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Abstract 

Background  Exercise-induced gastrointestinal syndrome (EIGS) in response to prolonged exercise is well-established 
in adult athletes but no study has investigated how EIGS presents in adolescent athletes despite an increase in youth 
participation in ultramarathon events. This study aimed to determine the impact of prolonged exercise on gastro-
intestinal integrity, functional responses, systemic immune profile, and gastrointestinal symptoms (GIS) in youth 
(YOUTH) vs adult (ADULTS) athletes.

Methods  Twelve youth (≤ 18y) and twelve adults (≥ 30–50y) completed 3 h treadmill running at 60% V̇O2max (22.9˚C 
ambient temperature), followed by 2 h seated recovery. Venous and finger-prick blood samples were collected pre-, 
during-, post-exercise, and during recovery to determine leukocyte counts, plasma concentrations of cortisol, E.coli 
lipopolysaccharide-stimulated elastase, I-FABP, sCD14, TNF-α and IL-10. Functional gastrointestinal response [i.e., 
orocecal transit time (OCTT)], GIS [via modified visual analogue scale (mVAS) quantifying self-reported GIS], feeding 
tolerance and physiological strain variables were assessed pre-, during-, and in recovery from exercise.

Results  There was no difference in pre-to-post-exercise concentrations of plasma cortisol, elastase, I-FABP, sCD14, 
TNF-α, or IL-10 between YOUTH and ADULTS (p > 0.05). YOUTH had higher total leukocyte and neutrophil counts 
(p < 0.05) in response to exercise [mean (95% CI) 13.1 (10.6 to 15.5) × 109/L, and 8.9 (7.0 to 10.8) × 109/L, respectively] 
vs ADULTS [9.4 (7.6 to 11.2) × 109/L, and 6.4 (5.0 to 7.7) × 109/L, respectively]. ADULTS reported higher (p = 0.024) 
upper-GIS severity during exercise [summative accumulation (range of GIS): 252 (6–67)] compared with YOUTH 
[96 (4–19)]. No other differences were observed in exercise-associated gastrointestinal symptoms (Ex-GIS) or OCTT 
between groups.

Conclusions  The pathways of EIGS in response to exercise do not substantially differ in youth vs adult athletes. There-
fore, EIGS and Ex-GIS management strategies for adult athletes are likely transferable to youth athletes. Further studies 
investigating the use of these specific strategies in youth athletes are required to confirm this.
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Introduction
The popularity of ultramarathon running has grown 
over the last 2 decades, with a > 35% rise in the number 
of events, attracting athletes of varying ages, biological 
sexes, and athletic ability [1]. Ultramarathons, classi-
fied as events exceeding marathon length (> 42.195  km) 
or ≥ 6  h duration, span from single-stage races (~ 50 to 
161 km) to ≥ 24 h continuous or multi-day competitions 
[2]. Challenging environmental conditions (i.e., high 
ambient temperature and/or altitude) and demanding 
topographies place significant physiological stress on the 
body [2]. Well-established is the impact on the gastroin-
testinal system, with activation of a cascade of reversible 
perturbations, termed exercise-induced gastrointestinal 
syndrome (EIGS) [3]. The pathophysiological pathways 
of EIGS have been extensively discussed previously [3, 
4]. In short, EIGS is characterised by: (1) the redistribu-
tion of blood away from the gastrointestinal tract during 
exercise, compromising epithelial cell integrity and (2) an 
increase in sympathetic drive that initiates a reduction 
in gastrointestinal tract function [3]. These disruptions 
can result in a systemic inflammatory response due to 
potential translocation of lumen-originating pathogenic 
agents into systemic circulation and exercise-associated 
gastrointestinal symptoms (Ex-GIS) [3, 5]. Such symp-
toms include those of the upper-gastrointestinal tract 
(i.e., belching, upper abdominal bloating, regurgitation 
or projectile vomiting), lower-gastrointestinal tract (i.e., 
flatulence, lower abdominal bloating, urge to defecate) 
and other related gastrointestinal symptoms (i.e., nau-
sea). Symptoms of the upper-gastrointestinal tract are the 
most commonly reported GIS amongst adult endurance 
athletes [6]. Ex-GIS have  been associated with reduced 
performance (i.e., inability to fuel and rehydrate, exercise 
cessation and/or withdrawal from activity) and clinical 
consequences (e.g., gastroparesis, reversable acute colitis, 
and/or sepsis) [7–10].

Several intrinsic (i.e., biological sex, individual feeding 
tolerance, hydration status, gastrointestinal disease/dis-
order diagnosis, and/or predisposition) and extrinsic (i.e., 
exercise intensity, duration, heat exposure, dietary modi-
fication) factors have been identified to exacerbate gas-
trointestinal disturbances [4, 11, 12]. Recently, age as an 
intrinsic exacerbation factor has garnered interest, attrib-
utable to a number of youth athletes (< 19 years) partici-
pating in ultra-endurance running (e.g., 7775 adolescent 
finishes between 1960 and 2017) [13]. While the explo-
ration of EIGS and Ex-GIS, has been extensive in adults, 
there is limited research investigating the presentation of 
EIGS in adolescent athletes [14]. One recent case series 
explored the gastrointestinal integrity, systemic immune 
response and Ex-GIS in three youth athletes compet-
ing in an ultramarathon and observed changes in EIGS 
biomarkers similar to that observed in adult ultramara-
thon runners [15]. However, the limited sample size and 
the inability to control for potential confounding factors 
in field-research greatly impacts the generalizability of 
observed results. Consequently, adult-based manage-
ment guidelines [16] are often extended to youth athletes. 
This could be problematic as age-related physiological 
differences may affect guideline applicability [17].

