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A B S T R A C T

Sport-related concussion (SRC) and its potential neurological sequela represent an emerging global health 
concern, requiring improved recovery management and strategies for return-to-play (RTP) to enhance brain 
health in athletes. Given the dynamic and multifaceted nature of SRC recovery, the purpose of this review is to 
synthesize existing literature on post-SRC outcomes in adult athletes, and to outline the temporal trajectories of 
key recovery indicators (symptoms, cognitive function, blood biomarkers) across distinct recovery phases until 
resolution. In the acute phase of SRC (first 48 h), symptom scores and brain damage markers peaked immedi-
ately, while cognitive impairments and neuroinflammation emerged with a slight delay. Following the initial 
rise, brain damage marker concentrations rapidly dropped below baseline levels at approximately 48 h following 
SRC injury. During the early recovery phase, neuroinflammation and most cognitive alterations resolved after 
3–5 days, though symptom burden and attention deficits persisted for up to 7 days. Despite prolonged alterations 
reported in some individuals, recovery markers typically returned to pre-injury levels in the transition phase (≤ 2 
weeks), though mild attention deficits were detected up to 3 weeks, and TNF-α concentrations remained elevated 
throughout late recovery (> 2 weeks). These results reveal distinct temporal discrepancies across recovery 
markers and emphasize that physiological disturbances can outlast symptom resolution, underscoring the need 
for both multimodal assessments and appropriately timed evaluations to accurately track recovery progression. 
Incorporating structured follow-ups at key time points, particularly beyond symptom resolution, may improve 
RTP decision-making and reduce the risk of premature return and long-term neurological consequences.

1. Introduction

Sport related concussion (SRC) and its adverse long-term effects on 
brain health have emerged as a globally significant public health 
concern. 1 A worldwide increase in SRC incidences over recent years and 
the established link between repeated head injury throughout an ath-
letic career and potential neurological sequela underscores the demand 
for evidence-based injury management. 2–4 Incomplete recovery before 
returning to sport is reported to be a major risk factor of sustaining 
additional brain injury, prolonged concussion symptoms, and the onset

of neurodegenerative disorders. 5,6 Therefore, early identification of SRC 
and the monitoring of recovery following injury are essential to prevent 
chronic brain damage and to improve athletes’ brain health. 5,6

As the clinical presentation of SRC is highly variable and encom-
passes a wide spectrum of physical, cognitive and mental symptoms 
during the acute phase of injury, 7,8 determining full clinical and physi-
ological recovery is a complex and multifaceted task. 9,10 Post-injury 
recovery is commonly defined as the time required for symptoms to 
resolve and cognitive and motor function to return to baseline levels. 7,11 

Frequently reported alterations besides clinical symptoms (e.g.
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headache, dizziness, and confusion) include impairments in vestibular 
and motor function, reaction time, attention, memory, and visual motor 
speed which may persist for several days or weeks, 6,11,12 with 
return-to-play (RTP) being recommended only after performance has 
returned to pre-injury levels. 7,13

Baseline testing remains the best available practice of recovery 
assessment to date, as it facilitates individual detection of post-injury 
impairments and can assist the interpretation of recovery trajec-
tory. 7,14 Although post-injury symptoms are still considered to be the 
most reliable predictor of recovery to date, 15 relying solely on 
self-reported symptoms carries a high risk for bias. Emerging evidence 
from multi-domain assessments suggests that physiological recovery 
may exceed clinical recovery indicated by symptom resolution, 6,11,15,16 

emphasizing the need for multifaceted testing.
Nonetheless, cognitive function and its associated symptoms play a 

key role in determining RTP decisions, yet symptom-based assessments 
are often limited by subjectivity and variability across individuals. 17,18 

To address this limitation, blood-based biomarkers have emerged as an 
objective tool for detecting SRC and assessing physiological recovery. 19 

Compared to neuroimaging techniques such as computed tomography, 
positron emission tomography, and magnetic resonance imaging, 
blood-based biomarkers offer advantages in terms of accessibility, 
cost-effectiveness, and real-time monitoring capabilities. 20 However, 
blood-based biomarkers do not always exhibit a direct correlation with 
cognitive impairment or symptom resolution, emphasizing the 
complexity of post-concussion recovery. 21 While pro-inflammatory cy-
tokines typically peak within the first few days post-injury, other 
damage-associated molecular patterns, such as the prolonged activation 
of neurotoxic M1-like microglia, may persist for several weeks or even 
months. 22 This discrepancy suggests that physiological recovery may 
extend well beyond the resolution of self-reported symptoms. 11,15,16,23 

This dissociation between symptom resolution and underlying neuro-
physiological changes underscores the necessity for a multimodal 
approach that integrates cognitive testing, symptom tracking, and 
biomarker assessment to enhance RTP decision-making and prevent 
premature RTP.

To improve RTP decision-making, monitoring the progression of 
recovery markers throughout the rehabilitation process provides an 
objective framework for interpretation of recovery and is a critical step 
in establishing accurate recovery timelines. 6,16 There is a growing trend 
toward collecting clinical data across multiple time-points from baseline 
to full recovery and beyond. 18 Despite these advancements and the 
increasing interest in concussion recovery, existing research often lacks 
a comprehensive multimodal approach that integrates multiple domains 
associated with alterations after SRC. 18 As post-concussive outcomes are 
affected by multiple factors, individual management strategies imple-
menting multi-domain assessments are needed rather than using a 
“one-size-fits-all” approach. 9,15,24 However, current literature is often 
limited to reporting only the total time until resolution of symptoms and 
alterations or focuses on single domains. 11,16,25

Given the existing limitations in concussion research, this narrative 
review aims to provide a comprehensive overview of the progression of 
multiple sensitive recovery markers across various time points, from 

pre-injury to resolution. Mapping the temporal dynamics of each 
domain will enhance the understanding of SRC recovery, offering 
valuable insights for coaches, medical staff, and healthcare professionals 
in designing evidence-based rehabilitation protocols and making 
informed concussion management decisions. This approach represents a 
critical step toward a more holistic recovery framework, with the po-
tential to prevent subsequent injuries and improve athlete safety.

2. Methods

This narrative review was conducted to provide a comprehensive 
overview on recovery trajectory following sport-related concussion at 
multiple time points, including a multi-domain approach. The main

research question was how different recovery markers (clinical symp-
toms, cognitive function, blood biomarkers) proceed over time, when 
they return to baseline levels and/or normative scores from matched 
controls, and if there are differences in the timeline until resolution 
across markers. To address the research questions, a comprehensive 
literature search was performed using the following databases: PubMed, 
ResearchGate, and Google Scholar. Eligible articles were identified 
following a multi-step approach: In the initial step, the keywords 
‘concussion’ OR ‘sport-related concussion’ OR ‘traumatic brain injury’ 
AND “recovery” OR “return to play” OR “return to baseline” OR “reso-
lution” were used. To identify articles addressing specific recovery 
markers, the second step combined the mentioned keywords with the 
term ‘biomarker’ OR ‘blood biomarker’ OR ‘symptoms’ OR ‘symptom 

score’ OR ‘cognition’ OR ‘cognitive function’ OR ‘cognitive perfor-
mance’. Finally, reference lists of included articles and relevant reviews 
identified in the initial search process were examined for additional 
eligible studies. All studies retrieved through this multi-step approach 
underwent an initial screening of titles and abstracts by at least one 
reviewer to assess relevance and adherence to inclusion criteria. Studies 
passing this stage were independently reviewed by all four authors 
responsible for literature research, with any discrepancies in eligibility 
resolved through discussion. Given the narrative nature of this review, 
no record was kept of the number of abstracts and articles identified and 
screened by the authors.

As this study focuses on concussion recovery in adult sport athletes, 
only studies involving participants aged 18 years or older and SRC injury 
resulting from sports participation were included. The review covers 
research published between 2013 and 2024.

2.1. Search strategy and study selection

To address the research questions, a comprehensive literature search 
was performed using the following databases: PubMed, ResearchGate, 
and Google Scholar. The search process to identify eligible articles fol-
lowed a multi-step approach. In the initial step, the primary keywords 
‘concussion’ OR ‘sport-related concussion’ OR ‘traumatic brain injury’ 
AND “recovery” OR “return to play” OR “return to baseline” OR “reso-
lution” were used to identify relevant studies. To identify articles 
addressing specific recovery markers, additional searches combined 
these keywords with the terms ‘biomarker’ OR ‘blood biomarker’ OR 
‘symptoms’ OR ‘symptom score’ OR ‘cognition’ OR ‘cognitive function’ 
OR ‘cognitive performance’. In the final step, reference lists of included 
articles and relevant reviews identified in the initial searches were 
examined for additional eligible studies. All studies retrieved through 
this multi-step approach underwent an initial screening of titles and 
abstracts by at least one reviewer to assess relevance and adherence to 
inclusion criteria. Studies passing this stage were independently 
reviewed by all four reviewers responsible for literature research, with 
any discrepancies in eligibility resolved through discussion.

