Sports Medicine (2024) 54:2169-2184
https://doi.org/10.1007/540279-024-02013-4

ORIGINAL RESEARCH ARTICLE q

Check for
updates

Glycaemic Effects of a 156-km Ultra-trail Race in Athletes:
An Observational Field Study

Cassandra Parent’>3® . Benoit Mauvieux*® - Elodie Lespagnol'® - Corentin Hingrand*

Jean-Charles Vauthier>'¢® . Philippe Noirez573°® . Rémy Hurdiel'© . Quentin Martinet® -

Pierre-Louis Delaunay*® - Stéphane Besnard*'”® . Joris Heyman'®® - Virginie Gabel*® . Pauline Baron' -
Frangois-Xavier Gamelin'© . Patrice Maboudou''® . Rémi Rabasa-Lhoret>*® . Romain Jouffroy'%1314
Elsa Heyman''>

Accepted: 25 February 2024 / Published online: 30 March 2024
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2024

Abstract

Background Ultra-trail running races pose appreciable physiological challenges, particularly for glucose metabolism. Previ-
ous studies that yielded divergent results only measured glycaemia at isolated times.

Objectives We aimed to explore the impact of an ultra-endurance race on continuously measured glycaemia and to understand
potential physiological mechanisms, as well as the consequences for performance and behavioural alertness.

Methods Fifty-five athletes (78% men, 43.7 +£9.6 years) ran a 156-km ultra-trail race (six 26-km laps, total elevation 6000 m).
Participants wore a masked continuous glucose monitoring sensor from the day before the race until 10 days post-race. Blood
was taken at rest, during refuelling stops after each lap, and after 24-h recovery. Running intensity (% heart rate reserve),
performance (lap times), psychological stress, and behavioural alertness were explored. Linear mixed models and logistic
regressions were carried out.

Results No higher risk of hypo- or hyperglycaemia was observed during the exercise phases of the race (i.e. excluding
stops for scientific measurements and refuelling) compared with resting values. Laps comprising a greater proportion
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of time spent at maximal aerobic intensity were nevertheless associated with more time > 180 mg/dL (P =0.021).
A major risk of hyperglycaemia appeared during the 48-h post-race period compared with pre-race (P <0.05), with
31.9% of the participants spending time with values > 180 mg/dL during recovery versus 5.5% during resting. Changes
in circulating insulin, cortisol, and free fatty acids followed profiles comparable with those usually observed during
traditional aerobic exercise. However, creatine phosphokinase, and to a lesser extent lactate dehydrogenase, increased
exponentially during the race (P <0.001) and remained high at 24-h post-race (P <0.001; respectively 43.6 and 1.8
times higher vs. resting). Glycaemic metrics did not influence physical performance or behavioural alertness.
Conclusion Ultra-endurance athletes were exposed to hyperglycaemia during the 48-h post-race period, possibly linked to
muscle damage and inflammation. Strategies to mitigate muscle damage or subsequent inflammation before or after ultra-
trail races could limit recovery hyperglycaemia and hence its related adverse health consequences.

Trial Registration Number NCT05538442 2022-09-21 retrospectively registered.
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Laps including a greater proportion of time spent at
maximal aerobic intensity were laps associated with
greater risk of being hyperglycaemic.

A significant risk of hyperglycaemia appears during
recovery, up to 48 h post-race, possibly associated with
muscle damage as a well-known factor in insulin resist-
ance.

Given the putative impact of repetitive ultra-trail-associ-
ated periods of hyperglycaemia, particularly on vascular
health, we open up much-needed potential avenues for
strategies to mitigate muscle damage or limit inflamma-
tion related to muscle damage.

1 Introduction

Defined as sporting activities lasting > 6 h [1], ultra-endur-
ance events have become increasingly popular. Many ath-
letes compete in races lasting several days, throughout
which taking breaks or naps is left to the athlete’s discretion
and can significantly impact total race duration and perfor-
mance. These races, known as single-stage races, therefore
pose unique physiological challenges, mostly owing to their
extreme duration, particularly with regard to energy sub-
strate availability. Under such race conditions, muscle and
hepatic glycogen stores are limited while glucose represents
a fundamental substrate for muscle contraction, particularly
for sustaining sufficient exercise intensity. Several teams of
researchers have explored glycaemia around single-stage
ultra-endurance events by measuring capillary or venous
glucose levels at specific isolated times, i.e. mostly before
and/or at the end of the race, or at the end of the stages of
multistage races [2-6], 12 h to 16 days after the race [2, 4,
5], and, more rarely, at specific times during the race [4].
However, these one-off measures do not accurately reflect
the physiological reality, with glycaemia change in direction
rapidly reversing even in healthy individuals [7]. This may
explain the divergence of the results from the abovemen-
tioned studies, in which there was either no change [3, 4] or
an increase in glycaemia [2, 5, 6].

