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Adolescence is a significant developmental phase in regard to neuroendocrine regulation, where systems related to stress
and regulation undergo major changes. Most current research on adolescent stress focuses on short-term laboratory analysis
and/or group averages, which do not fully capture how individuals regulate stress over time. This study used an individual level
longitudinal approach to examine how sustained cognitive competition creates divergent cortisol and testosterone change patterns
in an individual over time. Twelve male/female adolescents (six of each gender, aged 13 – 16 years) competed in a structured,
five-day competitive chess tournament and provided their saliva sample before and immediately after each match using a passive
drool method. Samples were analyzed via enzyme-linked immunosorbent assay (ELISA). To determine hormone change, ∆

values (post-match concentration-pre-match concentration) were calculated. Participant-level trajectory analysis, descriptive
review, and exploratory linear mixed-effects modeling were used to assess changes in cortisol and testosterone. Participant level
changes in hormones showed non-uniform patterns where individual-level variability and day-to-day variability was high. The
mixed effects model results indicated that match outcome best predicted changes in hormone levels where wins had significantly
higher testosterone ∆ than losses. Also, pre-match baseline levels of cortisol as well as day of tournament to some extent
accounted for variability in cortisol ∆. Gender and match-equity patterns had inconsistent results following correction and were
interpreted cautiously. These findings suggest that continued cognitive competition leads to an individual-specific endocrine
profile which is captured best through use of repeated measures and pre-to-post hormone level change modeling.

Keywords: cortisol, testosterone, adolescence, neuroendocrine regulation, sustained cognitive competition, chess, stress,
longitudinal approach, linear mixed-effects model

Introduction

Adolescence is a time of rapid developmental shifts in cog-
nitive function, emotional experience, and biological regu-
latory systems. Stress response is typically associated with
physiological alterations occurring through interaction among
many different regulatory systems making adolescence an es-
pecially significant time to study how biological stress reg-
ulation develops1. As a result, adolescents are highly sus-
ceptible to competition and social evaluation. The adolescent
brain’s motivational, attentional and impulse control systems
are still developing. These developmental processes have pub-
lic health implications due to the relationship between adoles-
cents’ levels of stress and emotional regulation and their men-
tal health/behavioral functioning2,3.

The Hypothalamic-Pituitary-Adrenal(HPA) Axis plays a
central role in regulating cortisol and stress reactivity4. Sali-
vary Cortisol is measured in many studies of Psychobiology
and Stress Research due to its non-invasive nature and ability
to be used as a marker for cortisol activity5. HPA and HPG
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axes can interact when regulating endocrine responses re-
lated to stress6. The Hypothalamic-Pituitary-Gonadal (HPG)
axis regulates gonadal steroid hormones, including testos-
terone, and adolescent salivary androgen levels vary with pu-
bertal development7. In adolescents, testosterone and corti-
sol have been examined together by researchers in relation to
dominance/status-linked patterns8. Additionally, other stud-
ies on adolescence and competition have also looked at corti-
sol and testosterone together in regard to social cognition and
competitive endocrine responses9,10. Therefore, in this study,
salivary testosterone was interpreted as an androgenic/HPG-
axis marker within a competitive endocrine framework, not as
a direct quantitative measure of confidence, motivation, per-
sistence, or resilience.

Figures 1 and 2 are provided as schematic representations of
the hypothalamic–pituitary–adrenal (HPA) axis and hypotha-
lamic–pituitary–gonadal (HPG) axis pathways which regulate
cortisol and testosterone, respectively. The purpose of these
background figures is to illustrate the rationale behind us-
ing salivary cortisol levels as an indicator of HPA-axis func-
tion; similarly, the rationale behind utilizing salivary testos-
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terone levels as indicators of androgenic/HPG-axis function.
As such, they do not represent findings from experimentation.

Figure. 1 HPA axis schematic illustrates the hypothalamic-pituitary-
adrenal axis pathway involved in cortisol regulation.

Figure. 2 HPG axis schematic illustrates the hypothalamic-pituitary-
gonadal axis pathway involved in testosterone regulation.

Recent literature demonstrates that adolescent endocrine re-
sponses are highly varied based on developmental and con-
textual factors as well as biological and psychological influ-
ences. In addition to being linked to the acute physiological
responses (e.g., HPA activation) to psychosocial stress in ado-
lescents, there is evidence for an association between salivary
cortisol levels and the emotional/affective aspects of stress
in adolescents11. Hair and saliva-based cortisol assessments
have recently been used to examine associations with ado-

lescent anxiety/depressive disorders12. Salivary cortisol has
also been used in adolescent studies examining stress mood
and stress-induced cortisol response13,14. More recent stud-
ies have demonstrated variability in salivary androgen patterns
during puberty; therefore, it is essential to consider develop-
mental stages and ages in interpretations of adolescent patterns
of testosterone7. Studies examining both cortisol and testos-
terone together have also shown that these two hormones may
interactively influence adolescent social cognition supporting
a dual hormone approach but also require caution to treat each
hormone as a singular indicator of a specific psychological
state9.