2.2. Inclusion criteria

Studies were only included in this review if they were published in 
English and involved human participants, while articles conducting 
other types of research methodology, like assessing animal models or 
including brain injury simulation, were not included. To investigate 
concussion recovery in adult sport athletes, only studies involving par-
ticipants aged 18 years or older were included, as age may significantly 
influence post-injury outcomes. Given the potential impact of injury 
mechanisms on recovery patterns, studies were eligible for inclusion 
only if the concussion resulted from sports participation, while injuries 
from non-sport-related incidents (e.g., traffic accidents, military in-
juries) were excluded. In studies reporting results for both athletes and 
non-athlete populations, only data specific to athletes were extracted for 
analysis. Finally, to examine the temporal trajectory of recovery 
markers, only articles reporting outcomes at a minimum of two distinct
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time points, including baseline measurements, were included in this 
review.

3. Post-concussive symptoms

Symptom evaluation is an integral component of clinical assessment 
and supports clinicians in identifying the type and severity of functional 
disturbances. 26 The onset of clinical symptoms following a sport-related 
concussion is characterized by a clear temporal association with the 
injury mechanism, with symptoms manifesting either immediately or 
within minutes to hours post-injury, affecting multiple clinical do-
mains. 15,27 Symptomatology is typically classified into four primary do-
mains: affective/emotional (e.g., anxiety, sadness, nervousness), 
cognitive (e.g., confusion, disorientation, impaired concentration), 
sleep-related (e.g., drowsiness, difficulty initiating sleep), and somatic/- 
physical symptoms (e.g., headache, blurred vision, fatigue). Within these 
categories, clinical symptoms are often heterogeneous across individuals 
and sometimes challenging to distinguish from general fatigue following 
sport participation or depressive mood. 28 With a prevalence of approxi-
mately 90% post-injury, headache is the most frequently reported 
symptom by athletes suffering from SRC. Although amnesia and loss of 
consciousness were historically considered hallmark indicators of 
concussion, they are no longer seen as a mandatory requirement for the 
diagnosis of SRC. While concussion symptoms are generally described to 
be transient, typically resolving within 7–10 days in most cases, they may 
persist for weeks or months in certain individuals 12,15,29 with greater 
acute symptom severity and a higher symptom burden being associated 
with an increased risk of prolonged recovery and persistent symptoms. 
Given the considerable variability in symptom burden across individuals, 
this narrative review aims to provide an overview of total symptom scores 
to facilitate more meaningful comparisons (Supplement Table 1).

4. Cognitive function following SRC

Impairment of cognitive function is a common consequence resulting 
from SRC, 28 that can have a significant impact on daily functioning and 
performance. 30 Deficits in cognitive function refer to the impairment of 
mental processes involved in acquiring knowledge, which can affect 
various and broad domains 31 frequently including alterations in reac-
tion time, attention, memory, executive function and visual motor speed 
which may persist for several days or weeks. 6,11,12,28 Although the 
occurrence of impairments and the time until resolution can vary among 
individuals, cognitive symptoms are often reported to resolve within a 
few days. 28,32 However, in rare cases cognitive alterations can persist 
beyond this period. 28,33 The assessment of neurocognitive function is 
routinely conducted to help practitioners manage SRC and make a safe 
RTP decision. 34 This review portrays the temporary trajectory of reac-
tion, attention, memory, and motor speed performance (Supplement 
Table 2), as these domains are most commonly reported to show alter-
ations following SRC. 6,12

5. Blood biomarkers following SRC

Among blood-based biomarkers, this review includes glial fibrillary 
acidic protein (GFAP), neurofilament light chain (NFL), ubiquitin 
carboxyl-terminal esterase L1 (UCH-L1), S100 calcium-binding protein 
B (S100B), and Tau (Supplement Table 3), as well as inflammatory 
markers (Supplement Table 4), including C-reactive protein (CRP), 
tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-10 
(IL-10), and interleukin-1 receptor antagonist (IL-1RA). GFAP is an 
astrocytic intermediate filament protein essential for blood-brain barrier 
(BBB) integrity, making it a key marker of astrocyte injury and traumatic 
brain injury (TBI). 35 UCH-L1, a neuronal enzyme involved in protein 
degradation and turnover, has been identified as an early biomarker for 
neuronal damage and mild traumatic brain injury (mTBI). 36 NFL, a 
major axonal structural protein, is widely recognized as an indicator of

axonal injury and neurodegeneration, with elevated levels observed in 
neurodegenerative diseases and following repetitive head trauma. 37 

Similarly, Tau, a microtubule-associated protein localized in axon ter-
minals, has been associated with neurofibrillary pathology and chronic 
traumatic encephalopathy (CTE). 38 S100B, a calcium-binding protein 
predominantly expressed in astrocytes, serves as a biomarker for BBB 
disruption, astrocyte activation, and neuronal injury, though its levels 
may also rise due to extracranial trauma, limiting its specificity.

In addition to neurodegeneration markers, inflammatory markers 
have gained attention for their role in post-concussive pathology. CRP, a 
systemic inflammatory protein, rises rapidly following acute brain 
injury and is frequently used as a marker of injury severity and systemic 
inflammatory response. 39 TNF-α, a pro-inflammatory cytokine, is a key 
mediator of neuroinflammation, immune response activation, and sec-
ondary neuronal damage following SRC. 40 IL-6, a multifunctional 
cytokine, peaks early post-injury and contributes to BBB permeability, 
neuroinflammation, and immune modulation. 41 In contrast, IL-10 
functions as an anti-inflammatory cytokine, counteracting neuro-
inflammation and promoting neuronal recovery. 42 Lastly, IL-1RA, a 
natural antagonist of IL-1, plays a neuroprotective role by mitigating 
excessive neuroinflammatory responses, thereby potentially reducing 
long-term brain damage. 43

6. Temporal trajectory of recovery markers

Prior research suggests that acute neurometabolic disturbances and 
impairments in neuropsychological functioning typically resolve within 
7–10 days post-injury. 12,19 However, persistent physiological changes, 
such as sustained neuroinflammation and elevated brain injury markers, 
are reported to extend beyond the timeframe of clinical symptom res-
olution. 11,15,16,23 This discrepancy highlights the limitations of relying 
on single biomarkers for predicting concussion recovery or guiding RTP 
decisions. A comprehensive understanding of the dynamic interplay 
between clinical symptoms and biological markers throughout the re-
covery process is essential for identifying critical recovery phases and 
optimizing rehabilitation strategies. Findings from the studies included 
in this review were synthesized and their results categorized according 
to critical phases of recovery to capture the dynamic progression of re-
covery. Based on these results, the following section provides a summary 
of the changes of total symptom scores, cognitive domains (reaction, 
attention, memory, motor speed, additional domains), and blood bio-
markers (brain damage markers, inflammation markers), with their 
temporal flow illustrated in Fig. 1. While the results of studies included 
are presented in detail in the Supplementary Tables 1–4, practical rec-
ommendations and key points to consider for SRC recovery assessment 
and RTP decision-making are outlined in Table 1.

6.1. Acute phase following injury

Total symptom scores were reported to reach their peak values 
within the first 24 h in all studies providing data for this time 
point. 19,26,44–46 This increase was statistically significant in all studies 
that conducted a direct statistical comparison to baseline data, 19,26,45,46 

underscoring that symptom burden emerges almost immediately or 
develops within hours following SRC.

Cognitive function data collected immediately following SRC were 
limited to the attention domain, 47–49 with no studies assessing memory, 
motor speed, or reaction performance in the acute phase. All studies 
evaluating attention used the King-devick test and consistently reported 
increased test completion times, indicating poorer performance, with 
increases ranging from 112.3% to 117.4% relative to baseline. 47,48 

However, significant performance differences between time points were 
only reported by King et al. 47 Although the remaining studies reported 
no statistical comparison to baseline outcomes, Cheever et al. 49 found no 
difference in performance between concussed participants in the acute 
phase of injury and a control group of healthy matched participants.
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Blood-based biomarkers of brain damage, including GFAP, UCH-L1, 
S100B, NFL, and Tau, showed an average increase of 49.70% ranging 
between 7.32% and 75.53% immediately following SRC. 19,21,50–52 

However, an exception was noted in S100B, where Schulte et al. 71 re-
ported a slight decrease of − 1.88% compared to baseline. However, the 
remaining four studies of S100B showed similar increases, 21,50–52 sug-
gesting that SRC primarily leads to damage in neurons and astrocytes, 
reflected by the elevation of GFAP, UCH-L1, NFL, and Tau, rather than 
S100B. The lack of a significant increase in S100B may also be attributed 
to its release following extracranial injuries, making it a less specific 
biomarker for direct neuronal damage in SRC.

Inflammatory markers including TNF-α, IL-6, IL-10, CRP, and IL-
1RA, on average, increased by 27.15% ranging from − 5.18% to 
71.52% compared to baseline, 46,50,53 further supporting the presence of 
neuroinflammation following SRC. Interestingly, TNF-α was the only 
inflammatory marker that decreased, showing a 5.18% reduction 
compared to baseline. A closer examination of individual studies 
revealed some variability. Nitta et al. 53 reported a 16.31% reduction, 
whereas Meier et al. 46 observed a 5.95% increase. This discrepancy 
highlights the heterogeneous nature of inflammatory responses 
following SRC, suggesting that TNF-α dynamics may be influenced by 
individual recovery patterns, injury severity, or time-sensitive immune 
regulation.