To our knowledge, only two studies [8, 9] have so far
measured blood glucose continuously during ultra-endur-
ance events, although the authors did not use masked glu-
cose sensors, which may have influenced racing strategies
(e.g. pacing and/or fuelling). Moreover, while the authors
mentioned highly variable glucose concentrations (as

averaged over the total duration of the race [8], or at hourly
intervals [9], as well as minimum and maximum values dur-
ing the race [8]) throughout the race and/or across the par-
ticipants, they did not specifically determine time spent at
low glucose levels (i.e. < 70 mg/dL) or in hyperglycaemia
(> 140 mg/dL). Exploring these unusual glucose excursions
is important given their putative deleterious impact on physi-
cal performance [10] and cognitive performance [11, 12],
with possible consequences on behavioural alertness and
hence the risk of injury. Whether the widely variable gly-
caemic values persist during recovery remains unstudied.

Finally, if ultra-endurance events do trigger significant
glucose excursions (low glucose and/or hyperglycaemia),
repeated participation in these events during an athlete’s
sporting career may be presumed to impact vascular health
[13-18]. It is therefore important to understand the factors
involved. For example, muscle damage and sleep depriva-
tion/restriction could alter insulin sensitivity [19, 20]; an
increase in cortisol [6, 21] could contribute to an increase
in glycaemia, with an insulin resistance/antagonizing effect
described outside the context of exercise [22]. Ultimately,
exercise intensity [23] and psychological strain [24] may
also influence glycaemic excursions during the race.

The aim of this study was to assess the impact of an
ultra-endurance race on glycaemia, continuously measured
throughout the race and during the following 10 days, and
to understand some physiological mechanisms as well as
some confounding factors (sleep restriction, running inten-
sity, initial psychological stress level). The aim was also to
see whether extreme variations in glycaemia (low glucose,
hyperglycaemia, glycaemic variability), if present, influence
outcomes that are highly relevant for performance in such
extreme sporting events, such as behavioural alertness and
running time.

2 Methods

This study was approved by the Ouest III Ethics Committee
(no. 2021-A01765-36). Written consent was obtained from
participants before their inclusion in the study.

Fifty-five trained runners volunteered to take part in a sci-
entific oriented ultra-trail race (‘Trail Scientifique de Clécy’
for research purposes), starting at 2.30 p.m. on 11 Novem-
ber 2021, and involving an elevation gain of 6000 m and a
total distance of 156 km. The distance was divided into six
identical laps of 26 km, interspersed with stops for scientific
measurements organized in a precise order, as previously
detailed in a methodological paper [25]. Stops included the
possibility of naps (nap times were recorded when applica-
ble, and any naps only took place after visiting the canteen)
and taking refreshments. The runner had to be self-sufficient
in terms of water and food between each refreshment point,
i.e. replenishment only available at the end of each lap for
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food and water (at a canteen), and at each half-lap for water
only. At the refreshment point canteen, runners were allowed
to directly eat and/or to take food/snacks (provided by the
organisers and/or by themselves) with them for consump-
tion during the next lap. Runners were able to refill their
water bottles halfway through each lap (i.e. at 13 km, from
a water tap).

2.1 Continuous Interstitial Glucose Monitoring

The day before the race, a professional masked continuous
glucose monitoring (CGM) sensor (Freestyle Libre Pro 1Q,
Abbott®; with a value every 15 min) was inserted on the
back of participants’ arms. The CGM sensor was removed
10 days after the race. Glycaemic excursions and variability
were calculated from CGM recordings over several specific
periods (excluding the stops for scientific measurements and
refuelling between each lap): (1) from the insertion of the
CGM sensor the day before the start of the race (at 5.06
p-m. +£48 min; minimum: 3.40 p.m. — maximum: 6.58 p.m.)
up to 6.00 a.m. on the day of the race; (2) from the beginning
to the end of each lap; (3) from the beginning to the end of
the race (average of all laps); (4) during 2, 8, 12, 24, and 48 h
after the end of the race; and (5) for the 10 days following
the race, explored either using 24-h periods or distinguish-
ing daytime (i.e. from 8.00 a.m. to 9.00 p.m. each day) from
night time (i.e. from midnight to 6.00 a.m. each night).