Recent studies in competitive performance and exercise
also strengthen the basis for this design. Studies with adoles-
cent athletes have shown that salivary levels of testosterone,
cortisol and testosterone/cortisol ratio vary significantly dur-
ing competitive settings10. Additionally, studies on the effects
of exercise have demonstrated that physical activity changes
salivary levels of cortisol and testosterone related to physio-
logical stress associated with exercise which support the use of
chess as a low-exertion model of cognitive competition15,16.
More recently, there is evidence from studies of both acute and
chronic (prolonged) stress that differences exist in how testos-
terone and cortisol respond to different durations of stress ex-
posure and repeated exposure, thus further validating the im-
portance of taking multiple measurements over time (longitu-
dinal sampling) instead of a single measurement after a stress-
ful event17.

However, these studies have generally examined acute
psychosocial stress, athletic competition, exercise-related
stress, puberty-related androgen variation, or sample-handling
methodology separately. The present study differs by apply-
ing repeated pre/post salivary cortisol and testosterone sam-
pling across a structured five-day chess tournament to exam-
ine within-participant endocrine trajectories during sustained
cognitive competition.

The importance of this interaction is particularly evident
in terms of cognitive competition. Classic performance re-
search suggests that effective performance under pressure can-
not be explained simply by increased activation18. Effective
performance under pressure also depends on self-regulatory
processes such as maintaining attentional control, updating
strategies, recovering from errors, and re-engaging after set-
backs19. From a biological perspective, successful regulation
during competition may depend on maintaining coordination
between cognitive-emotional demand and physiological mo-
bilization. Cortisol and Testosterone within this context are
considered in combination as an endocrine measure of how
the body responds to repeated competitive pressure as opposed
to a direct measurement of psychological characteristics. Par-
ticipants with similar cortisol elevations may exhibit differ-
ent dual axis endocrine profiles dependent upon whether their
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testosterone levels are stable or declining6,9,10.
Studies that examine stress biology (perfor-

mance/endocrine) using either acute or short term contexts
include examination stress, acute psychosocial stress and
stress-induced cortisol-response paradigms11,14,20. While
these studies have value as they provide insight into changes
occurring within a participant due to the effects of compet-
itive experiences, they do not demonstrate how endocrine
responses change as a result of competition occurring across
multiple days. This is critical because stress regulation is not
static; repeated demands can involve adaptation, recovery,
sensitization, or dysregulation over time21. Therefore, a
one-time snapshot of hormone changes provides evidence
that hormone levels did change; however, it does not provide
evidence as to how regulation evolves.

Another limitation in current literature about chronic cog-
nitive strain is its dependency on group data. While means
and overall trends are helpful in showing general direction
of an effect, they do not provide insight into the individual
paths which typically contain the most important informa-
tion about biology. For example, if Participant A continues
to adapt throughout a tournament, whereas Participant B con-
tinues to deteriorate, then the group will likely miss-identify
both. Because adolescent endocrine responses can vary with
psychosocial stress exposure, mental-health context, pubertal
development, and circadian timing, this issue becomes even
more important7,11,12,22.

Chess was selected as a cognitively demanding competi-
tive task with lower whole-body physical exertion than ath-
letic competition. This design reduced but did not eliminate
physical-exertion confounding; therefore, participants were
instructed to avoid vigorous physical activity before saliva col-
lection15,16. Chess has also been studied in relation to cogni-
tive and academic skills, making it relevant as a cognitive-
competition setting23.

Therefore, the purpose of the present study is to use a
five-day chess tournament to demonstrate adolescent neuroen-
docrine regulation as a long-term process rather than just a
short-term response. This study evaluates how cortisol and
testosterone levels change from before and after each match
for each player across multiple repetitions; and also, how
those levels can be influenced by gender, match type, and com-
petitive equity. Gender was considered as an exploratory cat-
egory due to previous studies demonstrating male/female dif-
ferences in HPA-axis responses to stress24. Competitive eq-
uity was considered as an exploratory contextual factor since
we anticipated that the level of difference in opponent rat-
ings will impact the competitive environment of each match.
Descriptive analysis was used to examine both equitable and
asymmetric pairings to assess whether there are differing en-
docrine patterns based on match structure.

Primary research question was if repeated cognitive com-

petitions would lead to unique endocrine trajectories within
each participant, as opposed to a uniform group-level stress
response. Our primary hypothesis was that as participants
progress through the five days of the tournament, their sali-
vary cortisol and testosterone patterns will increasingly re-
flect individualization and not convergence toward a singular
stress response pattern. Secondary exploratory objectives in-
vestigated if there were differences in longitudinal patterns by
gender; if cortisol and testosterone changes suggest different
dual-axis endocrine profiles; and if competitive equity is re-
lated to variability in endocrine stability. Since our pilot sam-
ple size was small and focused, these objectives were treated
as exploratory.

This study provides a model for examining adolescent
neuroendocrine responses during a controlled, cognitively
stressful environment using competitive chess as a research
paradigm.