6.2. Between 24 and 48 h post injury

All studies with available data within 24–48 h post-injury reported 
symptom scores remained elevated, 19,46,54–59 highlighting the increased

vulnerability during this early stage of injury. Nevertheless, in the two 
studies that included assessments both immediately post-injury and 
again at 24–48 h, 19,46 symptom scores were slightly lower at the later 
time point, indicating that a slight resolution of symptoms might already 
occur during this timeframe. This early symptom improvement may be 
partly affected by the timing of both assessments: while the acute 
evaluation occurred after an average of 3.42 h, 19 the average time be-
tween injury and the later assessment was reported to be 41.25 h, 19 

therefore providing sufficient time for early recovery to begin. Among 
all studies comparing symptom scores from baseline to values from 24 to 
48 h post-injury, the increase in symptom burden varied highly ranging 
from 198.3% 19 to 580.8%. 58

Reaction task performance was consistently worse than at baseline 
across all included studies, 7,50,55,60,61 apart from Glendon et al., 59 which 
reported only a slight difference. Similarly, attention task completion 
times increased in most cases, 48,57,60,62 indicating attentional impair-
ments resulting in poorer performance. Declines in motor speed com-
posite scores during this phase ranged from 81.8% 55 to 98.8% 59 of 
baseline performance, while decreases in memory performance ranged 
from 78.8% 55 to 97.6% 58 for visual memory and from 84.7% 55 to 
97.3% 58 for verbal memory compared to baseline values. Across the 
included studies providing data for this period, cognitive impairments 
were most pronounced within 24–48 h post SRC, indicating this period 
as the peak of cognitive dysfunction.

On average, brain damage biomarkers increased by 93.02% ranging 
between − 21.01% and 119.79% compared to baseline, showing a sub-
stantial elevation relative to the acute phase. 19,21,50,52,63,64 However, 
the specific patterns of increase and decrease varied across different

Fig. 1. Trajectories of symptoms, cognitive function, brain injury markers, and inflammatory markers during the recovery process following sport-related 
concussion (SRC) in adult athletes. The figure illustrates relative changes in each domain over time after SRC. The horizontal dotted gray line represents the x-axis 
(time since SRC), while the vertical dotted gray line represents the y-axis (relative increase from baseline). Each curve is normalized to its relative peak value for 
visual comparison. The sky-blue line indicates the total symptom score. The yellow line represents the combined levels of brain damage blood markers (Tau, GFAP, 
NFL, UCH-L1, and S100B). The green line reflects the composite score for cognitive impairment, and the red line represents the aggregated levels of inflammatory 
blood markers (IL-6, TNF-α, IL-10, and CRP). Abbreviations: SRC, sport-related concussion; GFAP, glial fibrillary acidic protein; NFL, neurofilament light chain; 
UCH-L1, ubiquitin C-terminal hydrolase-L1; S100B, S100 calcium-binding protein B; IL, interleukin; TNF-α, tumor necrosis factor-alpha; CRP, C-reactive protein.

S. Ahn et al. Sports Medicine and Health Science 8 (2026) 119–127

122



markers. Notably, UCH-L1 (− 21.01%) 19,21,50,63,64 and S100B 
(− 11.62%) 21,50,52,64 showed a decrease, while other markers continued 
to rise. In the case of UCH-L1, all five studies that included 24–48 h data 
reported a decrease, suggesting a consistent trend that UCH-L1 levels 
peak during the acute phase and rapidly decline to below baseline levels. 
Similarly, S100B exhibited a rapid increase followed by a decline within 
24–48 h, reinforcing its role as an early-phase biomarker of brain injury 
with transient dynamics. Only one study observed a slight increase 
(1.72%), 52 however, this increase seems to be a decrease from the pre-
vious phase. In contrast, NFL and Tau exhibited fluctuations, with only 
one study 63 reporting an exceptionally high increase (> 400%), while 
others showed a decrease. This inconsistency may reduce the reliability 
of these markers for SRC assessment and suggests that other factors, such 
as injury severity, individual variability, or secondary neurodegenera-
tive processes, may influence these fluctuations.

Inflammatory markers showed an average increase of 7.92% ranging 
between − 2.24% and 29.52% compared to baseline. 46,50,53 Among these 
markers, IL-1RA decreased by 2.24%, while all others exhibited an in-
crease. However, results for IL-1RA varied across studies. Nitta et al. 53 

reported a return to baseline, Meier et al. (2020) 50 showed an increase 
followed by a decline compared to the acute phase, and Meier et al. 
(2024) 46 reported a 12.91% decrease. Although the specific trends 
differed, all studies consistently showed a decline in IL-1RA levels 
compared to the acute phase. Among all inflammatory markers, IL-6 and 
IL-1RA exhibited the most significant decreases compared to the acute 
phase, suggesting a more transient role in the post-injury inflammatory 
response.

Overall, these findings indicate that UCH-L1, S100B, IL-6, and IL-1RA 
function as rapid-response biomarkers, as they peak early following SRC

and rapidly decline. This suggests they may be most useful in detecting 
immediate neuronal and astrocytic stress and acute inflammatory re-
sponses, but not necessarily in tracking long-term recovery.

6.3. Between 3 and 13 days post injury

Results for total symptom scores varied highly across studies for 
assessments performed 3–13 days post injury. Three studies assessing 
symptoms at 3–5 days post injury reported significantly higher scores for 
concussed participants than for controls 65,66 or compared to baseline. 59 

When assessed within 7–13 days, three included studies found no dif-
ferences compared to baseline, 54,55,59 with one study reporting symp-
toms to be lower than baseline. 55 However, symptoms can persist 
beyond this period in some individuals as shown by two studies 
reporting total symptom scores to remain significantly higher in con-
cussed participants when compared to a control group at 7 days. 56,67 

Reported reaction performance times showed a statistical difference 
to baseline levels in one study, 61 while two studies reported no im-
pairments when assessed at 3 days 68 and 4 days 59,60 following SRC. 
Likewise, no differences were reported when assessed after 7–13 days in 
all studies that provided data for this period. 54,55,59,60,68 Glendon et al. 59 

even reported improved reaction performance compared to baseline at 8 
days post-injury. Similar results were reported for motor speed perfor-
mance and memory scores. In motor speed performance, there were no 
meaningful differences to baseline reported after 3–4 days 59,68 following 
SRC. Reassessments performed within 7–13 days after SRC showed no 
differences in one study, 55 while the remaining studies reported per-
formance to have increased compared to baseline levels. 59,68 Visual 
memory performance was reported to not differ significantly from 

baseline both at 3–4 days 59,68 and 7–13 days. 55,59,68 For verbal memory, 
two studies reported remaining impairment 3 days after injury, 67,68 

while the remaining studies reported no such alterations over all 
included time points ranging from 4 to 13 days. 55,68 In contrast, working 
memory was evaluated in one study, which reported significant im-
pairments compared to controls assessed 7 days post-SRC. 56 Likewise, 
attention performance remained impaired at 3–4 days, 47,60 with two 
studies reporting these alterations to still exist when reassessed after 7 47 

and 10 60 days respectively. O'Brien et al. 56 on the other hand reported 
no differences to a healthy control group at 7 days following SRC. 
Interestingly, results reported by McDonald et al. 57 showed attention 
performance not to be different from within participant baseline scores 
but being worse than the performance of matched controls.

Among brain damage markers, no data were available for UCH-L1 
and GFAP, likely due to their established role as acute-phase bio-
markers for mTBI. 69 While other markers, including NFL and Tau, 
increased during this phase, 52,70 a slight decrease in S100B was 
observed. 52 Notably, each of these markers were reported in only one 
study, limiting the strength of this observation.

For inflammatory markers, an average reduction of 2.39% ranging 
between − 12.34% and 21.19% was observed compared to baseline. 46,53 

Among these, only TNF-α showed an increase, suggesting a slower re-
covery trajectory compared to other inflammatory markers. However, 
this finding is based on only two studies, highlighting the need for 
further validation. Specifically, Nitta et al. 53 reported a 43.56% in-
crease, whereas Meier et al. 46 observed a 1.19% reduction. In other 
aspect, this variability may underscore the complexity of post-SRC in-
flammatory responses and suggests that individual differences or injury 
severity may influence TNF-α dynamics. 46,53

6.4. After 2 weeks and long-term assessments

Among the identified studies, evaluation of symptom burden at 2 
weeks post-injury and beyond was sparse, with only half of the studies 
included reporting outcomes for this prolonged phase. Within the 
available data, both Buttner et al. 66 and Howell et al. 67 reported 
persistently elevated symptoms, indicating an ongoing impairment.

Table 1
Considerations for SRC recovery assessment and RTP decision-making.