There appear to be some differences in gastrointes-
tinal physiology and function in paediatric popula-
tions that become similar to adults with maturation, 
such as motility, gastric fluid acidity, digestive enzyme 
activity and microbiota [18–20]. However, research in 
changes in intestinal epithelial integrity, which is most 
relevant to EIGS, is scarce. Literature has, however, 
highlighted a disparity in immune response to exercise 
between children, adolescents, and adults. For exam-
ple, smaller increases in leukocyte counts (28% vs 38%), 
and systemic IL-6 (11% vs 18% increase) has previously 
been observed in children (~ 9.8 y) vs adult (~ 22.1 y) 
men following 60  min of cycling at 70% V ̇O2max. [21] 
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Similarly, a smaller elevation in lymphocyte and IL-6 
was observed in young girls (12 y) vs adolescent girls 
(14 y) when following the same exercise protocol [22]. 
These results suggest moderated immunological per-
turbations in youth that may be attributable to the 
immaturity of tissue cells, lending to inefficiency in 
immune cell response to exercise [23]. It is plausible 
that a similar pattern may present itself when youth 
athletes engage in prolonged exercise. However, issues 
affecting interpretability include a limited subset of 
immune biomarkers known to present none-to-modest 
response to exercise (i.e., IL-6), inappropriate sample 
timing, lack of experimental and biomarker confounder 
control (i.e., dietary provisions), and an exercise proto-
col inadequate in inducing clinically relevant changes 
to concentrations of immune markers [24, 25]. As 
such the outcomes are not applicable to professional 
practice.

To address the existing evidence gaps and meth-
odological limitations, the aim of this study was to 
determine the impact of prolonged exercise on gas-
trointestinal integrity, functional responses, systemic 
immune profile and Ex-GIS in youth vs adult athletes. 
Considering the subtle differences in gastrointestinal 
structure and function in the developing gastrointesti-
nal tract, it was hypothesised that youth athletes would 
experience greater gastrointestinal disturbances com-
pared to adults.

Methods
Study Design
This was a between-group experimental trial comparing 
the gastrointestinal response to endurance exercise of 
adolescent athletes to adult controls. Participants were 
required to visit the laboratory on two occasions. First, 
the pre-assessment preliminary visit to determine eligi-
bility, body composition, fitness level and to familiarise 

participants with the experimental trial. Second, for the 
experimental procedure.

Subjects
Twelve exercise-trained youths (YOUTH) and twelve 
exercise-trained adults (ADULTS) participated in the 
study (Table  1). Participants were recruited using hard 
copy and digital advertising materials, targeted advertis-
ing on social media platforms and community connec-
tions. At the preliminary visit, participants gave written 
informed consent, approved by the local ethics com-
mittee and adhering to the 2013 Helsinki Declaration 
for Human Research Ethics (Monash University Human 
Research Ethics Committee: 28696). Participants were 
excluded from the study if they confirmed having gastro-
intestinal infections, diseases, disorders, and/or previous 
gastrointestinal surgical procedures. In addition, partici-
pants were excluded if, within 1 month before the experi-
mental protocol, they consumed potential modifiers of 
gastrointestinal integrity such as prebiotics, probiotics, 
and/or antibiotics or were adhering to gastrointestinal-
focused dietary regime/s such as FODMAP (fermentable 
oligo-di-mono- and polyols), fibre-modified, or gluten-
free diets; consumed non-steroidal anti-inflammatory 
medications, and/or stool altering medications such as 
laxatives and anti-diarrhoeal medication/s. Participants 
who presented with soft tissue injuries within 1  month 
prior to participation were also excluded from the study. 
Adolescents who had 4 or more dual-energy X-ray 
absorptiometry (DEXA) procedures for the purpose of 
assessing body composition within any 12-month period 
were also excluded.

Preliminary Measures
Within 1 month prior to the trial, participants visited the 
laboratory for height, body mass and body composition 
measures. Participants completed a pre-study screen-
ing questionnaire to ensure they were free of chronic 

Table 1  Participant characteristics

Values shown are mean and 95% CI

YOUTH ADULTS p

n = males 9 9

n = females 3 3

Age (years) 16.8 (15.9 to 17.6) 36.8 (32.8 to 40.9)  < .001

Height (cm) 176 (171 to 181) 171 (164 to 179) .271

Body mass (kg) 64.0 (60.0 to 68.0) 68.3 (58.9 to 77.6) .376

Fat mass (%) 15.6 (11.1 to 20.0)  19.8 (15.0 to 24.6) .171

V̇O2max (mL/kgBM/min) 62.1 (55.1 to 64.0) 54.6 (49.1 to 60.1) .101

Weekly training volume (min/week) 496 (346 to 647) 376 (248 to 504) .192

Trial running speed (km/h) 9.1 (8.4 to 9.9) 8.7 (8.0 to 9.3) .285
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and acute illness and injury, and met a minimum weekly 
exercise frequency (> 4–5 times per week). YOUTH self-
report pubertal development using Marshall–Tanner cri-
teria (Tanner Stage) [26, 27]. ADULT body composition 
was measured via multi-frequency bioelectrical imped-
ance (mBIA) (Seca 515 MBCA, Seca Group, Hamburg, 
Germany), while YOUTH were measured via DEXA (GE 
Lunar encore V18, GE Healthcare, Madison, WI United 
States) due to age limitations within the SECA analysis 
system. In-house mBIA and DEXA measurements have 
previously been validated for acceptance [28].