Glycaemic excursions taken into consideration were the
percentage of time spent in range (between 70 and 140 mg/
dL), below range (<70 mg/dL), and above range (> 140 mg/
dL and > 180 mg/dL), low blood glucose index (LBGI), high
blood glucose index (HBGI), and the highest and the lowest
glycaemic values [26-28]. These thresholds were chosen in
accordance with the typical CGM resting values in healthy
non-diabetic populations of between 70 and 140 mg/dL dur-
ing approximately 96% of time, with values > 180 mg/dL
being uncommon [28]. Glycaemic variability was assessed
through the coefficient of variation and the standard devia-
tion (SD) of mean glucose values [27].

2.2 Food Intake

The day before, during, and the day after the race food
intake data were collected. QuickTapSurvey, a data collec-
tion application, installed on digital tablets, was used to take
photos and register answers to questions about food intake.
For the day before and after the race, only questions were
asked (no photos) (e.g. details about the quantity and qual-
ity of meals, snacks, and drink). During each scientific stop
during the race a photo of food/snacks on each runner’s tray
was taken before and after consumption. Moreover, at the
end of each lap, a photo was taken of the empty packaging of
what each runner had eaten during the lap. Questions were

also asked in addition to taking photos (e.g. questions about
unopened refreshments or whether any packaging was lost
during the lap).

2.3 Running Intensity and Physical Performance

Heart rates (HRs), measured throughout the race with
Hexoskin Pro Physiological Waistcoat (Carre Technologies
Inc.), were used to calculate exercise intensities as percent-
ages of heart rate reserve (%HRR) using the Karvonen for-
mula: %HRR =(HR —resting HR)/(maximum HR — resting
HR) x 100; with maximum HR theoretically calculated as
HR =208 — (0.7 x age) [29] and resting HR measured with
the waistcoat during 5 min lying in bed before getting up on
the day of the race. This further allowed us to calculate the
percentage of time spent (during each lap) in three aerobic
endurance exercise intensity ranges [30]: (1) light to moder-
ate (up to 59% HRR), (2) vigorous (from 60 to 89% HRR),
and (3) maximal (from 90 to 100% HRR). The time needed
to complete each lap was recorded as an index of physical
performance.

2.4 Initial Psychological Stress Level

The six-item (i.e. I feel/am: calm, tense, upset, relaxed, con-
tent, worried; graduated on a scale from 1, not at all, to 4,
very much) short-form of the State-Trait Anxiety Inventory
(STAI) [31] was self-completed on the morning of the race
(7.13 a.m. +43 min).

2.5 Behavioural Alertness
2.5.1 Psychomotor Vigilance Task

On the day before the race, on the morning of the race, at
the end of each lap, and at the end of the race, the runners
performed a 5-min series response time test [32]. Outcomes
considered were lapses of attention (as defined as the num-
ber of responses with a response time > 500 ms) and the
mean response time (Rt; mean calculated after excluding
reaction times < 100 ms) [33].

2.5.2 Sleepiness

On the day before the race, on the morning of the race, at the
end of each lap, and at the end of the race, a measure of the
subjective level of sleepiness using the Karolinska Sleepi-
ness Scale (KSS) [34, 35] was carried out. The KSS is a
validated 9-point Likert scale [36] that is sensitive to fluctua-
tions (1 =extremely alert, 2= very alert, 3 =alert, 4 =rather
alert, 5 =neither alert nor sleepy, 6 =some signs of sleepi-
ness, 7 =sleepy, but no effort to keep awake, 8 =sleepy,
some effort to keep awake, and 9 =very sleepy, great effort
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keeping awake, fighting sleep) assessing the runners’ state
of fatigue during the immediately preceding 5 min.

2.6 Blood Biology

Blood samples were collected from the median cubital vein,
in a sitting position, on the morning before the start of the
race (after breakfast), at the end of each lap, at the end of the
race (after visiting the refreshment canteen), and 24 h after
the end of the race. They were centrifuged (immediately
at 855 g, 4 °C, 5 min for containers with anticoagulants—
heparin or citrate—and after 1 h at ambient temperature
at 1520 g, 4 °C, 13 min for free-additive containers), and
resulting supernatant was removed and frozen (— 80 °C)
pending future analyses of glucose, hormones regulating
glycaemia (insulin, cortisol), metabolites (free fatty acids,
B-hydroxybutyrate), and markers of muscle damage (creatine
phosphokinase [CPK], lactate dehydrogenase [LDH]). The
assays used for all these molecules are given in the electronic
supplemental material (ESM), Supplementary Table 1.

2.7 Statistical Analysis

Statistical analyses were carried out using the IBM SPSS
version 27.0 (IBM Corp., Armonk, New York, USA).
Results are reported as means + SD, unless otherwise indi-
cated. We used linear mixed models and binary/multinomial
logistic regressions with a random intercept for the partici-
pants (see details of the models in the ESM, Supplementary
Table 2). For all the models, residuals were Gaussian and the
results expressed as the mean estimation ‘e’. P <0.05 were
considered statistically significant.