Phase Key considerations Recovery-marker monitoring

Acute phase 
(≤ 48 h)

Comprehensive assessment of 
symptom severity and 
cognitive impairments.

Use UCH-L1, S100B, and GFAP to 
confirm neuronal and astrocytic 
damage. Brain damage markers 
peak faster than inflammation 
markers.
Immediate peak in symptom 

burden, prior to the occurrence of 
cognitive impairments.

Early 
recovery (≤
7 days)

Recognize that cognitive 
impairments may persist 
despite symptom resolution. 
Cautious with Brain damage 
markers due to the rapid drop 
below the baseline.

UCH-L1 and S100B become less 
relevant, while GFAP and CRP 
peak at this point. Brain damage 
markers drop below baseline, 
therefore need to be cautious. 
Symptoms typically resolve 
during this phase. Reaction and 
motor speed returns to baseline 
within 3–5 days, while attention 
and memory deficits persist. 

Transition 
phase (≤ 2 
weeks)

Conduct cognitive 
assessments for possible 
delayed impairments.

Persistent TNF-α elevation may 
indicate prolonged 
neuroinflammation. NFL and Tau 
variability should be interpreted 
in the context of prior SRC 
history. Brain Damage Markers 
slightly increase again compared 
to the previous phase.
Recovery of symptom burden in 
most individuals. Resolution of 
memory alterations, while 
deficits in attention might 
remain.

Late recovery 
(> 2 weeks)

TNF-a late recovery.
Full recovery of symptoms 
and cognitive function, but 
prolonged burden in 
individuals possible.

Elevated TNF-α levels may 
suggest ongoing inflammation, 
warranting managing 
inflammation for longer time. 
Symptoms can remain consistent 
in some athletes. Resolution of 
attention deficits after 2–3 weeks.
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Despite relatively small differences in symptom scores between con-
cussed and non-concussed controls, O'Brien et al. 56 still reported these 
differences to be significant, suggesting that symptom burden may 
extend beyond two weeks in some individuals. In contrast, Glendon 
et al. 59 and Downey et al. 65 reported no differences in symptom scores 
compared to baseline at 14- and 21-day post-injury, respectively. As-
sessments performed at more than three weeks post-injury indicated no 
remaining symptom burden in four studies. 44,54,56,57 Despite symptoms 
still being slightly elevated following 1 month, Howell et al. 67 reported 
no significant difference to the control group at that time point. Notably, 
only Buttner et al. 66 reported sustained symptom elevation in concussed 
participants relative to controls at an average of 30 days post-SRC. Ac-
cording to the authors, this discrepancy between groups is likely to stem 

from methodological limitations, such as potential selection bias. In 
addition, the use of mean values to compare symptom severity might 
have contributed to the observed differences, as the elevated symptom 

burden in the concussion group appeared to be driven by a small subset 
of participants reporting unusually high scores, thereby significantly 
increasing the group's average. Nevertheless, these results demonstrate 
the high variability in symptom resolution observed across individuals. 

Like symptom burden, a multitude of available research did not report 
cognitive outcomes for long-term assessments surpassing 2 weeks. 
Consistent with the results reported for prior assessment times, available 
outcomes of reaction performance showed increased outcomes both at 14 
days 59 and one month 54 post SRC, with none of the included studies 
reporting remaining alterations. This indicates complete resolution of 
impairments in the reaction domain by that time. Memory assessments at 
2 weeks or later were reported by only two authors, with no significant 
differences to baseline reported for visual and verbal memory at 14 days 59 

and for working memory performance at several time points (2, 4, 6, 8, 
12, and 26 weeks) post injury. 56 Visual motor speed results were reported 
only by one study 56 and showed no impairments at 14 days. The available 
results suggest that reaction, memory, and visual motor speed perfor-
mance returned to baseline within 14 days with none of the included 
studies reporting contrary results. Again, results for attention domain 
remained contrary, complicating the interpretation of recovery trajec-
tory. McDonald et al. 57 found no differences compared to both baseline 
performance and to matched controls after 1 month. Likewise, other 
studies reported no differences for 2 weeks, 4 weeks, and 6 weeks post 
assessments. 49,56 Nevertheless, despite the outcome scores being elevated 
only slightly, King et al. 47 reported a significant difference to baseline 
remaining at 2 weeks post injury, while performance improved in com-
parison to baseline when reassessed after 21 days. Similar to the findings 
for prolonged symptom burden, the remaining differences after 2 weeks 
were likely driven by only a few participants who exhibited declines in 
attention performance, while the majority had returned to baseline by 
that time. Additionally, the study categorized concussion cases as either 
witnessed or unwitnessed during play. These subgroups may therefore 
reflect differences in injury severity, as significant changes from baseline 
were observed only in the witnessed group but not in the participants 
with unwitnessed concussion. This suggests that injury severity plays a 
crucial role in recovery trajectories following SRC.

Among brain damage markers, UCH-L1 and GFAP were assessed in 
only one study at 7 days post- RTP, with UCH-L1 decreasing and GFAP 
increasing compared to baseline. 19 However, biomarker levels at 7 days 
post-RTP may be influenced by resumed training, making it difficult to 
draw definitive conclusions from post-RTP data. S100B showed a 
22.10% reduction at RTP compared to baseline, 71 a trend consistent 
with its decline at 24–48 h post-SRC. This suggests that S100B may serve 
as a useful marker for detecting acute neuronal damage and monitoring 
early recovery. NFL showed a slight decrease (− 0.24%) at the 2-week 
phase, potentially indicating recovery, but this finding was based on 
only one study. 70 Tau increased by 35.94% at 2 weeks, but this too was 
based on a single study, limiting interpretation. 70 Notably, NFL levels 
showed a significant outlier in another study, reporting a 484.21% in-
crease at 24–48 h post-SRC, suggesting large fluctuations across studies.

Given the limited number of studies and variability in Tau and NFL 
levels, these markers may be inconsistent indicators of SRC-related 
damage, but further research is needed to confirm their reliability.

For inflammatory markers, an average increase of 5.36% was 
observed at 2 weeks post-SRC, rising slightly to 8.36% at 1 month. 53 

IL-1RA was the only marker that consistently decreased, with a 17.30% 

reduction at 2 weeks and 4.87% at 1 month, suggesting a faster recovery 
trajectory compared to other inflammatory markers. In contrast, TNF-α 
exhibited a slow but steady increase over time, with a 25.97% increase 
at 2 weeks and 43.56% at 1 month, supporting its role as a marker of 
prolonged inflammation. IL-6, which peaked acutely at 71.52%, showed 
a significant reduction over time, declining to 10.97% at 2 weeks and 
1.94% at 1 month, suggesting a quicker resolution of inflammation. 
IL-10 demonstrated mild fluctuations but remained stable, showing a 
4.13% increase from 2 weeks to 1 month, potentially indicating a sta-
bilizing anti-inflammatory response. CRP levels peaked at 29.52% at 
24–48 h post-SRC, followed by a reduction to 3.05% at 2 weeks and a 
slight decrease to − 2.96% at 1 month, reflecting a transient inflamma-
tory response that normalizes over time. However, all findings on 
blood-based biomarkers were derived from single-study data. In 
particular, inflammatory markers were reported in only one study, and 
each brain damage marker was reported in a different single study, 
underscoring the need for cautious interpretation and further validation 
in larger cohorts within this timeline (> 2 weeks).

7. Integrated approach to SRC recovery

Recovery following SRC is a dynamic and multifaceted process, 
characterized by distinct yet interrelated trajectories in symptom reso-
lution, cognitive function, and blood biomarker fluctuations. The dis-
crepancies in recovery patterns across these domains highlight the need 
for a multi-modal approach in SRC management, particularly in deter-
mining RTP readiness and long-term neurological outcomes. Given the 
differences in peak alterations and resolution rates, a framework that 
integrates clinical symptomatology, neurocognitive assessments, and 
blood-based biomarkers is essential for accurately assessing recovery 
and minimizing the risk of premature RTP.

7.1. Acute phase (0–48 h): immediate neurometabolic disruptions and 
clinical symptoms

During the initial 24–48 h post-SRC, symptoms exhibit an immediate 
and substantial increase with peak total symptom scores increasing 
significantly relative to baseline. Cognitive impairments are most pro-
nounced in attention, reaction time, and motor speed, with alterations 
peaking around 24 h following injury. Simultaneously, blood bio-
markers reflect acute neurometabolic disturbances and neuro-
inflammatory responses. GFAP, UCH-L1, NFL, and Tau show their 
highest elevations within this period, correlating with astrocyte activa-
tion, neuronal injury, and axonal disruption. 19,50,51 Inflammatory 
markers, including IL-6, TNF-α, IL-10, and CRP, peak acutely, reflecting 
a systemic neuroimmune response. Notably, S100B follows a different 
trajectory, peaking within hours post-injury and returning to baseline by 
24–48 h, reinforcing its role as an early-phase marker of acute neuronal 
stress. 71 These findings suggest that acute-phase assessments should 
prioritize symptom severity, cognitive function (especially attention and 
reaction time), and early-phase biomarkers (UCH-L1, S100B, GFAP) to 
confirm neuronal and astrocytic injury. The inclusion of inflammatory 
markers (IL-6, CRP) may further aid in differentiating between transient 
and prolonged neuroinflammation.