Salivary cortisol and testosterone levels were measured
from day one to day five for each participant in competition.
Emphasis was placed on the relationship between markers of
HPA-axis activity and androgenic / HPG-axis activity over
time. Although, the focus of this study is intentionally cen-
tered on these two primary hormone markers identified above
and a well-defined adolescent population (ages 13–16) ,this
narrowed approach allows for the examination of individual
variability in regulation. Future research studies can expand
on this by including additional physiological measures, while
increasing the sample size to provide broader generalizability
and applicability.

Methods

The longitudinal, repeated measures, and observational design
utilized in this study spanned five consecutive days. The use
of a within subjects’ design was optimal as the study focused
on endocrine regulation during multiple competitions and not
how an individual reacted to a single competition. Each par-
ticipant served as his/her own experimental subject through-
out the duration of the study providing information regarding
changes that may have occurred in their individual’s baseline
state prior to the start of the competition vs. changes observed
in other participants.

Twelve adolescent competitive chess players from the same
chess academy took part in this repeated-measures focused pi-
lot study. The total number of subjects (n=12) was equally di-
vided among genders with 6 males and 6 females. The age
range of the participants ranged between 13 and 16 years.
Mean age of participant was 14.1 years. Male participants
were ages 13, 13, 14, 14, 15, 15 and female participants were
ages 13, 13, 14, 14, 15, and 16. All participants were of South
Asian descent. Elo ratings range was from 1320 to 1950, with
male participants’ range from 1350–1950 and female partic-
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ipants’ range was from 1320–1920. Participants were cho-
sen using predetermined nonmedical inclusion/exclusion cri-
teria based on their active chess academy participation. Ad-
ditionally, prior to participating in the study, the participants’
Elo ratings were required to allow for structured pairing of
the players. All five scheduled tournament days had to have
been completed by the participant. Saliva samples were col-
lected both before and after each of the player’s games dur-
ing the study. Additionally, participants had to comply with
instructions provided prior to collecting their own saliva. Fi-
nally, both parental/guardian informed consent and the ado-
lescents’ assents were required prior to study enrollment. The
selection of the participants did not depend on the expected
level of hormones; on expected performance; on outcome of
the matches played during the tournament; nor on previous
knowledge about endocrine responses.

Exclusion criteria included age outside the 13–16-year
range, inability to complete the full five-day tournament, lack
of sufficient chess experience or rating information for struc-
tured pairings, inability or unwillingness to provide saliva
samples, inability or unwillingness to follow pre-collection in-
structions, or missing/unusable pre- or post-match hormone
data. Because of its emphasis on collecting consistent lon-
gitudinal data over time as it relates to a specific, structured
event (a chess tournament), formal assessments were not made
in regards to developmental, medical or psychological screen-
ing. Future expanded studies can build on this framework by
adding pubertal stage measurement; menstrual cycle monitor-
ing; screening for medications and illnesses; screening for en-
docrine conditions; and baseline assessment of participants’
mental health.

The sample size reflected the focused repeated-measures
pilot design and the availability of eligible participants who
could complete the full five-day protocol. Even though there
were twelve total subjects in this study, each subject provided
multiple (pre- and post-) cortisol and testosterone measure-
ments for five consecutive days during which they participated
in tournaments, allowing within-participant endocrine change
to be examined over time. Due to the limited number of sub-
jects in this study, gender specific and equity related data from
matches is considered an exploratory pattern of findings that
may provide direction for future research at a larger scale, as
opposed to providing definitive population-level conclusions.

Contest pairings were generated using an Elo-based system
where some matches played would be asymmetrical (Elo dif-
ference >=150), some equitable (Elo difference <=50), some
against same gender and some against opposite gender. Us-
ing this methodology provided a means to categorize contests
relative to competitive equity. More equal pairings were clas-
sified as “equitable” while those pairings with greater skill
disparities were classified as “asymmetrical”. In addition,
whether contests were between players of the same-gender or

between players of opposite gender was recorded. Like com-
petitive equity, these characteristics were intentionally incor-
porated into the tournament format and were not treated as
extraneous background variables. Day 1, 2, 4 and 5 had a
mix of equitable and asymmetrical matches. Day 3, the mid-
tournament day, was intentionally structured with equitable
pairings to provide a standardized checkpoint and reduce the
influence of skill-gap variation during the middle of the tour-
nament.

Saliva samples were collected using a passive drooling tech-
nique in sterile collection tubes by trained hospital staff. Each
of the participants provided about 1.5–2.0 ml of saliva prior
to and immediately following each match. The participants
were asked to refrain from recent food consumption as well
as caffeinated beverages, sugar-rich food items and/or bever-
age products, strenuous physical activity, toothbrushing, use
of mouth wash, oral bleeding, oral rinsing with water and/or
other agents and/or the ingestion of alcoholic beverages during
the pre-collection period. All sampling was conducted on the
same approximate time frame each morning (approximately
10:00 AM – 12:00 PM) to reduce variability in salivary corti-
sol levels and adrenal cortical activity due to time-of-day dif-
ferences22,25.