Maximal oxygen uptake (V̇O2max; Vyntus, Vyaire Medi-
cal, Mettawa, Illinois, USA) was measured by means 
of continuous incremental exercise test to volitional 
exhaustion on a motorised treadmill (Pulsar, h/p/cos-
mos, Munich, Germany). The exercise test began with a 
treadmill speed of 8 km/hr and 1% inclination. Speed was 
increased by 2 km/hr every 3 min until reaching 16 km/
hr, at which point inclination was increased by 2.5% every 
3  min until the participant reached volitional exhaus-
tion. Criteria for attaining V̇O2max included the partici-
pants reaching volitional exhaustion, (Borg Scale 19–20), 
heart rate (HR) within 10 beats/min of HRmax, RER ≥ 1.10 
at exercise cessation, and/or V̇O2 plateau. To determine 
running speed for the exercise trials, the speed at approx-
imately 60% V̇O2max and 1% gradient was determined and 
verified from the V̇O2–work rate relationship (Table 1).

Experimental Procedure
Participants were provided with an individualised low 
FODMAP diet for the 24  h period before each experi-
mental trial [mean (SD): 12 (1.4) MJ/day, 489 (85) g/day 
carbohydrate (~ 8  g/kg body mass/day), 116 (20) g/day 
protein, 43 (6.3) g/day fat, 31 (3.1) g/day fibre, and 3.4 
(2.0) g/day FODMAP] to limit any confounding factors 
associated with the lead-in diet [11]. Participants were 
asked to refrain from consuming additional high FOD-
MAP foods, alcohol, and caffeinated beverages during 
the diet-controlled period, and avoid strenuous exercise 
during the 24  h period before each experimental trial. 
Compliance was determined by an exercise and diet log.

On trial day, participants arrived at the laboratory 
at 0800  h following consumption of a low FODMAP 
breakfast [4.1 (1.0) MJ, 63 (6.0) g carbohydrate (~ 1  g/
kg body mass), 16 (1.0) g protein, 10 (0.2) g fat, 3.1 
(0.5) g fibre, and 1.0 (1.0) g FODMAP] at 0700 h. Par-
ticipants voided before total body water (Seca mBCA 
515, Seca Group, Hamburg, Germany) and nude body 
mass (NBM) measurements. Blood was collected by 
venepuncture from the antecubital vein into 2 sepa-
rate sterile vacutainers (6 mL lithium heparin and 4 mL 
K3EDTA) (Becton Dickinson Pty Ltd, Macquarie Park, 
New South Wales, Australia). A lancet (21G Unistik 3, 

Owen Mumford Ltd, Oxfordshire, United Kingdom) 
was used for a finger-prick blood sample at blood 
sampling timepoints, collected in a HemoCue WBC 
micocuvette and inserted into HemoCue WBC DIFF 
(HemoCue AB, Ängelholm, Sweden) to provide total 
and differential leukocyte counts (neutrophils, lympho-
cytes, and monocytes). An exercise specific modified 
visual analogue scale (mVAS) quantified self-reported 
GIS (Wagner Analysen Technick, Bremen, Germany) 
[29]. Trials for female athletes were scheduled during 
the follicular phase (n = 6) or when taking the active 
medication of the oral contraceptive pill (n = 1). Rest-
ing estrogen levels (DKO003/RUO; DiaMetra, Italy) 
were measured and were within normal reference range 
[mean (SD): 62.8 (59.7) pg/mL].