7.2. Early recovery (3–7 days): persistent deficits despite symptom 

improvement

Between 3 and 7 days post-injury, symptom burden remains elevated 
in some individuals, though early improvements are often observed. 59,67
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Cognitive deficits in reaction time and motor function begin to resolve, 
but impairments in working memory and attention may persist longer 
than other cognitive domains. 47,60 This suggests that symptom resolu-
tion does not necessarily indicate full neurocognitive recovery and that 
cognitive performance outcomes have to be interpreted carefully due to 
inter-domain differences.

During this phase, UCH-L1 and S100B levels decline rapidly, rein-
forcing their utility as acute markers rather than indicators of long-term 

injury progression. However, GFAP remains elevated, suggesting 
ongoing astrocytic dysfunction and blood-brain barrier disruption. 19 

NFL and Tau exhibit variability, with some studies reporting sustained 
elevations while others show decreases, indicating that axonal injury 
recovery patterns may differ across individuals. 63 Meanwhile, IL-6 and 
CRP levels begin to decrease, whereas TNF-α remains elevated, indi-
cating that neuroinflammation may persist beyond the initial symptom 

resolution. Given these findings, early recovery assessments should 
integrate symptom reports, cognitive testing (especially for attention 
and executive function), and sustained biomarker monitoring (particu-
larly GFAP and TNF-α) to identify individuals at risk for prolonged 
recovery.

7.3. Transition phase (2 weeks): recovery heterogeneity and persistent 
neuroinflammation

Within 2 weeks post-SRC, recovery trajectories begin to diverge, with 
some individuals achieving full symptom resolution while others 
continue to report lingering symptoms. 56,66 Cognitive performance, 
particularly in reaction time, motor function, and memory normalizes, 
but attention deficits remain detectable in some cases. IL-1RA is the only 
inflammatory marker that consistently decreases by this stage, aligning 
with symptom resolution and suggesting reduced neuroinflammation. 
However, TNF-α continues to rise, reaching a 43.56% increase at 
1-month, indicating that some individuals may experience prolonged 
neuroimmune activation despite symptom resolution. 46,53 While NFL 
and Tau remain inconsistent across studies, GFAP levels remain 
elevated, reinforcing its role in tracking prolonged astrocytic stress. 
These findings highlight the limitations of symptom-based assessments 
in determining full neurophysiological recovery. Instead, persistent 
TNF-α elevation and GFAP stability should be considered indicators of 
prolonged neuroinflammation.

7.4. Late recovery: residual neurophysiological changes beyond symptom 

resolution

Beyond more than 2 weeks post-SRC, most individuals experience 
complete symptom resolution, and their cognitive function largely 
returns to baseline in most domains. 54,57 However, attention deficits 
remain inconsistent across studies, with some reporting persistent im-
pairments and others demonstrating full recovery. TNF-α continues to 
rise, indicative of persistent neuroinflammation. 11 Meanwhile, CRP and 
IL-6 return to baseline, highlighting the transient nature of early-phase 
inflammation. These findings suggest that symptom-based recovery as-
sessments alone may not accurately reflect underlying neurophysiolog-
ical status and that continued monitoring of GFAP and TNF-α may be 
warranted, especially in high-risk populations.

8. Limitations

This review has several limitations, primarily related to heteroge-
neity and limited long-term data. First, inconsistencies in assessment 
timing and outcome measures across studies made it difficult to compare 
results at specific recovery phases. While some studies assessed only two 
time points, others used longitudinal designs. Notably, data within the 
first 24 h post-injury critical for detecting acute impairments were 
sparse. Second, only a limited number of studies assessed outcomes 
beyond 2 weeks post-injury, therefore restricting our ability to evaluate

longer-term recovery trajectories. Especially in cases where athletes’ 
outcomes returned to baseline within the first 2 weeks, follow-up as-
sessments were often discontinued, likely due to high logistical or 
financial constraints. Third, variations in symptom, cognitive, and 
biomarker assessments (e.g., tool sensitivity, administration methods, 
reporting formats) further limited cross-study comparability. In addi-
tion, results may have been influenced by evaluator bias and platform-
specific biomarker differences. Participant heterogeneity particularly 
age, sex, and concussion history also affected outcomes. Although we 
included only adult athletes to reduce variability, this restricts gener-
alizability to youth, elderly, or non-athlete populations. Furthermore, 
SRC severity was rarely quantified beyond general diagnostic criteria, 
complicating interpretation of biomarker dynamics. Control group dif-
ferences and lack of baseline comparisons in some studies added addi-
tional variability. Together, these limitations underscore the need for 
future studies to adopt standardized protocols, include diverse pop-
ulations, report raw data, and extend assessments beyond the early re-
covery window. Such efforts will improve the accuracy of RTP decisions 
and our understanding of SRC recovery.

9. Conclusion

SRC presents a significant challenge due to its heterogeneity in 
symptomatology, cognitive impairments, and physiological disruptions. 
This review synthesized findings on SRC recovery across multiple do-
mains, including clinical symptoms, cognitive function, and blood bio-
markers highlights distinct temporal trajectories in each recovery 
marker. The evidence suggests that while symptom resolution often 
occurs within 7 days post-injury, cognitive deficits, particularly in 
attention, may persist beyond clinical recovery in adult athletes. 
Furthermore, blood-based biomarkers indicate that physiological dis-
ruptions, such as astrocyte activation (GFAP) and neuroinflammation 
(TNF-α), can extend well beyond the resolution of symptoms, empha-
sizing the potential dissociation between perceived and actual recovery. 

Despite these insights, SRC recovery remains highly variable across 
different populations, with factors such as age, sex, concussion history, 
and injury severity influencing individual outcomes. Accordingly, the 
findings of this review are specific to adult athletes and should be 
interpreted carefully without generalizing them to other populations. 
Furthermore, inconsistencies in assessment timing, methodological 
heterogeneity, and a lack of standardized concussion severity metrics 
limit direct comparisons across studies. Given these challenges, a 
multimodal recovery framework that integrates symptom tracking, 
neurocognitive assessments, and biomarker profiling is essential to 
improve RTP decision-making and minimize the risk of premature RTP. 

Future research should focus on establishing standardized assess-
ment protocols, optimizing biomarker panels for tracking recovery, and 
identifying long-term consequences of SRC beyond the acute phase. 
Additionally, further longitudinal studies are needed to clarify the in-
teractions between cognitive impairments and persistent neuro-
inflammatory responses. By integrating findings across clinical, 
cognitive, and physiological domains, a more comprehensive and indi-
vidualized approach to SRC management can be achieved, ultimately 
enhancing athlete safety and reducing the long-term risks associated 
with repetitive head trauma.

CRediT authorship contribution statement

SoYoung Ahn: Writing – original draft, Methodology, Writing – 
review & editing, Project administration, Conceptualization, Visualiza-
tion, Data curation. Michael Prock: Visualization, Data curation, 
Writing – original draft, Methodology, Writing – review & editing, 
Project administration, Conceptualization. Ji-won Seo: Data curation, 
Writing – original draft, Writing – review & editing. Sanghyuk Han: 
Data curation, Writing – original draft, Writing – review & editing. 
David Michael O'Sullivan: Writing – review & editing,

S. Ahn et al. Sports Medicine and Health Science 8 (2026) 119–127

125



Conceptualization, Supervision, Validation. Wook Song: Validation, 
Writing – review & editing, Conceptualization, Supervision.

Declaration of Generative AI

During the preparation of this work the authors used ChatGPT in 
order to improve readability and language. After using this tool/service, 
the authors reviewed and edited the content as needed and take full 
responsibility for the content of the publication.

Funding details

The authors declare no specific funding for this research.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.smhs.2025.07.003.

References

1. Agnihotri S, Penner M, Mallory KD, et al. Healthcare utilization and costs associated 
with persistent post-concussive symptoms. Brain Inj. 2021;35(11):1382–1389. 
https://doi.org/10.1080/02699052.2021.1972151.

2. Cunningham J, Broglio SP, O'Grady M, Wilson F. History of sport-related concussion 
and long-term clinical cognitive health outcomes in retired athletes: a systematic 
review. J Athl Train. 2020;55(2):132–158. https://doi.org/10.4085/1062-6050-297-
18.

3. Iverson GL, Castellani RJ, Cassidy JD, et al. Examining later-in-life health risks 
associated with sport-related concussion and repetitive head impacts: a systematic 
review of case-control and cohort studies. Br J Sports Med. 2023;57(12):810–821. 
https://doi.org/10.1136/bjsports-2023-106890.

4. Makdissi M, Critchley ML, Cantu RC, et al. When should an athlete retire or 
discontinue participating in contact or collision sports following sport-related 
concussion? A systematic review. Br J Sports Med. 2023;57(12):822–830. https:// 
doi.org/10.1136/bjsports-2023-106815.