3 Results

The participants’ characteristics are presented in Table 1.
Thirty-four males (79.1%) and seven females (58.3%) fin-
ished the race. The best performance was 17:11:02 (scien-
tific experiment time deducted), and the last finisher came
in at 35:55:21. For the 41 finishers, stops for scientific
measurements between laps lasted about 64 + 13 min, and
31 of them did not take any naps throughout the duration
of the race. Stops for meals and snacks between laps lasted
approximately 17 +3 min. Outdoor temperatures varied from
2.5 to 13.6 °C and humidity levels from 65.2 to 95.9%. The
lowest and highest altitudes were 36 m and 254 m, respec-
tively. The elevation profile is available in Supplementary
Fig. 1 (see the ESM). Concerning nutrition, at the end of the
race, the food intake data based on time-stamped photos col-
lected on the application was unfortunately lost due to con-
nection issues. All runners answered the ‘yes/no’ questions,
but very few responded correctly to the open-ended ques-
tions (between 3.6 and 5.5% depending on the questions).
The answers to the ‘yes/no’ questions show that 24% of the
runners ate unpacked snacks and 94.5% lost the packaging
of certain food items during the tour (mean of the six laps).

3.1 Glycaemic Excursions During the Race

Supplementary Fig. 2 in the ESM shows changes in gly-
caemia from CGM sensor during the race for each finisher.
Overall, glycaemic spikes seem to occur during stops for
scientific measurements or just after, probably correspond-
ing to meals and/or snacks taken during these stops. It
should be noted that outside these breaks during the race,
HBGI was higher than at pre-race rest, while the risk of time

Table 1 Pre-race participants’
characteristics

Males (n=43) Females (n=12)

Age (years)

Height (m)

Body mass (kg)

Skeletal muscle mass (kg)
Fat mass (%)

ITRA performance index

Longest race ever completed (km)

Running (km/week)
Cycling (km/week)

43.8+9.7 (25-65)

1.76£0.07 (164—192)
70.3+7.8 (58-95)

30.8+6.2 (26.1-42.46)
10.5+4.9 (0.8-24.4)
547.9+103.7 (371-787)
187+70.9 (74-360)
57.1+19.4 (10-100)
40.4+39.9 (0-200)

43.5+9.3 (27-57)
1.65+0.06 (154—175)
53.9+5.5 (43-62)
20.2+2.4 (15.2-24.1)
17.7+5.0 (11.2-26.7)
530.7+63.5 (420-635)
170,2 + 104,3 (70-360)
61.7+38.8 (30-170)
17.3£24.4 (0-70)

Data expressed as mean + standard deviation (minimum-maximum)

On the morning of the race, body mass was measured using the BC545N (Tanita) scale and body composi-
tion was assessed using an mBCA 525 (Seca) impedance meter in the supine position to determine the pro-
portion and distribution of fat and muscle. Blood pressure was measured in a sitting position after 10 min
of quiet rest, using an automated monitor (Omron) with an appropriate-sized arm cuff

Kilometres per week of running and cycling represent routine training as reported by the participants

ITRA International Trail Running Association
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Table 3 Glycaemic metrics at rest, during the race, and during recovery in finishers
Rest During the race During the first 48  Recovery day 1 Recovery day 2 Recovery day 3 Recovery day 4
h of recovery

Low % time 3.55+7.10 0.79+2.05 2.32+7.39 1.37+6.43 0.23+0.95 0.50+1.43 1.29+5.17
glucose spent <70
levels mg/dL
metrics 1 gGr 1.62+1.44 0.54+0.55 1294127 0.7+1.45 0.65+0.83 0.95+0.71 1.12+0.92

GluMin (mg/dL)  76.47+14.44 94.88+10.15 72.13+13.15 92.16+14.99 84.70+£10.36 80.00+9.45 80.48 +8.28

High % time 2.55+4.03 8.25+9.46 8.13+£7.66 16.06+15.62 7.56+10.73 1.60+3.16 1.77+3.88
glucose spent > 140
levels mg/dL
metrics g time 0.23+0.76 0.63+1.50 1.67+3.38 2.53+6.20 091+2.61 0.07+0.34 0.08+0.39

spent > 180
mg/dL
HBGI 0.16+0.24 0.49+0.50 0.63+0.92 0.91+0.95 0.48+0.63 0.11+0.17 0.13+0.19
GluMax (mg/ 141.28 +£24.06 142.04+16.11 200.45+77.30 156.81+£33.48 155.91+24.56 139.92+15.18 137.88+£17.02
dL)

