerebrovascular function remains to be 

established given the general lack of recovery and unrelenting nature of recurrent contact 

exposure that defines modern sport. At the professional level, a player is unlikely to 

undergo sustained periods of time without exposure to contact events. Therefore, it is likely 

that OXNOS-mediated cerebrovascular dysfunction and cognitive impairment would 

remain apparent, or progress further over time, but further research is required to better 

understand these mechanisms. 

There are study limitations that warrant consideration. First, larger scale follow-up studies 

are encouraged to confirm our findings given the interpretive limitations associated with 

the small sample sizes employed, including the caveats associated with a Type M error.40 

Indeed, the present study was designed using a number of participants that exceeded the 

minimum required number to reach ≥80% power across all metrics, however final power 

observations revealed that three study metrics failed to reach this threshold. While this is 

apparent, the data presented in this study is still of high importance given its integrated 

translational approach combining, molecular, cerebral haemodynamic and cognitive 

metrics in formerly concussed professional rugby union players that are exposed to a high 

volume of contact events each year, a feat not achieved by any other research laboratory 

previously. Moreover, the data presented in this study allows future research to be 

conducted by providing real-world data that would enable more precise prospective power 

calculations. Second, despite our best efforts to match players and controls for volume, 

modes, intensities and frequency of physical activity, a more objective measurement of 



 
 

cardiorespiratory fitness (CRF) such as maximal oxygen uptake would have been more 

instructive. However, if CRF was higher in the rugby players given their professional 

training status, the observed impairments in metabolic, cerebral haemodynamic and 

cognitive function were likely ‘underestimated’ given the ‘additional’ neuroprotection 

expected.31 Thus, to further improve baseline matching, future investigators may consider 

alternative control groups composed exclusively of non-concussed rugby union players. 

 

In conclusion, repetitive prior concussion is associated with an OXNOS-mediated 

impairment in cerebrovascular function and corresponding decline in cognition among 

professional rugby union players. To what extent these changes translate to an accelerated 

trajectory towards irreversible neurodegeneration in later-life remains to be established, 

though these select biomarkers may help guide and inform future clinical management.  

Perspectives 

While our previous research has demonstrated that cerebral blood flow regulation and 

cognition were collectively impaired in male football players with history of heading the 

ball,4 this study highlights that elite professional rugby union players with concussion 

history are characterised by neuronal injury, lower cerebrovascular reactivity and cognition 

that is underpinned by elevated systemic oxidative-nitrosative stress. These findings 

provide new molecular (i.e. OXNOS-mediated) insights into the molecular-haemodynamic 

determinants underpinning cognitive decline, and functional biomarkers that may help 

inform a player’s potentially accelerated trajectory toward neurodegeneration in later-life. 
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Table 1: Demographics 

 

 Controls  

(n = 17) 

Players  

(n = 20) 

95% CI P value d Power 

(%) 

Clinical       

Age (years) 26 (12) 25 (5) - 0.582 0.42 <50 

Haemoglobin (g/dL) 15.2 (0.9) 15.6 (0.8) - 0.332 0.38 <50 

Anthropometrics       

Stature (m) 1.77 ± 0.62  1.85 ± 0.68 0.04 – 0.13 <0.001 1.27 93 

Mass (kg) 73 ± 9 105 ± 14 23.91 – 39.69 <0.001 2.22 99 

Education       

Total education (years) 17 (3) 14 (1) - 0.058  -0.67 78 

Contact/activity        

Concussions (n) 0 (0) 3 (3) - 0.001 3.35 98 

Rugby career (years) 0 (0) 16 (6) - <0.001 7.81 99 

Physical activity (min/week) 353 ± 169 438 ± 162 -25.71 – 195.40 0.128 0.55 <50 

Cerebral haemodynamics        

MCAv (cm/s) 60 ± 11 56 ± 12 -11.44 – 3.62 0.299 -0.35 <50 

CDO2 (AU) 1225 ± 241 1170 ± 229  -196.05 – 98.08 0.503 0.23 <50 

Values are mean ± SD or median (IQR); MAP, MCAv, middle cerebral artery velocity; CDO2, cerebral oxygen 

delivery; AU, arbitrary units.  



 
 

Table 2: Prospective power calculations. 

 

Metric Group 1 mean Group 2 mean Common standard deviation Effect size 
Power 

(%) 

N required 

per group 

AFR 88,466 52,191 12,001 3.023 80 4 

NO 164 206 32 1.313 80 11 

NFL 25.33 10.53 14.20 1.042 80 16 

RAVLT A1-A5 50 55 4.8 1.042 60 16 

RAVLT B1 9 7 1.8 1.11 80 14 

RAVLT A6 6 10 3 1.33 80 10 

RAVLT A6-A5 -3 -1 1.8 1.11 80 14 

GPD 68 56 11 1.091 80 15 

GPND 78 65 12 1.08 80 15 

%Δ MCAv Hypercapnia 28 36 7 1.00 80 14 

%Δ MCAv Hypocapnia -29 -35 5 1.40 80 10 

CVRCO2HYPER 2.73 3.75 0.97 1.05 80 16 

CVRCO2HYPO 2.42 3.21 0.67 1.01 80 13 

CVRCO2RANGE 5.5 6.72 1.18 1.03 80 16 

AFR, ascorbate free radical; NO, nitric oxide; NF-L, neurofilament-light chain; RAVLT, Rey Auditory Verbal Learning Test; GPD, Grooved 

Pegboard Dexterity Test Dominant & (GPND) non-dominant hand; MCAv, middle cerebral artery velocity; CVRCO2RANGE, Cerebrovascular 

reactivity range to changes in end-tidal carbon dioxide during hypercapnia (CVRCO2HYPER) and hypocapnia (CVRCO2HYPO). 
 

 

 

 



 
 

 

Table 3: Cognition  

 

Assessment Controls 

(n = 17) 

Players  

(n = 20) 

95% CI P value d Power 

(%) 

Learning and memory       

Rey Auditory Verbal Learning Test A1-A5 (n) 53 ± 9 49 ± 8 -1.96 - 9.61 0.189 -0.44 <50 

Rey Auditory Verbal Learning Test B1 (n) 7 ± 2 5 ± 1 -3.00 – -0.92 0.001 -1.26 96 

Rey Auditory Verbal Learning Test A6 (n) 11 (7) 6 (2) - <0.001 -2.02 99 

Rey Auditory Verbal Learning Test A6-A5 (n) -1 ± 2 -3 ± 2 -3.12 – -0.01 0.048 -0.68 <50 

Fine-motor coordination       

Grooved Pegboard Dominant Hand (s) 57 (12) 70 (7) - <0.001 1.42 96 

Grooved Pegboard Non-Dominant Hand (s) 64 (15) 76 (23) - 0.004 1.16 90 

Values are mean ± SD or median (IQR) 



 
 

Figures 

 

Figure 1: Molecular (A) and cerebrovascular (B) comparison between rugby union players 

and controls. Correlational sub-analysis performed in players only (C). AFR, plasma 

ascorbate free radical; AU, arbitrary units; NO −

2
, plasma nitrite; RSNO, plasma S-

nitrosothiols; NF-L, serum neurofilament light-chain; MCAv, middle cerebral artery 

velocity; CVRCO2, cerebrovascular reactivity to inspiratory hyper/hypocapnia; RAVLT-

B1, Rey Auditory Verbal Learning Test B1; CVRCO2RANGE, cerebrovascular reactivity 

range to carbon dioxide.  

 