Immediately post-collection, each sample was labeled with
a unique code number, stored in a refrigerator at 2 – 8°C, then
placed into a -20°C freezer within four (4) hours of collection.
The samples were held frozen throughout the five (5)-day col-
lection period. Each sample was thawed one time to prepare it
for use in the batch ELISA assay and freeze-thaw cycles were
avoided26.

In addition, prior to being assayed, each sample was in-
spected for adequate volume and visible blood contamina-
tion by observing for an abnormal pink/red/brown coloration.
Hemoglobin strip testing, pH measurement of the saliva and
determination of salivary flow rate were not conducted. Sali-
vary cortisol and testosterone were determined using com-
petitive ELISA assays specifically designed for saliva com-
patible kits supplied by Diagnostics Biochem Canada Inc.,
i.e. DBC Cortisol Saliva ELISA Kit, CAN-C-290 and
DBC Testosterone Saliva ELISA Kit, CAN-TE-300. For
the DBC Cortisol Saliva ELISA kit, CAN-C-290, the cal-
ibrator range was 1–100 ng/mL, sensitivity/lower detection
limit was 1.0 ng/mL, intra-assay CVs were 6.5%–10.3%, and
inter-assay CVs were 6.5%–9.8%. For the DBC Testosterone
Saliva ELISA kit, CAN-TE-300, the calibrator curve included
0–1000 pg/mL standards, with LoD = 6.75 pg/mL and LoQ
= 6.90 pg/mL. Manufacturer-reported within-run CVs were
3.0%–6.8%, between-run CVs were 8.4%–13.2%, and total
CVs were 11.4%–18.0%.

Duplicate samples of each hormone were run on each sam-
ple, the two duplicate measurements for each hormone were
averaged by the laboratory to obtain a single concentration
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value for each participant at each pre-match and post-match
time point. Cortisol and testosterone were assayed using
separate hormone-specific assay plates containing calibrators
and internal control values for both plates. For longitudi-
nal consistency, each participant’s full five-day pre/post series
for a given hormone was assayed together within the same
hormone-specific ELISA plate run. Laboratory-reported con-
centrations were provided in pmol/L; therefore, all hormone
values, ∆ values, percentage-change calculations, tables, and
figures are reported in pmol/L. The primary dependent vari-
ables were cortisol ∆ and testosterone ∆, calculated as post-
match concentration minus pre-match concentration for each
participant and tournament day. Percentage change was cal-
culated as [(post-match - pre-match) / pre-match] × 100. The
main predictors examined were tournament day, participant
gender, opponent gender, match outcome, match duration,
signed Elo difference, match equity, pre-sample time, and pre-
match hormone concentration.

The match equity was obtained from the Elo difference and
served as an explanatory categorical variable to describe pair-
ings that were either equitable or asymmetric; the signed Elo
difference was entered into the mixed-effect models as the
rating gap-continuous predictor. Standardized variables con-
sisted of the factors for saliva collection procedure, sample
handling, external laboratory processing of samples, reporting
units for hormones, and coding for participants.

The statistical analysis of the data set was performed using
Python. The original (raw) participant-day data set was for-
matted in long form; that is, there was one row of data per par-
ticipant per tournament day. Two separate, exploratory linear-
mixed effect models were fit for both cortisol ∆ and testos-
terone ∆. These two models accounted for repeated measures
on each individual participant. Participant ID was entered into
the model as a random intercept. Day of tournament, partici-
pant gender, match equity, opponent gender, signed Elo differ-
ence, match outcome, match duration, pre-sample time, and
pre-match hormone concentrations were all treated as fixed
effects. Due to multiple exploratory predictor variables being
tested simultaneously in these analyses, it was necessary to
apply False-Discovery-Rate (FDR) corrections to the p-values
associated with the fixed effects. Model results were reported
using estimates, 95% confidence intervals, raw p-values, and
FDR-adjusted p-values.

This study received ethical clearance and approval before
data collection, including parent/guardian consent and partic-
ipant assent. The study was considered minimal risk because
participants engaged in a familiar cognitive activity, compet-
itive chess, and saliva was collected passively without nee-
dles, blood draws, deception, or invasive procedures. All
saliva collection, sample handling, storage, ELISA testing,
and biological-material disposal were performed by trained
hospital laboratory personnel. Only coded, de-identified hor-

mone values were returned for analysis, maintaining partici-
pant confidentiality.

Results

The primary endocrine response variables were cortisol ∆ and
testosterone ∆, calculated as post-match concentration minus
pre-match concentration for each participant and tournament
day. Positive ∆ values indicate that hormone concentration
increased after the match, while negative ∆ values indicate
that hormone concentration decreased after the match. The
participant-day analysis dataset was organized in long for-
mat and included paired pre/post hormone values, sampling
times, match durations, ∆ values, percentage-change values,
and match characteristics for use in the mixed-effects models.

Participant-Level Cortisol Change Across the Tournament

Figure. 3 Participant-level cortisol ∆ trajectories across five tour-
nament days. Each line represents one participant’s daily cortisol
change score, calculated as post-match cortisol minus pre-match cor-
tisol. Positive values indicate increased cortisol after the match, while
negative values indicate decreased cortisol after the match.