Glycaemic  SD 13.65+4.57 11.65+3.03 22.70+£12.41 17.46+10.00 16.13+£5.55 12.37+3.08 12.94+3.75
Ya”ab‘l' CV (%) 13.76 +4.55 10.31+2.50 21.47+9.50 14.64+7.63 14.38+4.10 12.12+2.80 12.79+3.76
ity

Normogly- % time spent 93.90+7.30 90.96 +9.24 89.55+9.76 82.57+15.50 92.22+10.89 97.90+3.42 96.94 +6.10
caemia between 70

and 140 mg/
dL

Data expressed as mean =+ standard deviation. The values presented are CGM sensor values. For rest, during the race, and +48 h of recovery and
for recovery days 1, 2, 3, and 4, only finishers with all values were selected. N=32 for rest, during the race, and +48 h of recovery. N=24 for

recovery day 1, 2, 3, and 4

CGM continuous glucose monitoring, CV coefficient of variation, GluMax the highest glycaemic value, GluMin the lowest glycaemic value,
HBGI high blood glucose index, LBGI low blood glucose index, SD standard deviation of mean glucose values

spent > 140 or 180 mg/dL was not significantly increased
(Tables 2, 3). The probability of spending time at low glu-
cose values was lower during exercise than at rest (Tables 2,
3).

HBGI as well as the risk of time spent above 180 mg/dL
were higher during a lap when the proportion of time spent
at maximal aerobic exercise intensity during the lap was also
higher (for HBGI, e= +0.013, P=0.006; for time > 180 mg/
dL, e= +0.041, P=0.021; Supplementary Table 3 in the
ESM). Hyperglycaemic indices and proportions of time
spent within exercise intensity bands during the six laps are
displayed in Fig. 1. Glycaemic excursions during the race
(excluding stops between laps) were not influenced by initial
psychological stress level, nap time, participants’ character-
istics, or finisher status (Supplementary Table 3).

Physical performance (time at each lap) and behavioural
alertness (Rt, lapses of attention, KSS) at the end of each lap
were not significantly influenced by glycaemic variability
and time spent at low or high glucose values during the laps.
Ultra-trail race completion time was not significantly associ-
ated with glycaemic metrics (percentage time spent < 70 mg/
dL and > 140 and > 180 mg/dL throughout the race, exclud-
ing stops between laps), nor with the changes in performance
in the psychomotor vigilance task from lap 1 to lap 6 (Spear-
man correlations).

Rt, lapses of attention, and KSS were not significantly
influenced by lap time, lap number, and nap time (data not

shown). Rt was significantly impaired in cases of higher ini-
tial psychological stress level (STAI) (e>0.259, P <0.03).

Venous glycaemia followed a pattern comparable to CGM
(Fig. 2).

3.2 Glycaemic Excursions During Recovery

Except for the first 2 h of recovery, hyperglycaemia was pro-
nounced during recovery (over 48 h) compared with values
before and during the race (Tables 2, 3). For example, during
the pre-race resting period, only three out of the 55 partici-
pants (5.5% of the sample) spent some time > 180 mg/dL
(i.e. 2.9%, 1.5%, and 3.0% of time). Conversely, during the
first 48 h of recovery, 17 participants (31.9% of the sam-
ple) spent time > 180 mg/dL (mean for the 17 participants
4.5+5.0 [SD]%, minimum: 0.07% — maximum: 16.7%).
The risk of hyperglycaemia then gradually decreased for
4 days post-exercise without any difference between daytime
and night-time (i.e. time spent > 140 mg/dL: e= —0.628,
P <0.001; time spent > 180 mg/dL: e= —0.855, P<0.001;
HBGI: e= —0.282, P<0.001; highest glucose value:
e= —9.295, P<0.001) (Supplementary Fig. 3B in the
ESM). Conversely, for recovery, the probability for low
glucose levels increased again progressively (Table 2) up to
4 days post-exercise (i.e. LBGI: e=0.219, P=0.005; low-
est glucose value: e= —3.683, P<0.001) (Supplementary
Fig. 3A).
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Fig. 1 High blood glucose
metrics and percentage of time
spent in three exercise intensity
ranges throughout the race in
finishers. Data are expressed

as mean + standard error. A,

B, and C High blood glucose
metrics. Note that the y-axis
scales of the graphs are different
in order to make them easier

to read. D Percentage of time
spent in three exercise intensity
ranges. The three aerobic
exercise intensity ranges were
light to moderate (up to 59%
HRR), vigorous (from 60 to
89% HRR), and maximal (from
90 to 100% HRR). %HRR was
calculated, using the Karvonen
formula: (HR —resting HR)/
(HR_, —resting HR) x 100;
with HR .. theoretically calcu-
lated as HR =208 — (0.7 X age)
and resting HR measured with
the Hexoskin Pro Physiological
Waistcoat (Carre Technologies
Inc) during the 5 min lying in
bed before getting up the day of
the race. %HRR percentage of
HRR, HBGI high blood glucose
index, HR heart rate, HR,,,,
maximum HR, HRR heart rate
reserve
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Values for glycaemic metrics at rest, during the race, and
during recovery are available in Table 3. Overall, there was
a wide interindividual variability of time spent in hypergly-
caemia during and after the race.