The experimental trial consisted of 3  h (initiated at 
0900  h) running on a motorised treadmill at the previ-
ously determined speed that elicited 60% V̇O2max at 22.5 
(0.7) °C ambient temperature, 50 (0) % relative humidity 
(RH), and dual fan wind speed at 10.6 km/h. Participants 
consumed an in-house formulated carbohydrate solution 
at room temperature (22 °C) (15 g dextrose monohydrate, 
10% wv) every 20 min for the first 2 h, with water allowed 
ab libitum (mean: YOUTH 409  mL, ADULTS 351  mL). 
Carbohydrate feeding during exercise was applied to 
support participants completion and ceased at 2  h into 
exercise to avoid interference with orocecal transit time 
(OCTT) testing. To determine OCTT, 150  mL solution 
containing 30  g lactulose (Actilax; alphapharm, QLD, 
Australia) was provided to participants 150  min into 
exercise. Water was withheld in the final 30 min of exer-
cise to avoid inter-reference with OCTT testing. Breath 
samples were collected every 30  min during exercise 
after lactulose administration, and every 15 min through-
out recovery. Time between ingestion of lactulose solu-
tion and a rise in breath hydrogen (H2) of 10 ppm, with 
at least 2 consecutive readings above basal, was used as 
a measure of OCTT [30]. HR, Borgs rating of perceived 
exertion (RPE), thermal comfort rating (TCR), and GIS 
were measured every 15  min during exercise. Breath-
by-breath indirect calorimetry (Vyntus, Vyaire Medical, 
Mettawa, Illinois, USA) was used to determine V̇O2, car-
bon dioxide production (V̇CO2), and respiratory quotient 
for 5  min continuously every 30  min during exercise. 
Venous and finger-prick blood samples were collected at 
the 2 h timepoint during exercise, immediately post-, 1 h 
and 2 h post-exercise cessation. Any urine output during 
exercise was collected and accounted for in pre-to-post-
exercise NBM measurements. Immediately following ces-
sation of exercise, NBM was recorded. GIS were recorded 
every 15 min during the 2 h recovery period. Participants 
remained seated and drank room temperature water ab 
libitum during recovery.
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Sample Analysis
Blood glucose [coefficient of variance (CV): 5.9%)] and 
haemoglobin (CV: 1.2%) were determined by HemoCue 
systems (Glucose 201 + , Hb201, HemoCue AB, Äng-
elholm, Sweden) in duplicate from heparinised whole 
blood samples. Total and differential leukocyte counts 
were determined by HemoCue system (WBC DIFF; 
HemoCue AB, Ängelholm, Sweden) in duplicate (CV: 
5.8%). Capillary method was used to determine haemato-
crit in triplicate from heparin whole blood samples using 
a microhematocrit reader (CV: 0.8%) (Thermo Fisher Sci-
entific). Haemoglobin and haematocrit values were used 
to estimate changes in plasma volume relative to base-
line, to correct plasma variables [31]. Determination of 
in  vitro bacterially stimulated elastase release followed 
protocols and storage described in Costa et al., 2019 [32]. 
Remaining heparin and K3EDTA whole blood samples 
were centrifuged at 4000 rpm for 10 min within 15 min of 
collection. Plasma was aliquoted into eppendorfs and fro-
zen at −80 °C, except two 50 µL that was used to deter-
mine plasma osmolality (POsmol), in duplicate (CV: 1.0%), 
by freezepoint osmometry (Osmomat 030, Gonotec, Ber-
lin, Germany). Breath samples (20 mL) were analysed in 
duplicate (CV: 2.0%) for H2 content using a gas-sensitive 
analyser (Breathtracker Digital Microlyzer, Quintron, 
Milwaukee, WI, United States). Plasma concentrations 
of cortisol (DKO001, DiaMetra, Spello, Italy), intesti-
nal fatty-acid binding protein (I-FABP; HK406, Hycult 
Biotech, Uden, Netherlands), soluble CD14 (sCD14; 
HK320, Hycult Biotech, Uden, Netherlands), bacteri-
ally stimulated elastase (HK319, Hycult Biotech, Uden, 
Netherlands), and cytokines TNF-α and IL-10 (Bender 
MedSystems GmbH, Vienna, Austria) were measured 
by ELISA with CVs of 2.4%, 4.4%, 3.6%, 11.6%, 6.5%, and 
5.9%, respectively. Biomarkers were analysed as per man-
ufacturer’s instructions on the same day, with standards 
and controls on each plate and each participant assayed 
on the same plate.

Statistical Analysis
Based on statistical test, mean, standard deviation, and 
effect size of 1.283 to the impact of exercise on Δ pre-
to-post-exercise plasma I-FABP concentration, [11, 12] 
indicative of intestinal epithelial cell injury, and applying 
a standard alpha (0.05) and beta value (0.95) the current 
participant sample size (n = 12 parallel group design) is 
estimated to provide  adequate statistical power (power* 
0.80–0.99) for detecting significant within- and between-
group differences (G*Power 3.1, Kiel, Germany).  Data 
in text and tables are presented as mean and 95% confi-
dence interval (CI), unless otherwise indicated. Data in 
figures are presented as mean and individual responses or 

mean ± standard error of mean (SEM) to provide clarity. 
Subjective GIS data are reported as incidence (%), reflect-
ing  total proportion of participants reporting GIS ≥ 1 
on the mVAS (range 0 to 10) for any GIS type with 1–4 
indicative of mild GIS, 5–9 indicative of severe GIS, 
and 10 indicative of extremely severe GIS [29]. Severity 
indicative of mean overall summative accumulation of 
rating scale point score of measured time periods and 
individual participant range of those reporting and rating 
GIS. All data were checked for normal distribution using 
skewness and kurtosis coefficients before comparative 
data analysis was performed. Within-group differences 
in GIS along timepoints during exercise and in recovery 
were analysed using non-parametric Friedman Test. Age-
group comparison data were analysed using independent 
sample t test or Mann–Whitney U test non-parametric 
equivalent where appropriate, comparing single data 
points at pre-, immediately post-, 1 h post-, 2 h post-exer-
cise and maximum magnitude response post-exercise. 
Cohen’s d standardised measurement of effect size was 
applied where appropriate and corrected for low sam-
ple size bias risk with d = 0.20, d = 0.50, and d = 0.80 for 
small, medium, and large. Exercise-associated perturba-
tions to EIGS biomarkers within groups were analysed 
through one-way repeated measures ANOVA or Fried-
man non-parametric equivalent where appropriate. Sig-
nificant main effects from pre-exercise were identified 
using a post hoc Tukey’s test for parametric data and post 
hoc multiple Wilcoxon Signed Rank test where appropri-
ate. Correction factors were applied for multiple compar-
isons tests of post hoc analysis. Statistics were analysed 
using SPSS statistical software (v.27.0, IBM SPSS Statis-
tics, IBM Corp., Armonk, NY) with significance accepted 
at p ≤ 0.05.

Results
Participant Characteristics
Participant characteristics are presented in Table 1. Nine 
out of twelve adolescents self-reported pubertal develop-
ment using the Tanner Staging system with a frequency 
of 3/9 in Stage 4 and 6/9 in Stage 5 of development.