As shown in Figure 3, there were no uniform changes to
cortisol levels among participants or tournament days. Some
participant-days demonstrated a positive increase in cortisol
after matches, while other participant-days had either de-
creased or lessened increases in cortisol. The results of this
study support the primary research question as repeated cog-
nitive competition did not result in one consistent group level
(cortisol) response. Instead, cortisol regulation appeared indi-
vidualized across participants and days.

Participant-Level Testosterone Changes Across the Tour-
nament

Figure 4 illustrates that testosterone ∆ was variable among
participants and over days. The HPG-axis and testos-

© The National High School Journal of Science 2026 | 5



Figure. 4 Participant-level testosterone ∆ trajectories across five
tournament days. Each line represents one participant’s daily testos-
terone change score, calculated as post-match testosterone minus pre-
match testosterone. Positive values indicate increased testosterone
after the match, while negative values indicate decreased testosterone
after the match.

terone were not consistent with a single repeated response
throughout all of the subjects. Some participants showed in-
creases in testosterone ∆ during certain matches, while oth-
ers showed decreases or fluctuating responses across tour-
nament days. These findings support the hypothesis that dy-
namic changes occurred in testosterone/HPG-axis responsive-
ness during repetitive competitive activities. Therefore, testos-
terone levels should be assessed using paired pre- and post-
values instead of just using post-match values.

Representative Endocrine ∆ Phenotypes

Figure. 5A Representative testosterone ∆ phenotypes across the five-
day tournament. This panel shows selected participant-level testos-
terone ∆ trajectories labeled adaptive, resilient, stress-paralyzed, and
insulated.

Figure 5A illustrates the four categories of a testosterone
∆ as they are shown through the data: adaptive, resilient,
stress-paralyzed and insulated. The adaptive and resilient pat-

Figure. 5B Representative cortisol ∆ phenotypes across the five-
day tournament. This panel shows selected participant-level corti-
sol ∆ trajectories labeled reactive, escalatory, unstable, and insulated.
These phenotype groupings are descriptive and are included to il-
lustrate individual-level variation rather than to serve as standalone
statistical evidence.

terns were the two categories with a positive, stable, or re-
covery trend in testosterone ∆ and were indicative of healthy
(preserved), or buffer testosterone/HPG-axis activity for each
competitor. In contrast, the stress-paralyzed pattern showed
more suppressed testosterone ∆ values, while the insulated
pattern showed muted testosterone change that did not closely
track the broader competitive pattern. Together, these exam-
ples show that testosterone ∆ did not follow one uniform re-
sponse across participants.

Four cortisol ∆ patterns were identified from data presented
in Figure 5B: reactive, escalatory, unstable, and insulated. Re-
active had repeated positive cortisol ∆ values. Escalatory had
larger positive values for cortisol ∆ as time progressed. Unsta-
ble had large changes (between positive and negative) in cor-
tisol ∆. Insulated had either low or negative cortisol ∆. These
examples show that cortisol ∆, like testosterone ∆, varied sub-
stantially across participants and days.

Overall, Figures 5A and 5B graphically represent how indi-
viduals can respond differently to repeated competition. The
described “phenotypes” are illustrative, but do not indicate
that an individual is part of a distinct group based on their ∆

values over time. They simply serve as a way to identify vari-
ability among study subjects at each point in time and support
the results of the mixed model analyses that appear in subse-
quent figures.

Exploratory Mixed-Effects Model for Cortisol ∆

Figure 6 shows the exploratory mixed-effects model results
for cortisol ∆. This model accounted for repeated measure-
ments from the same participants across five tournament days.
After false-discovery-rate correction, match outcome, tourna-
ment day, gender, and pre-match cortisol were retained as pre-
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Figure. 6 Exploratory linear mixed-effects model estimates for cor-
tisol ∆. The model used participant ID as a random intercept and
included tournament day, gender, match equity, opponent gender,
signed Elo difference, match outcome, match duration, pre-sample
time, and pre-match cortisol as fixed effects. Points show estimated
effects, horizontal bars show 95% confidence intervals, and asterisks
indicate predictors retained after false-discovery-rate correction.

dictors of cortisol ∆.
Compared with losses, wins were associated with lower

cortisol ∆, estimate = -1044.42 pmol/L, 95% CI [-1161.92,
-926.91], FDR-adjusted p < 0.001. Draws were also associ-
ated with lower cortisol ∆ compared with losses, estimate =
-463.61 pmol/L, 95% CI [-587.06, -340.17], FDR-adjusted p
< 0.001. Tournament day was positively associated with corti-
sol ∆, estimate = 28.06 pmol/L per day, 95% CI [7.88, 48.25],
FDR-adjusted p = 0.014. Pre-match cortisol was also posi-
tively associated with cortisol ∆, estimate = 166.45 pmol/L
per 1000 pmol/L baseline cortisol, 95% CI [88.05, 244.86],
FDR-adjusted p < 0.001.