5. Powell D, Stuart S, Godfrey A. Sports related concussion: an emerging era in digital 
sports technology. npj Digit Med. 2021;4(1):164. https://doi.org/10.1038/s41746-
021-00538-w.

6. Wellm D, Zentgraf K. Diagnostic tools for return-to-play decisions in sports-related 
concussion. J Concussion. 2023;7. https://doi.org/10.1177/20597002231183234.

7. Putukian M, Purcell L, Schneider KJ, et al. Clinical recovery from concussion-return 
to school and sport: a systematic review and meta-analysis. Br J Sports Med. 2023;57 
(12):798–809. https://doi.org/10.1136/bjsports-2022-106682.

8. Silverberg ND, Iverson GL, ACRM Brain Injury Special Interest Group Mild TBI Task 
Force members. The American congress of rehabilitation medicine diagnostic 
criteria for mild traumatic brain injury. Arch Phys Med Rehabil. 2023;104(8): 
1343–1355. https://doi.org/10.1016/j.apmr.2023.03.036.

9. Echemendia RJ, Giza CC, Kutcher JS. Developing guidelines for return to play: 
consensus and evidence-based approaches. Brain Inj. 2015;29(2):185–194. https:// 
doi.org/10.3109/02699052.2014.965212.

10. Echemendia RJ, Burma JS, Bruce JM, et al. Acute evaluation of sport-related 
concussion and implications for the Sport Concussion Assessment Tool (SCAT6) for 
adults, adolescents and children: a systematic review. Br J Sports Med. 2023;57(11): 
722–735. https://doi.org/10.1136/bjsports-2022-106661.

11. Neumann KD, Broshek DK, Newman BT, Druzgal TJ, Kundu BK, Resch JE. 
Concussion: beyond the Cascade. Cells. 2023;12(17):2128. https://doi.org/10.3390/ 
cells12172128.

12. Giza CC, Hovda DA. The new neurometabolic cascade of concussion. Neurosurgery. 
2014;75(Suppl 4):S24–S33. https://doi.org/10.1227/NEU.0000000000000505.

13. Harmon KG, Drezner JA, Gammons M, et al. American medical society for sports 
medicine position statement: concussion in sport [published correction appears in Br 
J sports med. 2013 Feb;47(3):184]. Br J Sports Med. 2013;47(1):15–26. https://doi. 
org/10.1136/bjsports-2012-091941.

14. Randolph C. Baseline neuropsychological testing in managing sport-related 
concussion: does it modify risk? Curr Sports Med Rep. 2011;10(1):21–26. https://doi. 
org/10.1249/JSR.0b013e318207831d.

15. Patricios JS, Schneider KJ, Dvorak J, et al. Consensus statement on concussion in 
sport: the 6th international conference on concussion in sport-amsterdam, October 
2022. Br J Sports Med. 2023;57(11):695–711. https://doi.org/10.1136/bjsports-
2023-106898.

16. Kamins J, Bigler E, Covassin T, et al. What is the physiological time to recovery after 
concussion? A systematic review. Br J Sports Med. 2017;51(12):935–940. https:// 
doi.org/10.1136/bjsports-2016-097464.

17. Houck Z, Asken B, Bauer R, Clugston J. Predictors of post-concussion symptom 
severity in a university-based concussion clinic. Brain Inj. 2019;33(4):480–489. 
https://doi.org/10.1080/02699052.2019.1565897.

18. Tabor JB, Brett BL, Nelson L, et al. Role of biomarkers and emerging technologies in 
defining and assessing neurobiological recovery after sport-related concussion: a 
systematic review. Br J Sports Med. 2023;57(12):789–797. https://doi.org/10.1136/ 
bjsports-2022-106680.

19. McCrea M, Broglio SP, McAllister TW, et al. Association of blood biomarkers with 
acute sport-related concussion in collegiate athletes: findings from the NCAA and 
department of defense CARE consortium. JAMA Netw Open. 2020;3(1):e1919771. 
https://doi.org/10.1001/jamanetworkopen.2019.19771.

20. Mitolo M, Lombardi G, Manca R, Nacmias B, Venneri A. Association between blood-
based protein biomarkers and brain MRI in the Alzheimer's disease continuum: a 
systematic review. J Neurol. 2024;271(11):7120–7140. https://doi.org/10.1007/ 
s00415-024-12674-w.

21. Meier TB, Nelson LD, Huber DL, Bazarian JJ, Hayes RL, McCrea MA. Prospective 
assessment of acute blood markers of brain injury in sport-related concussion.
J Neurotrauma. 2017;34(22):3134–3142. https://doi.org/10.1089/neu.2017.5046.

22. Loane DJ, Kumar A. Microglia in the TBI brain: the good, the bad, and the 
dysregulated. Exp Neurol. 2016;275 Pt 3(0 3):316–327. https://doi.org/10.1016/j. 
expneurol.2015.08.018.

23. Simon DW, McGeachy MJ, Bayır H, Clark RS, Loane DJ, Kochanek PM. The far-
reaching scope of neuroinflammation after traumatic brain injury. Nat Rev Neurol. 
2017;13(3):171–191. https://doi.org/10.1038/nrneurol.2017.13 [published 
correction appears in Nat Rev Neurol. 2017 ;13(9):572. 10.1038/ 
nrneurol.2017.116.].

24. Davis GA, Makdissi M, Bloomfield P, et al. Concussion guidelines in national and 
international professional and elite sports. Neurosurgery. 2020;87(2):418–425. 
https://doi.org/10.1093/neuros/nyaa057.

25. Covassin T, Elbin R, Kontos A, Larson E. Investigating baseline neurocognitive 
performance between male and female athletes with a history of multiple 
concussion. J Neurol Neurosurg Psychiatry. 2010;81(6):597–601. https://doi.org/ 
10.1136/jnnp.2009.193797.

26. Churchill NW, Hutchison MG, Graham SJ, Schweizer TA. Connectomic markers of 
symptom severity in sport-related concussion: Whole-brain analysis of resting-state 
fMRI. Neuroimage Clin. 2018;18:518–526. https://doi.org/10.1016/j. 
nicl.2018.02.011.

27. Scorza KA, Cole W. Current concepts in concussion: initial evaluation and 
management. Am Fam Physician. 2019;99(7):426–434.

28. Hallock H, Mantwill M, Vajkoczy P, et al. Sport-related concussion: a cognitive 
perspective. Neurol Clin Pract. 2023;13(2):e200123. https://doi.org/10.1212/ 
CPJ.0000000000200123.

29. McCrory P, Meeuwisse WH, Echemendia RJ, Iverson GL, Dvor�ak J, Kutcher JS. What 
is the lowest threshold to make a diagnosis of concussion? Br J Sports Med. 2013;47 
(5):268–271. https://doi.org/10.1136/bjsports-2013-092247 [published correction 
appears in Br J Sports Med. 2024 May 10:bjsports-2013-092247corr1. 10.1136/ 
bjsports-2013-092247corr1.].

30. Kersel DA, Marsh NV, Havill JH, Sleigh JW. Neuropsychological functioning during 
the year following severe traumatic brain injury. Brain Inj. 2001;15(4):283–296. 
https://doi.org/10.1080/02699050010005887.

31. Ashton VL, Donders J, Hoffman NM. Rey complex figure test performance after 
traumatic brain injury. J Clin Exp Neuropsychol. 2005;27(1):55–64. https://doi.org/ 
10.1080/138033990513636.

32. Bleiberg J, Cernich AN, Cameron K, et al. Duration of cognitive impairment after 
sports concussion. Neurosurgery. 2004;54(5):1073–1080. https://doi.org/10.1227/ 
01.neu.0000118820.33396.6a.

33. McInnes K, Friesen CL, MacKenzie DE, Westwood DA, Boe SG. Mild Traumatic Brain 
Injury (mTBI) and chronic cognitive impairment: a scoping review. PLoS One. 2017; 
12(4):e0174847. https://doi.org/10.1371/journal.pone.0174847 [published 
correction appears in PLoS One. 2019;14(6):e0218423. 10.1371/journal. 
pone.0218423.].

34. Goodwin GJ, John SE, Donohue B, et al. Changes in ImPACT cognitive subtest 
networks following sport-related concussion. Brain Sci. 2023;13(2):177. https://doi. 
org/10.3390/brainsci13020177.

35. Thelin EP, Zeiler FA, Ercole A, et al. Serial sampling of serum protein biomarkers for 
monitoring human traumatic brain injury dynamics: a systematic review. Front 
Neurol. 2017;8:300. https://doi.org/10.3389/fneur.2017.00300.

36. Papa L, Brophy GM, Welch RD, et al. Time course and diagnostic accuracy of glial 
and neuronal blood biomarkers GFAP and UCH-L1 in a large cohort of trauma 
patients with and without mild traumatic brain injury. JAMA Neurol. 2016;73(5): 
551–560. https://doi.org/10.1001/jamaneurol.2016.0039.