Physiological Strain
Physiological strain data in YOUTH and ADULTS are 
reported in Fig.  1. No difference was observed in pre-
exercise variables between groups. At 180  min of the 
exercise protocol YOUTH presented a significantly 
higher peak HR (166  bpm; p < 0.001) compared to 
ADULTS (147 bpm). Mean HR during exercise was also 
significantly higher in YOUTH (158  bpm; p < 0.001) vs 
ADULTS (137 bpm) (Fig. 2A). YOUTH had a significantly 
higher peak (10; p = 0.041) and mean TCR (9; p = 0.039), 
compared with ADULTS (9 and 8, respectively) (Fig. 2C).
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Glucose Availability and Fuel Kinetics
An exercise effect was observed for carbohydrate and 
fat oxidation in both groups, whereby YOUTH had a 
significantly lower carbohydrate and higher fat oxida-
tion rate at 160 min compared to 20 min into exercise 
and ADULTS at 180 min compared to 20 min into exer-
cise (Fig. 2D, E). No significant difference was observed 
in pre- to peak Δ post-exercise for fat (p = 0.345) or car-
bohydrate (p = 0.203) oxidation between YOUTH and 
ADULTS.

An exercise effect was observed for plasma glu-
cose in YOUTH (p < 0.001) and ADULTS (p = 0.049), 
whereby plasma glucose concentrations were signifi-
cantly greater 2  h into exercise compared to pre-exer-
cise. No significant difference was observed in pre- to 
peak Δ post-exercise plasma glucose concentrations 
between age groups (p = 0.128) with a medium effect 
size (d = 0.58) between groups.

Plasma Cortisol
An exercise effect was observed for plasma cortisol con-
centration in both groups, whereby concentrations were 
significantly higher immediately post- and 2 h post-exer-
cise compared to pre-exercise in YOUTH and immedi-
ately post- and 1  h post-exercise in ADULTS (Fig. 3Ai). 
No significant difference between YOUTH and ADULTS 
in pre- to peak Δ post-exercise plasma cortisol concentra-
tion was observed (p = 0.266) (Fig. 3Aii) with a medium 
effect size between groups (d = 0.70).

Intestinal Epithelial Integrity
An exercise effect was observed for plasma I-FABP in 
YOUTH, whereby plasma concentrations were sig-
nificantly higher 1  h post- and 2  h post-exercise com-
pared to pre-exercise (Fig.  3Bi). An exercise effect 
was also observed for plasma sCD14 concentrations, 
whereby concentrations were significantly higher 1  h 

Fig. 1  Schematic illustration of the experimental design
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post- and 2 h post-exercise in YOUTH but not ADULTS 
(Fig. 3Ci). No significant difference was observed in pre- 
to peak Δ post-exercise plasma I-FABP (p = 0.744) or 
sCD14 (p = 0.865) concentrations between YOUTH and 
ADULTS (Fig.  3Bii, Cii, respectively) with a medium 
effect size (d = 0.26) between groups for plasma I-FABP 

and a small effect size (d = 0.15) between groups for 
plasma sCD14 concentrations.

Immune Response
An exercise effect was observed for total circulating leu-
kocyte, neutrophil, and monocyte counts in YOUTH and 

Fig. 2  Heart rate (A), rating of perceived exertion (B), thermal comfort rating (C), total carbohydrate (D) and fat oxidation rates (E) in response to 3 h 
running at 60% V̇O2max in ambient conditions (Tamb 22.5˚C, RH 50%) in ADULTS (white circles, n = 12) and YOUTH (black squares, n = 12). Values are 
mean ± SEM: * p < 0.05 vs 15 min into exercise (B), vs 20 min into exercise (E)
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ADULTS, whereby concentrations significantly increased 
immediately post-exercise and remained throughout 
recovery (Table  2). Circulating lymphocyte concentra-
tions increased significantly post-exercise in ADULTS 
but not YOUTH (Table  2). An exercise effect for neu-
trophil-to-lymphocyte ratio was observed in YOUTH 
and ADULTS, whereby values increased in response 
to exercise and remained elevated throughout recov-
ery (Table  2). A significant difference was observed 
between age groups for total leukocyte, neutrophil, and 

lymphocyte counts in response to exercise (Table 2). No 
significant difference between YOUTH and ADULTS in 
pre- to peak Δ post-exercise total leukocyte, neutrophil, 
lymphocyte or monocyte counts was observed.

An exercise effect was observed for bacterially stimu-
lated elastase concentration in YOUTH and ADULTS 
(Fig.  3Di), whereby plasma concentrations were signifi-
cantly higher during exercise and throughout recovery 
vs pre-exercise in YOUTH and plasma concentrations 
were significantly higher during and 2 h post-exercise vs 

Fig. 3  Absolute (i) and peak magnitude pre-to-post-exercise change (ii) in plasma cortisol (A), I-FABP (B), sCD14 (C), bacterially stimulated elastase 
concentration (D) and per neutrophil (E), TNF-α (F) and IL-10 (G) in response to 3 h running at 60% V̇O2max in ambient conditions (Tamb 22.5˚C, RH 
50%) in ADULTS (white circles) and YOUTH (black squares). Shaded timepoints represent post-exercise recovery period. Values are mean ± SEM (i) 
and magnitude response in individual response (ii). Exercise effect: * p < 0.05 vs pre-exercise
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Fig. 3  continued
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pre-exercise in ADULTS. No other significant findings 
were observed for exercise effect on bacterially stimu-
lated elastase release per neutrophil plasma concentra-
tions (Fig. 3Ei) or in pre- to peak Δ post-exercise between 
YOUTH and ADULTS (Fig. 3Dii, Eii).