3.3 Metabolic and Hormonal Outcomes

Plasma and serum hormones, metabolites, and markers of
muscle damage at rest, at the end of each lap, and after 24 h
of recovery are shown in Fig. 3 for race finishers and in
Supplementary Fig. 4 (in the ESM) for non-finishers (no
significant differences between finishers and non-finishers).
The insulin concentration tended to decrease during the
race (P=0.080), and even more markedly during the last
lap, while it then increased after 24 h of recovery, reaching
values higher than at rest (P=0.013). Free fatty acids and
B-hydroxybutyrate increased during the race (P <0.001), and
even more so during the last lap, followed by a decrease dur-
ing the 24-h recovery phase (P <0.001). Cortisol increased
during the race (P <0.001) and then decreased during the
24-h recovery phase (P <0.001), ultimately reaching val-
ues lower than at rest (P=0.003). However, CPK, and to a
lesser extent LDH, increased exponentially during the race
(P<0.001) and remained high 24 h post-race (P <0.001).

4 Discussion

Glycaemic metrics did not differ between race finishers and
non-finishers, suggesting that abnormal variations in glycae-
mia did not occur when participants stopped prematurely.

For the first time, this study shows that ultra-endurance races
significantly trigger hyperglycaemia during the first 48 h
of recovery. During the race, while the stops for scientific
measurements and refreshments were logically associated
with major increases in glycaemia, the exercise periods (i.e.
during each lap, excluding the stops for scientific measure-
ments and refuelling between each lap) did not significantly
induce hyperglycaemia. However, the laps with more time
spent >90% HRR were associated with a greater probability
of spending time in hyperglycaemia during the lap.

4.1 Putative Mechanisms of Hyperglycaemia
Around the Ultra-Trail Race

Exercise intensity appears to be a clear contributing fac-
tor to hyperglycaemia during the race time of such long
duration events: the higher the percentage of time spent at
maximal aerobic exercise intensity, the more the runners
displayed high glucose values during the lap, apart from
stops between laps. In the example of an athlete who has a
20% probability of spending time above 180 mg/dL during
a lap, if this athlete increases their time spent at maximal
aerobic exercise intensity during the lap by 30%, they will
then have a 34% (compared to 20%) probability of spend-
ing some time in hyperglycaemia. It can be presumed that
higher exercise intensity was associated with activation of
the sympathetic nervous system and increased epinephrine
levels, resulting in greater hepatic glucose production [23,
37]. Unfortunately, we were unable to measure catechola-
mines during the race. However, we showed that circulat-
ing insulin tended to decrease during the race, which could
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Fig.2 Venous blood glucose
before the race, at the end 140
of each lap after visiting the

>

refreshment station, and 24 h - 130
after the race. Throughout the I
race, glucose values increased %D 120
(e=+4.733; P<0.001) and j; 110
remained high at 24 h of 7]
recovery compared with resting S 100
values (e= +5.526; P<0.001). <
Data expressed as mean + stand- © 90
ard error. A Finishers (n=41). 8
B Non-finishers; the data from o 80
one male participant who 2
stopped the race at the end g 70
of lap 2 and one female who @
stopped the race at the end > 60
of lap 1 are not shown. Race o

stopped at the end of lap 5,
n=4; at the end of lap 4, n=35; Rest
at the end of lap 3, n=3

v o]