37. Zetterberg H, Skillb€ack T, Mattsson N, et al. Association of cerebrospinal fluid 
neurofilament light concentration with alzheimer disease progression. JAMA Neurol. 
2016;73(1):60–67. https://doi.org/10.1001/jamaneurol.2015.3037.

38. Halicki MJ, Hind K, Chazot PL. Blood-based biomarkers in the diagnosis of chronic 
traumatic encephalopathy: research to date and future directions. Int J Mol Sci. 
2023;24(16):12556. https://doi.org/10.3390/ijms241612556.

39. Shetty T, Cogsil T, Dalal A, et al. High-sensitivity C-Reactive protein: Retrospective 
study of potential blood biomarker of inflammation in acute mild traumatic brain 
injury. J Head Trauma Rehabil. 2019;34(3):E28–E36. https://doi.org/10.1097/ 
HTR.0000000000000450.

40. Gard A, Vedung F, Piehl F, et al. Cerebrospinal fluid levels of neuroinflammatory 
biomarkers are increased in athletes with persistent post-concussive symptoms

S. Ahn et al. Sports Medicine and Health Science 8 (2026) 119–127

126

https://doi.org/10.1016/j.smhs.2025.07.003
https://doi.org/10.1016/j.smhs.2025.07.003
https://doi.org/10.1080/02699052.2021.1972151
https://doi.org/10.4085/1062%2D6050%2D297%2D18
https://doi.org/10.4085/1062%2D6050%2D297%2D18
https://doi.org/10.1136/bjsports%2D2023%2D106890
https://doi.org/10.1136/bjsports%2D2023%2D106815
https://doi.org/10.1136/bjsports%2D2023%2D106815
https://doi.org/10.1038/s41746%2D021%2D00538%2Dw
https://doi.org/10.1038/s41746%2D021%2D00538%2Dw
https://doi.org/10.1177/20597002231183234
https://doi.org/10.1136/bjsports%2D2022%2D106682
https://doi.org/10.1016/j.apmr.2023.03.036
https://doi.org/10.3109/02699052.2014.965212
https://doi.org/10.3109/02699052.2014.965212
https://doi.org/10.1136/bjsports%2D2022%2D106661
https://doi.org/10.3390/cells12172128
https://doi.org/10.3390/cells12172128
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.1136/bjsports%2D2012%2D091941
https://doi.org/10.1136/bjsports%2D2012%2D091941
https://doi.org/10.1249/JSR.0b013e318207831d
https://doi.org/10.1249/JSR.0b013e318207831d
https://doi.org/10.1136/bjsports%2D2023%2D106898
https://doi.org/10.1136/bjsports%2D2023%2D106898
https://doi.org/10.1136/bjsports%2D2016%2D097464
https://doi.org/10.1136/bjsports%2D2016%2D097464
https://doi.org/10.1080/02699052.2019.1565897
https://doi.org/10.1136/bjsports%2D2022%2D106680
https://doi.org/10.1136/bjsports%2D2022%2D106680
https://doi.org/10.1001/jamanetworkopen.2019.19771
https://doi.org/10.1007/s00415%2D024%2D12674%2Dw
https://doi.org/10.1007/s00415%2D024%2D12674%2Dw
https://doi.org/10.1089/neu.2017.5046
https://doi.org/10.1016/j.expneurol.2015.08.018
https://doi.org/10.1016/j.expneurol.2015.08.018
https://doi.org/10.1038/nrneurol.2017.13
https://doi.org/10.1093/neuros/nyaa057
https://doi.org/10.1136/jnnp.2009.193797
https://doi.org/10.1136/jnnp.2009.193797
https://doi.org/10.1016/j.nicl.2018.02.011
https://doi.org/10.1016/j.nicl.2018.02.011
http://refhub.elsevier.com/S2666-3376(25)00075-7/sref27
http://refhub.elsevier.com/S2666-3376(25)00075-7/sref27
https://doi.org/10.1212/CPJ.0000000000200123
https://doi.org/10.1212/CPJ.0000000000200123
https://doi.org/10.1136/bjsports%2D2013%2D092247
https://doi.org/10.1080/02699050010005887
https://doi.org/10.1080/138033990513636
https://doi.org/10.1080/138033990513636
https://doi.org/10.1227/01.neu.0000118820.33396.6a
https://doi.org/10.1227/01.neu.0000118820.33396.6a
https://doi.org/10.1371/journal.pone.0174847
https://doi.org/10.3390/brainsci13020177
https://doi.org/10.3390/brainsci13020177
https://doi.org/10.3389/fneur.2017.00300
https://doi.org/10.1001/jamaneurol.2016.0039
https://doi.org/10.1001/jamaneurol.2015.3037
https://doi.org/10.3390/ijms241612556
https://doi.org/10.1097/HTR.0000000000000450
https://doi.org/10.1097/HTR.0000000000000450


following sports-related concussion. J Neuroinflammation. 2023;20(1):189. https:// 
doi.org/10.1186/s12974-023-02864-0.

41. Ooi SZY, Spencer RJ, Hodgson M, et al. Interleukin-6 as a prognostic biomarker of 
clinical outcomes after traumatic brain injury: a systematic review. Neurosurg Rev. 
2022;45(5):3035–3054. https://doi.org/10.1007/s10143-022-01827-y.

42. Tsitsipanis C, Miliaraki M, Paflioti E, et al. Inflammation biomarkers IL-6 and IL-10 
may improve the diagnostic and prognostic accuracy of currently authorized 
traumatic brain injury tools. Exp Ther Med. 2023;26(2):364. https://doi.org/ 
10.3892/etm.2023.12063.

43. Lindblad C, Rostami E, Helmy A. Interleukin-1 receptor antagonist as therapy for 
traumatic brain injury. Neurotherapeutics. 2023;20(6):1508–1528. https://doi.org/ 
10.1007/s13311-023-01421-0.

44. Prichep LS, McCrea M, Barr W, Powell M, Chabot RJ. Time course of clinical and 
electrophysiological recovery after sport-related concussion. J Head Trauma Rehabil. 
2013;28(4):266–273. https://doi.org/10.1097/HTR.0b013e318247b54e.

45. Churchill NW, Hutchison MG, Graham SJ, Schweizer TA. Symptom correlates of 
cerebral blood flow following acute concussion. Neuroimage Clin. 2017;16:234–239. 
https://doi.org/10.1016/j.nicl.2017.07.019.

46. Meier TB, Huber DL, Goeckner BD, et al. Association of blood biomarkers of 
inflammation with acute concussion in collegiate athletes and military service 
academy cadets. Neurology. 2024;102(2):e207991. https://doi.org/10.1212/ 
WNL.0000000000207991.

47. King D, Gissane C, Hume PA, Flaws M. The king-Devick test was useful in 
management of concussion in amateur rugby union and rugby league in New 
Zealand. J Neurol Sci. 2015;351(1-2):58–64. https://doi.org/10.1016/j. 
jns.2015.02.035.

48. Le RK, Ortega J, Chrisman SP, et al. King-Devick sensitivity and specificity to 
concussion in collegiate athletes. J Athl Train. 2023;58(2):97–105. https://doi.org/ 
10.4085/1062-6050-0063.21.

49. Cheever KM, McDevitt J, Tierney R, Wright WG. Concussion recovery phase affects 
vestibular and oculomotor symptom provocation. Int J Sports Med. 2018;39(2): 
141–147. https://doi.org/10.1055/s-0043-118339.

50. Meier TB, Huber DL, Bohorquez-Montoya L, et al. A prospective study of acute 
blood-based biomarkers for sport-related concussion. Ann Neurol. 2020;87(6): 
907–920. https://doi.org/10.1002/ana.25725.

51. Shahim P, Tegner Y, Wilson DH, et al. Blood biomarkers for brain injury in 
concussed professional ice hockey players. JAMA Neurol. 2014;71(6):684–692. 
https://doi.org/10.1001/jamaneurol.2014.367 [published correction appears in 
JAMA Neurol. 2016;73(9):1160. 10.1001/jamaneurol.2016.2806.].

52. Kiechle K, Bazarian JJ, Merchant-Borna K, et al. Subject-specific increases in serum 
S-100B distinguish sports-related concussion from sports-related exertion. PLoS One. 
2014;9(1):e84977. https://doi.org/10.1371/journal.pone.0084977.

53. Nitta ME, Savitz J, Nelson LD, et al. Acute elevation of serum inflammatory markers 
predicts symptom recovery after concussion. Neurology. 2019;93(5):e497–e507. 
https://doi.org/10.1212/WNL.0000000000007864.

54. Meier TB, Bellgowan PS, Singh R, Kuplicki R, Polanski DW, Mayer AR. Recovery of 
cerebral blood flow following sports-related concussion. JAMA Neurol. 2015;72(5): 
530–538. https://doi.org/10.1001/jamaneurol.2014.4778.

55. Zhu DC, Covassin T, Nogle S, et al. A potential biomarker in sports-related 
concussion: brain functional connectivity alteration of the default-mode network 
measured with longitudinal resting-state fMRI over thirty days. J Neurotrauma. 
2015;32(5):327–341. https://doi.org/10.1089/neu.2014.3413.