Gender was retained in the cortisol ∆ model, with fe-
male participants showing a higher estimated cortisol ∆ than
male participants, estimate = 104.83 pmol/L, 95% CI [28.63,
181.03], FDR-adjusted p = 0.014. Because the study included
only 12 participants, this gender-related finding is interpreted
cautiously as an exploratory model-supported pattern rather
than a definitive population-level gender difference.

Match equity, opponent gender, signed Elo difference,
match duration, and pre-sample time were not retained after
false-discovery-rate correction in the cortisol ∆ model. Be-
cause match equity was derived from Elo difference, rating-
gap effects were interpreted primarily through the continuous
Elo-difference variable, which was also not retained after cor-
rection.

Exploratory Mixed-Effects Model for Testosterone ∆

Figure 7 shows the exploratory mixed-effects model results
for testosterone ∆. In this model, the clearest retained pre-
dictor was the win-versus-loss match outcome contrast. Com-
pared with losses, wins were associated with higher testos-

Figure. 7 Exploratory linear mixed-effects model estimates for
testosterone ∆. The model used participant ID as a random inter-
cept and included tournament day, gender, match equity, opponent
gender, signed Elo difference, match outcome, match duration, pre-
sample time, and pre-match testosterone as fixed effects. Points show
estimated effects, horizontal bars show 95% confidence intervals, and
asterisks indicate predictors retained after false-discovery-rate cor-
rection.

terone ∆, estimate = 49.90 pmol/L, 95% CI [39.45, 60.34],
FDR-adjusted p < 0.001. Draws also showed a positive esti-
mate compared with losses, estimate = 13.49 pmol/L, 95% CI
[2.63, 24.35], but this contrast was not retained after correc-
tion, FDR-adjusted p = 0.075.

Tournament day, gender, match equity, opponent gender,
signed Elo difference, match duration, pre-sample time, and
pre-match testosterone were not retained after false-discovery-
rate correction in the testosterone ∆ model. These results
suggest that testosterone change was most strongly associated
with winning versus losing in this pilot dataset, while gender-
specific testosterone patterns should be interpreted as descrip-
tive trends rather than confirmed group-level effects.

Conceptual Dual-Axis Interpretation

Figure 8 illustrates an interpretative framework for the study’s
conceptual view of cortisol-testosterone coordination in re-
sponse to multiple competitions. In other words, the model
suggests that cortisol and testosterone changes are likely to
provide greater insight when viewed collectively rather than
individually. This figure however is not considered direct sta-
tistical evidence. Rather it presents a theory generating per-
spective which would help explain how repeatedly competing
cognitively may lead to either more coordinated or less con-
sistent hormone profiles.

Summary of Findings

The overall results showed that there were no consistent
effects of repeated cognitive competition on hormonal re-
sponses. Instead, the paired ∆ trajectories demonstrated an
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Figure. 8 Conceptual dual-axis model of cortisol-testosterone co-
ordination during repeated competition. This figure illustrates the
exploratory framework used to interpret cortisol ∆ and testosterone ∆

together across repeated competition. It is a conceptual model, not a
direct statistical result.

individualized pattern of changes in adolescent cortisol and
testosterone levels from before through to after the matches
over the duration of the five days of the tournament. The data
supported directly the major premise of this study that (en-
docrine regulation during prolonged competitive exposure) is
variable by participant and cannot be reduced to a single av-
erage effect across all participants. In other words, as noted
above, the data clearly showed that each player had a unique
trajectory of changes in his/her cortisol and testosterone levels
throughout the tournament.

Furthermore, the exploratory mixed effects models pre-
sented another essential contribution in terms of statistical
verification. The statistically significant relationship between
repeated measures on each participant and match outcomes
was demonstrated after accounting for repeated measures.
Specifically, it was shown that wins were associated with in-
creased testosterone ∆ and decreased cortisol ∆ relative to
losses, whereas day-of-tournament and pre-match cortisol val-
ues contributed to explaining cortisol ∆. These findings sug-
gest that the biological meaning of competition extends be-
yond mere length of exposure over time, to include how the
match ultimately concluded.

This analysis adds to the scientific care of interpreting
these results. Patterns for both gender-specific and match-type
(match equity/equivalent Elo) were visually striking; however,
neither was used as a definitive group-based conclusion. The
cortisol ∆ model included gender while it did not include gen-
der in the testosterone ∆ model. Also, none of the models
which included match equity/Elo differences remained signif-
icant after adjustment. As such, the most accurate conclusion
is that there isn’t evidence that either gender or match type
will respond to repeated competitive chess events in an identi-
cal manner every time. However, repeated exposure to compe-
tition can reveal measurable, individualized endocrine trajec-

tories that are shaped by competitive context and best under-
stood through paired pre/post change and repeated-measures
modeling.

Discussion

The findings suggest that there was no universal endocrine re-
action to continued cognitive competition in adolescents, in-
stead the paired (pre/post) ∆ trajectories indicated that each
adolescent’s and tournament day’s cortisol and testosterone
change was unique from those of other participants and days.
Thus, these findings support the overall concept of this re-
search; i.e., that endocrine regulation during prolonged peri-
ods of cognitive competition is both dynamic and specific for
each individual participating, and therefore cannot be general-
ized by averaging all individuals’ responses.