140
130
120
110
100

90

80 j

Venous blood glucose (mg/dL)

o

Rest

lap 1

Lap1

24h of
recovery

Lap 2 Lap 3 Lap 4 Lap 5 Lap 6

24h of
recovery

Lap 2 Lap 3 Lap 4 Lap 5 Lap 6

++«@.+ Race stopped at theend of lap 5 ===fe «Race stopped at the end of lap 4

=il Race stopped at the end of lap 3

reflect the inhibition of pancreatic insulin production by
sympathetic nervous system activation [23]. It is worth not-
ing that the increase in insulin concentrations at the end of
exercise and at the start of recovery observed in our study
has already been demonstrated after shorter, more intense
aerobic exercise and is known to be only transient [23]. This
insulin ‘rebound’ could explain why the hyperglycaemia
phenomenon was transiently delayed during the first 2 h of
recovery, while during the subsequent period of recovery
(up to 48 h), it reappeared and was even more pronounced
than during the race. Cortisol may also contribute to higher
glucose values during the race [22, 38]. However, this can-
not explain recovery hyperglycaemia because it decreased
very sharply during recovery, with kinetics different from
those of glucose, and reaching even lower values than at
rest after 24 h of recovery. It should also be noted that the

cortisol profile was unique, with an early decrease from the
end of lap 5 in 41.5% of finishers (data not shown). Cortisol
is related to circadian rhythm, but its analysis in relation
to circadian rhythm is difficult, with highly contradictory
results among studies involving sleep deprivation [20, 39].

As for free fatty acids, they logically increased throughout
the race concomitantly with the decrease in insulin and the
increase in cortisol, which are anti- and pro-lipolytic [23, 38,
40]. While the increase in free fatty acids availability might
be a contributing factor to skeletal muscle insulin resistance
[41] during the race, free fatty acid concentrations decreased
to baseline levels after 24 h of recovery, thus discarding the
hypothesis of their involvement in post-race hyperglycaemia.

On the contrary, circulating CPK and LDH (which reflect
skeletal muscle enzymes leakage), after a sharp increase
throughout the race, appeared to remain very high after 24 h
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Fig.3 Plasma and serum hor- A
mones, metabolites and markers

of muscle damage at rest, at the 140
end of each lap, and after 24 h

of recovery in finishers. Data 120

expressed as mean + stand-
ard error. A Insulin. During

the race, the insulin concen- —_ 100
tration tended to decrease =
(e= —2.384; P=0.080). g 80
Between the end of the race o
and 24 h of recovery, the £ 60
insulin concentration increased 2
(e=+86.104; P<0.001), with =
values after 24 h of recovery 40
being higher than values at
rest (e=+6.137; P=0.013). B 20
Cortisol. During the race, the
cortisol concentration increased 0
(e=+22.770; P<0.001). Rest Lap 1 Lap 2 Lap 3 Lap 4 Lap 5 Lap 6 24h of
Between the end of the race recovery
and 24 h of recovery cortisol
decreased (e= —235,042;
P <0.001), ultimately reach- B
ing values lower than at rest 800
(e=8.749; P=0.003). C Free
fatty acids (FFA). During 700
the race, the FFA concentra-
tion increased (e = +0.088; 600
P <0.001). Between the end of =
the race and 24 h of recovery % 500
FFA concentration decreased £
(e=—0.926; P<0.001). D < 400
B-hydroxybutyrate. During 2
the race, 3-hydroxybutyrate £ 300
increased (e = +0.164; 8
P <0.001). Between the end of 200
the race and 24 h of recovery,
B-hydroxybutyrate decreased 100
(e=—1.086; P<0.001), with
values at 24 h of recovery still 0
higher than at rest (e= +0.011; Rest Lap 1 Lap 2 Lap 3 Lap 4 Lap 5 Lap 6 24h of
P=0.012). E Creatine phospho- recovery
kinase (CPK). F Lactate dehy- C
drogenase (LDH). During the
race, CPK and LDH increased 1.4
(CPK: ¢=1638.908; P<0.001;
LDH: e= +42.690; P<0.001). 1.2
They decreased between the -
end of the race and 24 h of % 1.0
recovery (CPK: e= —4026.023; £
P<0.001; LDH: e= —88.658; £
P <0.001), but values at 24 h of g 08
recovery remained higher than S
at rest (CPK: e= +684.767; > 06
P<0.001; LDH: e= +20.574; E
P<0.001) ® 04
e
0.2
0.0

Rest Lap 1 Lap 2 Lap 3 Lap 4 Lap 5 Lap 6 24h of
recovery
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Fig.3 (continued)
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of recovery. This makes muscle damage a prime candidate
for post-exercise insulin resistance in such extreme sporting
events, possibly through the inflammation associated with
the acute-phase immunological response to muscle-cell dis-
ruption [19, 42-46].

Lastly, we cannot exclude the possibility that diet also
influenced post-race glycaemic metrics, all the more since
current nutritional guidelines recommend athletes ingest
carbohydrates as soon as possible after competition [47].
It should also be remembered that ultra-endurance events
may deregulate nutrient absorption and therefore endocrine
responses [48], which makes it even more difficult to under-
stand post-exercise diet and glycaemia interactions.