An exercise effect was observed for IL-10, whereby 1 h 
post-exercise plasma concentrations were significantly 
higher in YOUTH and ADULTS compared to pre-exer-
cise (Fig. 3Gi). TNF-α:IL-10 ratio was significantly higher 
1 h post-exercise compared to pre-exercise (p = 0.005) in 
ADULTS but not YOUTH. No significant difference was 
observed in pre- to peak Δ post-exercise plasma TNF-α 
(Fig.  3Fii), IL-10 (Fig.  3Gii) or TNF-α:IL-10  ratio con-
centrations between YOUTH and ADULTS with a small 
effect size (d = 0.18) between groups for plasma TNF-α 
and a medium effect size (d = 0.28) between groups for 
plasma IL-10 concentrations.

Gastrointestinal Function and Symptoms
H2 responses in YOUTH and ADULTS significantly 
increased (turning point) at 60 min and 75 min after lact-
ulose ingestion, respectively (Fig. 4A). A H2 turning point 
was detected in all participants within the 150 min post-
lactulose ingestion time except for 1 ADULT. There was 
no significant difference (p = 0.266) in OCTT between 
ADULTS and YOUTH (Fig. 4B).

The incidence of total GIS during exercise and recov-
ery for YOUTH and ADULTS is reported in Table 3. The 
predominate GIS type reported in both groups during 
exercise was belching. Upper-GIS severity was signifi-
cantly higher during exercise in ADULTS [summative 
accumulation (range of GIS): 252 (6–67)] compared with 
YOUTH [96 (4–19), p = 0.024]. ADULTS reported sig-
nificantly higher belching during exercise vs YOUTH. 
Lower-GIS was more predominant during recovery in 
both age groups compared to upper-GIS (Table 3). There 
was no difference between YOUTH and ADULTS in total 
(during exercise and recovery) outcomes of GIS except 
belching, with ADULTS reporting significant higher 
severity throughout (Table 3). There was no within-group 
or between age-group differences in reporting of gut dis-
comfort, total GIS, upper GIS, lower GIS or nausea at any 
timepoint during exercise and in recovery (Fig. 5).

Discussion
This study aimed to determine the impact of prolonged 
exercise on the gastrointestinal integrity, functional 
responses, systemic immune profile, and Ex-GIS of youth 
(≤ 18 years) vs adult (≥ 30–49 years) athletes (Fig. 5). No 
significant difference was observed between groups in 
markers of intestinal epithelial injury, bacterial endotoxin 
translocation, and immune response in response to 3  h 

Table 2  Responses of circulating leukocyte, neutrophil, lymphocyte and monocyte count (× 109/L) to 3 h running at 60% V̇O2max in 
ambient conditions (Tamb 22.5˚C, RH 50%) in YOUTH (n = 12) and ADULTS (n = 12)

Values are mean (95% CI). †p < 0.05 YOUTH vs ADULTS, and exercise effect * p < 0.05 and **p < 0.001 vs pre-exercise

ES exertional stress

Pre-ES 2 h during ES 0 h post 1 h post 2 h post

Leukocyte ** ** **

 YOUTH 4.9 (4.0 to 5.8) 6.7 (5.3 to 8.0) 9.6 (7.9 to 11.3) † 13.1 (10.6 to 15.5) † 12.6 (10.5 to 14.8)

 ADULTS 4.0 (3.1 to 5.0) 5.1 (4.1 to 6.2) **
6.8 (5.6 to 7.9)

**
9.4 (7.6 to 11.2)

**
10.5 (8.8 to 12.2)

Neutrophil ** ** **

 YOUTH 2.3 (1.7 to 2.9) 3.7 (2.7 to 4.7) 5.9 (4.6 to 7.1) † 8.9 (7.0 to 10.8) † 8.8 (6.9 to 10.6)

 ADULTS 2.0 (1.4 to 2.5) 2.7 (2.1 to 3.4) **
3.8 (3.1 to 4.4)

**
6.4 (5.0 to 7.7)

**
7.1 (5.6 to 8.6)

Lymphocyte

 YOUTH 2.0 (1.5 to 2.5) 2.4 (1.9 to 2.9) 2.9 (2.2 to 3.6) 2.9 (2.3 to 3.4) † 2.6 (2.0 to 3.1)

 ADULTS 1.8 (1.4 to 2.1) 2.0 (1.6 to 2.4) *
2.5 (1.9 to 3.1)

*
2.5 (2.1 to 2.8)

*
2.6 (2.1 to 3.0)

Monocyte * * *

 YOUTH 0.3 (0.2 to 0.3) 0.4 (0.3 to 0.4) 0.6 (0.4 to 0.7) 0.7 (0.5 to 0.9) 0.7 (0.6 to 0.9)

 ADULTS 0.3 (0.2 to 0.3) 0.4 (0.3 to 0.4) *
0.5 (0.4 to 0.5)

*
0.7 (0.6 to 0.7)

*
0.7 (0.6 to 0.8)