An additional strength of this analysis was the interpreta-
tion of endocrine responses based on ∆ values (∆ = Post - Pre)
rather than individual post-match hormone concentrations. It
is critical to interpret absolute post-match hormone concen-
trations as a stress response or otherwise as they relate to their
paired pre match baselines. Using ∆ values for both cortisol
and testosterone allowed to examine endocrine change within
each day of repeated competition.

The exploratory mixed-effects models provided additional
statistical support for the described changes in hormone tra-
jectories. When controlling for repeated measures from each
subject, the match outcome clearly predicted hormone change.
Wins had higher (∆) levels of testosterone and lower (∆) levels
of cortisol than losses. In addition to providing some explana-
tion for the change in cortisol, pre-competition cortisol levels
and the repeated exposure of subjects to the tournament on
subsequent days also explained cortisol ∆. These results pro-
vide an example of why repeated-measure analyses are use-
ful; these data indicate that hormonal responses to competition
were not only due to competition itself, but also due to the end
result of each match.

The phenotype examples in Figure 5A and Figure 5B help
visualize this individual variation. For testosterone ∆ there
were four categories of responses; adaptive, resilient, stress-
paralyzed and insulated. Cortisol ∆ had four categories as
well including; reactive, escalating, unstable and insulated.
While these categorizations can provide a common reference
point when discussing potential differences in endocrine re-
sponses to repeated competitions among different individuals,
they should not be used as diagnostic labels nor independently
validated statistical conclusions.

Because both the HPA and HPG systems can interact with
each other, when interpreting how the body responds to stress
through an endocrine system, cortisol and testosterone levels
can sometimes give us better insight into what the results mean
if we look at them together instead of one alone6. This study
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used this dual axis approach to explain changes in cortisol lev-
els (∆) alongside changes in testosterone levels (∆), instead
of looking at either one individually. This dual-axis model
is consistent with studies examining cortisol and testosterone
together in adolescent and competition-related contexts9,10.
However, the dual-axis model in Figure 8 should be under-
stood as conceptual and hypothesis-generating, not as direct
proof of a biological mechanism.

The results suggest that there are gender-specific findings
which need to be carefully evaluated. The model containing
cortisol ∆ did retain gender, but the model including testos-
terone ∆ did not retain gender once FDR adjustment had been
made. Therefore, the study does not support a strong con-
clusion that males and females have rigidly defined, sepa-
rate dual-axis endocrine response axes. Instead, these gender-
based trends can be considered as preliminary exploratory
findings which could serve as a basis for future studies de-
signed to assess gender differences through methods employ-
ing significantly larger sample sizes than were used here, as
well as using formal assessment of puberty status and men-
strual cycle timing.

Similarly, caution must be exercised when interpreting both
match equity and Elo difference. Match equity was developed
based upon Elo difference and served as an effective means to
describe the configuration of the pairing of competitors within
each tournament. Neither match equity nor signed Elo differ-
ence remained significant after FDR correction in the mixed-
effects models. Therefore, this study cannot conclude that
equitable or asymmetrical pairings directly caused different
endocrine responses. Rather, match equity remains a useful
hypothesis-generating contextual variable for future research
on how competitive structure may shape biological regulation.

Overall, this research supports a more individualized ap-
proach to understanding adolescent hormonal systems re-
sponding to sustained cognitive competition. The strongest
model-supported finding was that match outcome was asso-
ciated with hormone change, especially testosterone. In ad-
dition, the general trends in trajectories show that there are
meaningful differences in how adolescents’ HPA- and HPG-
axis markers change after multiple competitive exposures.
Therefore, these results align with the idea of different types
of changes in repeated stress responses i.e. adaptations, recov-
eries, sensitizations, or dysregulations21.

The data from the pilot study of 12 adolescents are to be
considered as preliminary or exploratory. The study’s results
do not provide evidence of definitive gender-based differences
in endocrine function; they do not confirm that an increase in
match equity will lead to alterations in the regulation of en-
docrine function; they do not confirm a specific, mechanistic
pathway by which increased match equity may alter endocrine
function. Rather, the study provided a repeated measures ex-
perimental design, allowing measurement of adolescent en-

docrine responses to competitive cognition tasks using non-
invasive methods.

Future research studies should have a larger and more di-
verse sample size, formally assess puberty, track menstruation
cycles, keep log of the participants’ sleep and eating habits,
screen for medications and illnesses, take mental health as-
sessments at the beginning of their participation, and conduct
additional physiological assessments (e.g., heart rate variabil-
ity).

Limitations

A small but strategically selected repeated measures research
design was utilized in this pilot study to allow for each of the
participants to be compared with themselves on each of the 5
consecutive tournament days. Since all 12 participants were
from the same chess academy and had similar demograph-
ics, this pilot’s results should only be viewed as exploratory
and hypothesis-generating rather than providing insight into
an entire population.