4.2 Clinical Implications

Physical (i.e. the time taken to complete a lap) or cognitive
(more specifically behavioural alertness) performance did
not appear to be influenced by low or high glucose values
during the race in our study. However, the major hyper-
glycaemic risk observed during the 2 days of recovery
could have significant long-term implications for athletes’
vascular health. Acute hyperglycaemia (i.e. 200 mg/dL),
implemented for just 4 h, has indeed been shown to impair
endothelial function in non-diabetic individuals [13]. This
could hypothetically prove particularly critical in the long-
term, in cases of repeated ultra-endurance race participation,
when we consider the risk of endothelial dysfunction [14],
of arterial stiffness [49], and of coronary artery calcifica-
tion evidenced in lifelong athletes [15—18], especially in
those participating in long-distance races [49, 50]. Of note,
prevalence of coronary artery calcification is known to be
increased in non-diabetic individuals with higher glycated
haemoglobin, as a reflection of chronic hyperglycaemia [51].
Moreover, the possible aggravating role of hyperglycaemia
could also be assumed from the study of Muller et al. [52]
showing that a higher initial fasting glycaemia was associ-
ated with a greater increase in carotid intima media thickness
during a follow-up period of 3.8 years in runners participat-
ing in long-distance competitions (including half marathons,
marathons, and ultra-marathons). Longitudinal follow-up
studies in ultra-endurance athletes will be needed to explore
whether repeated post-exercise hyperglycaemia actually
increases the risk of subclinical vascular dysfunctions and
whether the latter can be outweighed by their higher aerobic
fitness. In the general population, higher cardiorespiratory
fitness indeed protects against cardiovascular disease events
at all coronary artery calcification levels [53].

4.3 Limitations

Some limitations of the present study need to be men-
tioned. The stops for scientific measurements were made

compulsory for the runners, while during single-stage
ultra-trail races, the athletes can choose to either stop
or not at the refreshment zones. It should be noted that,
during the inter-lap stops for scientific measurements, the
order in which the tests were run was sometimes changed
if too many runners arrived simultaneously for the same
test. The refuelling visit to the canteen was always the
first stage in the process, but the blood sampling, which
was initially planned just after the canteen, was some-
times postponed to a later point during the stop. For bet-
ter standardisation, further studies should give special
attention to the timing of blood collection compared to
refuelling and exercising periods.

In addition, it was unfortunately impossible to inter-
pret diet data, which highlights the complexity of record-
ing food intake during such field events. The quality of
responses to open-ended questions (e.g. about the quality
and quantity of food) being very poor, in further studies
it would be advisable to prefer ‘yes/no’ questions associ-
ated with time-stamped meal/snack photos. It is possible
to store the latter in the device, but this would involve
a rigorous and painstaking procedure. For example, to
avoid confusion between participants, a label identify-
ing each participant could be placed on the meal tray
before taking the photo. Otherwise, photos could be sent
to an online data collection application, provided that
the internet connection is sufficient. In the current study,
glycaemic spikes during the ultra-trail race were particu-
larly evident only during the post-lap refreshments, and
not specifically during exercise. Interpretations of these
spikes would definitely require correct data collection
about the nature, quantity, and timing of food intake [54,
55]. In addition, having access to food intake data may
also help to understand metabolic and hormonal changes
throughout ultra-endurance races. In the current study,
circulating insulin dropped during the last lap in paral-
lel to a concomitant sharp increase in free fatty acids
and B-hydroxybutyrate. It could be hypothesised that
athletes ate less carbohydrates at the last refreshment
point, possibly due to simple carbohydrates aversion [56]
or because they knew that the end of the race was near.
This would trigger a further decrease in insulin secretion,
which would stimulate lipolysis and B-hydroxybutyrate
formation from fatty acids. Further studies should also
investigate whether post-race nutritional strategies [57,
58] could influence recovery hyperglycaemia.

Lastly, the effect of sleep deprivation was indirectly
estimated using the nap time, which is the time when
runners were lying down. However, we do not have infor-
mation on the exact time spent asleep during nap periods.
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5 Conclusion

While no major abnormal glycaemic excursions occurred
during the ultra-endurance race, a significant hyperglycae-
mic risk was particularly present during recovery, up to 48 h
after the race, possibly related to muscle damage. Further
studies should explore changes in pro- and anti-inflamma-
tory cytokines as intermediates between muscle damage
and insulin resistance. Ultimately, developing strategies to
mitigate muscle damage (e.g. passive stretching performed
2 weeks before) or for limiting inflammation resulting from
muscle damage (e.g. curcuma supplements, massage, cryo-
therapy) [59-63] before or after ultra-endurance races might
be crucial not only for performance but also for vascular
health.
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tary material available at https://doi.org/10.1007/s40279-024-02013-4.
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