Neutrophil:lymphocyte * * *

 YOUTH 1.2 (0.8 to 1.6) 1.6 (1.2 to 2.0) 2.2 (1.7 to 2.7) 3.2 (2.5 to 4.0)
*

4.5 (0.9 to 8.1)
*

 ADULTS 1.1 (0.8 to 1.4) 1.4 (1.1 to 1.7) 1.6 (1.3 to 2.0) 2.7 (2.1 to 3.3) 3.0 (2.1 to 3.8)
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treadmill running. However, total leukocyte and neutro-
phil cell counts were greater in YOUTH than ADULTS 
during the recovery period but remained within normal 
physiological reference range for exercise responses pre-
viously observed in adult athlete studies [24, 32]. Func-
tional gastrointestinal response (i.e., OCTT) and Ex-GIS 
were similar, except in upper-GIS, with higher incidence 
during exercise in ADULTS vs YOUTH. Despite con-
trasts in immune and GIS response to exercise between 
the age groups and contrary to the hypothesis, overall 
findings suggest that adolescence does not substantially 
exacerbate the incidence and severity of EIGS, and, 
therefore, is unlikely to exacerbate EIGS-associated per-
formance and clinical implications more than adults.

Intestinal Epithelial Integrity
Due to its rapid release from mature enterocytes into 
systemic circulation upon epithelial cell damage, I-FABP 

is commonly utilised as a surrogate measure of intes-
tinal cell injury related to the circulatory–gastrointes-
tinal pathway of EIGS [24]. The change in circulating 
I-FABP concentrations between groups was comparable 
[YOUTH peak ∆ 536 (329 to 744) pg/mL vs ADULTS 
peak ∆ 481 (180 to 782) pg/mL] in response to exer-
cise, with the increase not of clinical significance 
(i.e., ≥ 1301 pg/mL change) [24, 25].

Intestinal epithelial injury is typically associated with 
a more hyperpermeable gastrointestinal tract, [3] with 
sCD14 used as a surrogate biomarker of systemic endo-
toxemia, due to its role as a wide-ranging PAMP recep-
tor [24]. Plasma sCD14 did increase significantly from 
pre-exercise to 1  h and 2  h post-exercise in YOUTH 
despite minimal changes in plasma I-FABP; however, the 
increase remained below clinical relevance reference val-
ues in both groups [25]. The modest increase in plasma 
I-FABP and sCD14 in this study is likely attributable to 
the carbohydrate feeding strategy, which was provided to 
ensure participants completed the 3 h exercise protocol 
and mimic real-world practice. Continual carbohydrate 
provisions during exercise in adult athletes is known to 
mitigate splanchnic perfusion dynamics, likely a result of 
increases in glucagon and noradrenaline in response to 
feeding [33]. In addition, stimulation of vasodilation due 
to carbohydrate presence in chyme supports blood flow 
to intestinal microvilli [3, 34], thus, preserving intestinal 
epithelial cell integrity and permeability dynamics [35].

Immune Markers
Significant increases in total leukocyte and neutrophil 
counts occurred in both YOUTH and ADULTS during 
the recovery period. However, in contrast to previous 
studies, no acute lymphopenia was observed within the 
2  h recovery period; likely due to a lower steady-state 
exercise intensity (e.g., 60% V̇O2max vs 75% V̇O2max). [32] 
Of interest, the significant increase in total leukocyte 
and neutrophil counts immediately post- and 1  h post-
exercise was greater in YOUTH compared to ADULTS; 
however, this did not translate to group differences in 
neutrophil-to-lymphocyte ratios. Findings from this 
study contradict previous research in which paediatric 
age groups experienced lower total increases in leuko-
cyte trafficking following 60 min cycling at 70% V̇O2max 
in comparison with adults [21, 22]. Preceding studies also 
suggest that carbohydrate feeding during exercise has a 
greater influence in the attenuation of exercise-induced 
leukocytosis in boys compared to men [21]. It is recog-
nised that discrepancies in findings may be attribut-
able to opposing maturation status of youth participants 
between studies, with the knowledge that various physi-
ological responses to exercise are influenced by pubertal 
development stage [36]. However, the use of insufficient 

Fig. 4  Breath H2 turning point (time between ingestion of lactulose 
and rise in breath hydrogen (H2) ≥ 10 ppm, with two consecutive 
readings above basal) (A) and OCTT (B) in response to 3 h running 
at 60% V̇O2max in ambient conditions (Tamb 22.5˚C, RH 50%) in YOUTH 
and ADULTS. Total participant numbers for H2 turning point (YOUTH 
black squares; ADULTS white circles) and individual responses (black 
circles) for OCTT (n = 24). **p < 0.001 and * p < 0.05 vs 0 min
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Fig. 5  (Supplementary). Summative accumulation during 3 h running at 60% V̇O2max in ambient conditions (Tamb 22.5˚C, RH 50%) (i) and in 2 h 
seated recovery (ii) of gut discomfort (A), tota- GIS (B), upper-GIS (C), and lower-GIS (D) in ADULTS (white circles) and YOUTH (black squares). Values 
are mean ± SEM
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exercise protocols to perturb immune markers to levels 
of clinical relevance in past research renders it challeng-
ing to compare findings [24]. In the current study, it is 
speculated that higher plasma leukocyte counts observed 
following exercise in YOUTH are a result of increased 
cardiovascular strain (i.e., higher mean HR), contributing 
to greater demargination of leukocyte cells from vascular 
walls [37]. In addition, greater plasma neutrophil counts 
during recovery in YOUTH may be in response to higher 
circulatory endotoxin load (i.e., sCD14 plasma concen-
trations) in YOUTH compared to ADULTS across the 
study protocol [32].