The design prioritized consistent pre/post hormone collec-
tion during real cognitive competition, however future studies
can strengthen this framework by including larger and more
diverse samples, formal pubertal & menstrual cycle tracking,
health & medication screening, sleep/food/prior exercise logs,
narrower collection window or non-competition control day
to further address diurnal hormone variation. Future studies
can also include hemoglobin testing, salivary pH measure-
ment and flow-rate assessment for additional documentation
of saliva quality.

Overall, this study establishes a non-invasive and appli-
cable means for examining endocrine regulation during re-
peated cognitive competition within adolescents. Future work
can build on this foundation to test whether the individual-
ized cortisol-testosterone trajectories observed here replicate
across broader populations and competitive settings.
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20 E. González-Bono, A. Salvador, M. A. Serrano, J. Ricarte. Cortisol and
secretory immunoglobulin A response to stress in university exams: the
role of personality traits. Biological Psychology. Vol. 53, pg. 223–237,
2000, https://pubmed.ncbi.nlm.nih.gov/10808914/.

21 B. S. McEwen. Physiology and neurobiology of stress and adaptation:
central role of the brain. Physiological Reviews. Vol. 87, pg. 873–904,
2007, https://doi.org/10.1152/physrev.00041.2006.

22 O. Berdina, I. Madaeva, S. Bolshakova, L. Sholokhov, L. Rychkova. Cir-
cadian rhythm of salivary cortisol in obese adolescents with and without
apnea: a pilot study. Frontiers in Pediatrics. Vol. 10, pg. 795635, 2022,
https://doi.org/10.3389/fped.2022.795635.

23 G. Sala, F. Gobet. Do the benefits of chess instruction transfer to academic
and cognitive skills? Educational Research Review. Vol. 18, pg. 46–57,
2016, https://doi.org/10.1016/j.edurev.2016.02.002.

24 B. M. Kudielka, C. Kirschbaum. Sex differences in HPA axis responses
to stress: a review. Biological Psychology. Vol. 69, pg. 113–132, 2005,
https://doi.org/10.1016/j.biopsycho.2004.11.009.

25 J. C. Pruessner, O. T. Wolf, D. H. Hellhammer, A. Buske-Kirschbaum,
K. von Auer, S. Jobst, F. Kaspers, C. Kirschbaum. Free cortisol lev-
els after awakening: a reliable biological marker for the assessment of
adrenocortical activity. Life Sciences. Vol. 61, pg. 2539–2549, 1997,
https://doi.org/10.1016/S0024-3205(97)01008-4.

26 S. A. Sontag, D. Cabarkapa, A. C. Fry. Testosterone and cortisol salivary
samples are stable across multiple freeze-thaw cycles. Journal of Strength
and Conditioning Research. Vol. 37, pg. 915–918, 2023, https://do
i.org/10.1519/JSC.0000000000004346.

10 | © The National High School Journal of Science 2026

https://www.apa.org/news/press/releases/stress/2013/stress-report
https://www.apa.org/news/press/releases/stress/2013/stress-report
https://doi.org/10.1016/j.neuroimage.2009.05.074
https://doi.org/10.1016/j.neuroimage.2009.05.074
https://doi.org/10.1159/000118611
https://doi.org/10.1046/j.1365-2826.2002.00798.x
https://doi.org/10.1046/j.1365-2826.2002.00798.x
https://doi.org/10.1530/EC-23-0084
https://doi.org/10.1530/EC-23-0084
https://doi.org/10.1007/s40750-021-00167-3
https://doi.org/10.1016/j.yhbeh.2022.105258
https://doi.org/10.1016/j.yhbeh.2022.105258
https://doi.org/10.1016/j.heliyon.2023.e22315
https://doi.org/10.1016/j.heliyon.2023.e22315
https://doi.org/10.1016/j.psyneuen.2024.107265
https://doi.org/10.1016/j.psyneuen.2021.105167
https://doi.org/10.1016/j.psyneuen.2021.105167
https://doi.org/10.1177/21649561211067443
https://doi.org/10.1177/21649561211067443
https://doi.org/10.1016/j.explore.2021.07.005
https://doi.org/10.1016/j.explore.2021.07.005
https://doi.org/10.1038/s41598-023-41620-5
https://doi.org/10.1038/s41598-023-41620-5
https://doi.org/10.1016/j.psyneuen.2021.105336
https://doi.org/10.1080/10253890.2023.2199886
https://doi.org/10.1080/10253890.2023.2199886
https://doi.org/10.1002/cne.920180503
https://doi.org/10.1002/cne.920180503
https://pubmed.ncbi.nlm.nih.gov/10808914/
https://doi.org/10.1152/physrev.00041.2006
https://doi.org/10.3389/fped.2022.795635
https://doi.org/10.1016/j.edurev.2016.02.002
https://doi.org/10.1016/j.biopsycho.2004.11.009
https://doi.org/10.1016/S0024-3205(97)01008-4
https://doi.org/10.1519/JSC.0000000000004346
https://doi.org/10.1519/JSC.0000000000004346