56. O'Brien WT, Spitz G, Xie B, et al. Biomarkers of neurobiologic recovery in adults 
with sport-related concussion. JAMA Netw Open. 2024;7(6):e2415983. https://doi. 
org/10.1001/jamanetworkopen.2024.15983.

57. McDonald SJ, Piantella S, O'Brien WT, et al. Clinical and blood biomarker 
trajectories after concussion: new insights from a longitudinal pilot study of

professional flat-track jockeys. J Neurotrauma. 2023;40(1-2):52–62. https://doi.org/ 
10.1089/neu.2022.0169.

58. Putukian M, Riegler K, Amalfe S, Bruce J, Echemendia R. Preinjury and postinjury 
factors that predict sports-related concussion and clinical recovery time. Clin J Sport 
Med. 2021;31(1):15–22. https://doi.org/10.1097/JSM.0000000000000705.

59. Glendon K, Blenkinsop G, Belli A, Pain M. Prospective study with specific Re-
Assessment time points to determine time to recovery following a sports-related 
concussion in university-aged student-athletes. Phys Ther Sport. 2021;52:287–296. 
https://doi.org/10.1016/j.ptsp.2021.10.008.

60. Pearce AJ, Hoy K, Rogers MA, et al. Acute motor, neurocognitive and 
neurophysiological change following concussion injury in Australian amateur 
football. A prospective multimodal investigation. J Sci Med Sport. 2015;18(5): 
500–506. https://doi.org/10.1016/j.jsams.2014.07.010.

61. Asken BM, Clugston JR, Snyder AR, Bauer RM. Baseline neurocognitive performance 
and clearance for athletes to return to contact. J Athl Train. 2017;52(1):51–57. 
https://doi.org/10.4085/1062-6050-51.12.27.

62. Louey AG, Cromer JA, Schembri AJ, et al. Detecting cognitive impairment after 
concussion: sensitivity of change from baseline and normative data methods using 
the CogSport/Axon cognitive test battery. Arch Clin Neuropsychol. 2014;29(5): 
432–441. https://doi.org/10.1093/arclin/acu020.

63. Asken BM, Yang Z, Xu H, et al. Acute effects of sport-related concussion on serum 
glial fibrillary acidic protein, ubiquitin C-Terminal hydrolase L1, total Tau, and 
neurofilament light measured by a multiplex assay. J Neurotrauma. 2020;37(13): 
1537–1545. https://doi.org/10.1089/neu.2019.6831.

64. Oris C, Durif J, Rouzaire M, et al. Blood biomarkers for return to play after 
concussion in professional rugby players. J Neurotrauma. 2023;40(3-4):283–295. 
https://doi.org/10.1089/neu.2022.0148.

65. Downey RI, Hutchison MG, Comper P. Determining sensitivity and specificity of the 
Sport Concussion Assessment Tool 3 (SCAT3) components in university athletes. 
Brain Inj. 2018;32(11):1345–1352. https://doi.org/10.1080/ 
02699052.2018.1484166.

66. Büttner F, Howell DR, Doherty C, Blake C, Ryan J, Delahunt E. Headache- and 
dizziness-specific health-related quality-of-life impairments persist for 1 in 4 
amateur athletes who are cleared to return to sporting activity following sport-
related concussion: a prospective matched-cohort study. J Orthop Sports Phys Ther. 
2020;50(12):692–701. https://doi.org/10.2519/jospt.2020.9485.

67. Howell DR, Osternig LR, Chou LS. Adolescents demonstrate greater gait balance 
control deficits after concussion than young adults. Am J Sports Med. 2015;43(3): 
625–632. https://doi.org/10.1177/0363546514560994.

68. Merchant-Borna K, Jones CM, Janigro M, Wasserman EB, Clark RA, Bazarian JJ. 
Evaluation of Nintendo Wii balance board as a tool for measuring postural stability 
after sport-related concussion. J Athl Train. 2017;52(3):245–255. https://doi.org/ 
10.4085/1062-6050-52.1.13.

69. U.S. Food and Drug Administration. FDA authorizes marketing of first blood test to 
aid in the evaluation of concussion in adults. https://www.fda.gov/news-events/ 
press-announcements/fda-authorizes-marketing-first-blood-test-aid-evaluation-co 
ncussion-adults; 2018, February 14.

70. Wallace C, Zetterberg H, Blennow K, van Donkelaar P. No change in plasma tau and 
serum neurofilament light concentrations in adolescent athletes following sport-
related concussion. PLoS One. 2018;13(10):e0206466. https://doi.org/10.1371/ 
journal.pone.0206466.

71. Schulte S, Rasmussen NN, McBeth JW, et al. Utilization of the clinical laboratory for 
the implementation of concussion biomarkers in collegiate football and the necessity 
of personalized and predictive athlete specific reference intervals. EPMA J. 2016;7 
(1):1. https://doi.org/10.1186/s13167-016-0050-x.

S. Ahn et al. Sports Medicine and Health Science 8 (2026) 119–127

127

https://doi.org/10.1186/s12974%2D023%2D02864%2D0
https://doi.org/10.1186/s12974%2D023%2D02864%2D0
https://doi.org/10.1007/s10143%2D022%2D01827%2Dy
https://doi.org/10.3892/etm.2023.12063
https://doi.org/10.3892/etm.2023.12063
https://doi.org/10.1007/s13311%2D023%2D01421%2D0
https://doi.org/10.1007/s13311%2D023%2D01421%2D0
https://doi.org/10.1097/HTR.0b013e318247b54e
https://doi.org/10.1016/j.nicl.2017.07.019
https://doi.org/10.1212/WNL.0000000000207991
https://doi.org/10.1212/WNL.0000000000207991
https://doi.org/10.1016/j.jns.2015.02.035
https://doi.org/10.1016/j.jns.2015.02.035
https://doi.org/10.4085/1062%2D6050%2D0063.21
https://doi.org/10.4085/1062%2D6050%2D0063.21
https://doi.org/10.1055/s%2D0043%2D118339
https://doi.org/10.1002/ana.25725
https://doi.org/10.1001/jamaneurol.2014.367
https://doi.org/10.1371/journal.pone.0084977
https://doi.org/10.1212/WNL.0000000000007864
https://doi.org/10.1001/jamaneurol.2014.4778
https://doi.org/10.1089/neu.2014.3413
https://doi.org/10.1001/jamanetworkopen.2024.15983
https://doi.org/10.1001/jamanetworkopen.2024.15983
https://doi.org/10.1089/neu.2022.0169
https://doi.org/10.1089/neu.2022.0169
https://doi.org/10.1097/JSM.0000000000000705
https://doi.org/10.1016/j.ptsp.2021.10.008
https://doi.org/10.1016/j.jsams.2014.07.010
https://doi.org/10.4085/1062%2D6050%2D51.12.27
https://doi.org/10.1093/arclin/acu020
https://doi.org/10.1089/neu.2019.6831
https://doi.org/10.1089/neu.2022.0148
https://doi.org/10.1080/02699052.2018.1484166
https://doi.org/10.1080/02699052.2018.1484166
https://doi.org/10.2519/jospt.2020.9485
https://doi.org/10.1177/0363546514560994
https://doi.org/10.4085/1062%2D6050%2D52.1.13
https://doi.org/10.4085/1062%2D6050%2D52.1.13
https://www.fda.gov/news-events/press-announcements/fda-authorizes-marketing-first-blood-test-aid-evaluation-concussion-adults
https://www.fda.gov/news-events/press-announcements/fda-authorizes-marketing-first-blood-test-aid-evaluation-concussion-adults
https://www.fda.gov/news-events/press-announcements/fda-authorizes-marketing-first-blood-test-aid-evaluation-concussion-adults
https://doi.org/10.1371/journal.pone.0206466
https://doi.org/10.1371/journal.pone.0206466
https://doi.org/10.1186/s13167%2D016%2D0050%2Dx

	Mapping the acute trajectory of sport-related concussion outcomes across symptoms, cognition, and blood biomarkers
	1. Introduction
	2. Methods
	2.1. Search strategy and study selection
	2.2. Inclusion criteria

	3. Post-concussive symptoms
	4. Cognitive function following SRC
	5. Blood biomarkers following SRC
	6. Temporal trajectory of recovery markers
	6.1. Acute phase following injury
	6.2. Between 24 and 48 ​h post injury
	6.3. Between 3 and 13 days post injury
	6.4. After 2 weeks and long-term assessments

	7. Integrated approach to SRC recovery
	7.1. Acute phase (0–48 ​h): immediate neurometabolic disruptions and clinical symptoms
	7.2. Early recovery (3–7 days): persistent deficits despite symptom improvement
	7.3. Transition phase (2 weeks): recovery heterogeneity and persistent neuroinflammation
	7.4. Late recovery: residual neurophysiological changes beyond symptom resolution

	8. Limitations
	9. Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI
	Funding details
	Declaration of competing interest
	Appendix A. Supplementary data
	References