Prolonged strenuous exercise triggers the release of 
highly functional innate immune cells into circulation 
(i.e., neutrophils), with bacterially stimulated elastase 
release a marker of neutrophil degranulation activity and 
an important first-line functional response aiding in the 
clearance of systemic endotoxemia and/or bacteremia 
[38]. Mirroring findings from previous endurance exer-
cise research [32], a decrease, albeit not significant, was 
observed in bacterially stimulated neutrophil degranula-
tion in both groups throughout the 2 h recovery period. 
During recovery, the functional neutrophil response to 
potential luminal translocated pathogen (i.e., LPS) was 
comparable between YOUTH and ADULTS. Findings are 
novel, with previous research investigating the paediatric 
immune response to exercise being limited to cell counts 
and proportion of immune cells with no exploration into 
functional significance. Furthermore, consistent with 
previous research, [12] plasma TNF-α concentrations in 
the current study did not significantly change from pre- 
to post-exercise, with no difference in response observed 
between groups. This is not unexpected considering 
substantial increases in pro-inflammatory cytokines are 
recognised only to occur in application of extreme exer-
tional stress (i.e., ultra-endurance exposure) [39]. Anti-
inflammatory cytokine, IL-10, is more sensitive to lesser 
exertional stress with more considerable increases in 
previous studies observed following 2 h and 3 h treadmill 
running in ambient temperatures [32, 40]. In the current 
study, a change was observed in plasma concentrations 
from pre- to 1  h post-exercise in both groups with no 
difference in response between YOUTH and ADULTS. 
Taken together, findings indicate that adolescent age is 
not a substantial exacerbator of leukocytosis, impairment 
in bacterially stimulated neutrophil degranulation, and/
or systemic inflammatory response associated with EIGS 
when carbohydrates are consumed regularly during pro-
longed endurance/ultra-endurance exercise.

Gastrointestinal Function and Symptoms
Stimulation of the neuroendocrine–gastrointestinal path-
way of EIGS elicits alterations in gut motility, potentially 

delaying gastric emptying and intestinal transit time 
(e.g., OCTT) [40, 41]. In this study, changes in OCTT in 
response to prolonged exercise did not differ between age 
groups, with a turning point at 75 min for YOUTH and 
60 min for ADULTS. In consideration of group similari-
ties in plasma cortisol concentrations across the trial, it 
was not surprising that parallel gastrointestinal transit 
times were observed [33], suggesting adolescent age is 
not an exacerbating factor in the reduced gastrointestinal 
functional capacity often associated with prolonged exer-
cise [40, 41].

Manifestation of GIS is closely linked to the pathophys-
iological processes of EIGS and can impact performance 
[3, 5, 9]. The severity of Ex-GIS can also reduce feeding 
tolerance, impacting the athlete’s capacity to adhere to 
optimal fuelling guidelines during and post-exercise, and 
inhibiting the mitigation of gastrointestinal and immune 
disturbances that is recognised to occur as a result of 
regular feeding (i.e., carbohydrate) [16] In the current 
study, ADULTS reported significantly higher incidence 
and severity of upper-GIS during exercise compared to 
YOUTH. It is speculated that this difference is potentially 
attributable to the greater number of years ADULTS have 
engaged in endurance training, leading to a heightened 
sensitivity and/or awareness of GIS as opposed to a true 
age-related difference.

Limitations and Future Directions
It is plausible that the biological age of participants in the 
current study contributed to the lack of age-related dif-
ferences in gastrointestinal responses, although evidence 
in gastrointestinal integrity changes from adolescent 
to adulthood remains limited. Differences between age 
groups in physiological response to exercise (i.e., ther-
moregulation, substrate oxidation) is shown to diminish 
as adolescents reach later stages [36, 42] of puberty and 
9 of 12 adolescents in this study self-reported in Tanner 
Stage 4 or 5, with their body mass and height comparable 
to the adult group. However, given that most youth ultra-
marathon participants are aged 16–18, [13, 14] examin-
ing gastrointestinal responses in older adolescents is 
relevant. Investigating EIGS in youth athletes in early-to-
mid puberty is justified if ultra-endurance participation 
increases in this group.

Future research is needed investigating the incidence 
and severity of EIGS and Ex-GIS in youth athletes com-
peting in real-life ultramarathon events, with some key 
markers of EIGS rising to clinical significance in appli-
cation of more extreme exercise stress (e.g., ultramara-
thons, 24-h or multistage events) [39]. Evidence from 
real-world events also suggests a rapid onset of Ex-GIS, 
and reduced feeding tolerance in exercise lasting ≥ 4 h [7, 
39]. Finally, with dietary intake a central intrinsic factor 
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impacting EIGS, [5, 7, 9, 11, 43] insights into youth ath-
letes nutrition practices during competition and the 
interplay with EIGS biomarkers is important in guiding 
management strategies to safeguard youth participation 
in the sport.

Conclusion
Adolescent age does not appear to be a potent intrinsic 
factor in the exacerbation of EIGS, with youth endur-
ance athletes (≤ 18  years) responding to 3  h of pro-
longed exercise comparably to adult endurance athletes 
(> 30–50  years) when regularly consuming carbohy-
drates. Therefore, current nutrition guidelines for miti-
gating gastrointestinal disruptions in adult endurance 
athletes is likely appropriate for adolescent athletes.
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