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ABSTRACT

Nine ultra-endurance athletes completed a randomised, crossover trial involving two 28-day dietary arms during which the
athletes consumed a carbohydrate-rich diet (carbohydrate 58 + 3, protein 15 + 2 and fat 26 4+ 2%) containing low- or high-
glycaemic-index (LGI or HGI, respectively) carbohydrates. At the start and end of each dietary arm, participants performed a
fasted 3-h submaximal run outdoors before ingesting either a low (GI = 32, isomaltulose [Palatinose]) or high (GI = 100,
maltodextrin) glycaemic index drink (0.75 g/kg bm/h over 3.5 h). Participants then completed a treadmill run to exhaustion at
74 £ 1% vVOzpeak, with pulmonary gas exchange measured over the first hour. Interstitial glucose [iG] was measured via
continuous glucose monitoring (Supersapiens, Atlanta, USA). Data were analysed ANOVA and post hoc t-tests with Bon-
ferroni adjustment as appropriate, with p < 0.05 accepted as significant. Mean 24-h [iG] was similar between diets
(LGI:102 + 5 vs. HGI:100 + 5 mg/dL). [iG] variability measures, including standard deviation (LGI:17 + 1 vs. HGL:18 + 2 mg/
dL, p = 0.016) and coefficient of variation (LGI:16 + 1% vs. HGI:18 + 1%, p = 0.0003), were lower in the LGI diet, with a
reduced percentage of time spent below the recommended range (LGI 2 + 1% vs. HGI 4 + 2%, p = 0.006. Level 1 [55-69 mg/
dL] LGI 1 + 1% vs. HGI 3 + 2, p = 0.005). Carbohydrate oxidation during the first hour of the run test was reduced in the LGI
diet arm (ALGI —0.14 + 0.32 vs. AHGI 0.06 + 0.28 g-min™', p = 0.016) but endurance capacity was similar across diets.
Adopting a 28-day LGI carbohydrate-rich diet and incorporating isomaltulose improved glycaemic variability and reduced
time spent below the target glycaemic range with evidence of similar endurance performance capability when compared to a
HGI carbohydrate-rich diet.

1 | Introduction

In recent years, there has been a rise in the popularity of ultra-
endurance athletic events. Ultra-endurance events can exceed
6 h and place large demands on body stores of energy for ath-
letes to perform successfully. Recommendations for carbohy-
drate (CHO) consumption for endurance activities suggest
dietary intake of > 60% of total daily energy or between 8 and

12 g-kg™" day! for competition (T. Thomas et al. 2016). Further,
in training, ultra-endurance athletes complete large weekly
volumes of exercise activities (Riist et al. 2012; Tanda and
Knechtle 2015), and to meet such high energetic demands,
carbohydrates form the mainstay of daily energy intake (Stel-
lingwerff 2016). Exogenous carbohydrate intake substantially
impacts blood glucose concentrations, and if large amounts and/
or high glycaemic index (HGI) sources are consumed,
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Highlights

« Thisstudy provides a detailed glycaemic profile of healthy
athletic individuals over a prolonged period of heavy
endurance exercise following a nutrition intervention.

o Adopting a 28-day LGI carbohydrate-rich diet improved
glycaemic variability and reduced time spent below the
euglycaemic range when compared to a HGI carbo-
hydrate-rich diet.

« Endurance capacity was maintained equally under both
diet arms.

dysglycaemia, characterised by pronounced rises and falls from
an otherwise stable glucose level, can occur despite endogenous
gluco-regulatory mechanisms striving to maintain glucose ho-
meostasis (Bazzano et al. 2005).

Recent technological developments have led to the emergence
of continuous glucose monitors (CGMs) to manage glycaemia
in metabolically dysregulated populations (Galindo and
Aleppo 2020). Continuous real-time recording and display
provide a 24-h continuous trajectory of glucose around meals,
physical activity and during sleep (Shah et al. 2019; Keshet
et al. 2023). During competition, maintaining stable interstitial
glucose levels has been suggested to positively impact perfor-
mance outcomes, such as sustaining running pace (Sengoku
et al. 2015; Ishihara et al. 2020). However, the implications of
day-to-day glucose variability on exercise performance is not
currently well understood.

Longer studies, have profiled glycaemia over short periods
(< 19 days) of intensified training (Francois et al. 2018; Zignoli
et al. 2023; Bowler et al. 2024; Hamilton et al. 2024; Skroce
et al. 2024). These studies characterised glycaemia using a va-
riety of different metrics such as the percentage of time spent in
different ranges (hyper-, eu- or hypo-glycaemia), albeit with
varying threshold concentrations, and frequency and severity of
hypo- and hyperglycaemia. These initial investigations have
detailed observations of dysglycaemia in athletes (T. Thomas
et al. 2016; Francois et al. 2018; Kulawiec and et al. 2021;
Flockhart and Larsen 2023; Hamilton et al. 2024). Furthermore,
during periods of heavy training, Flockhart et al. (2021) reported
significantly greater time spent above range in athletes
compared to a healthy control group. Studies have observed
some modes TAR in healthy athletic cohorts (Bowler et al. 2024;
Hamilton et al. 2024; Weijer et al. 2024; Zignoli et al. 2024). In
addition, frequent periods of hypoglycaemia were also observed,
although often specific to the nighttime period. Interestingly,
studies have also used mean, median, standard deviation, co-
efficient of variation and mean amplitude of glycaemic excur-
sion (MAGE) to explore glycaemic characteristics over time.

Few studies have observed glycaemia in athletic cohorts for
more prolonged periods, with very few detailing glycaemia in
response to chronic nutritional interventions. Longer periods
of CGM utilisation appear to have a greater benefit to glycae-
mic management (Anderson et al. 2011). With that in mind,
longer study durations may be necessary to investigate some

physiological adaptations. Further investigation is warranted to
explore the metabolic and health impacts associated with gly-
caemic management in response to different sports nutrition
strategies. Prins et al. (2023) demonstrated that 5 weeks of a
low carbohydrate high fat (LCHF) diet reduced 24-h mean
glucose and resulted in greater fat oxidation during an exercise
assessment at the end of the intervention, when compared to a
high carbohydrate low fat diet. Other alternative strategies,
such as isocaloric low glycaemic diets, might also alter gly-
caemia and performance outcomes, but have not been explored
in athletes.

Consumption of low glycaemic index (LGI) carbohydrates
typically results in a slower rise and lower peak glucose
response that can aid stable glucose concentrations (Jenkins
et al. 1981). As such, they might help prevent hypoglycaemia
around exercise (Burke et al. 1998; Ching-Lin et al. 2003). Pre-
exercise meals containing LGI carbohydrates are effective at
maintaining exercise glycaemia, especially when exercise is
prolonged and feeding opportunities are limited (D. Thomas
et al. 1991; Wu and Williams 2006). LGI carbohydrates incor-
porated into pre-exercise meals have shown improvements of
2.8%-3.3% in time-trial performances when compared to meals
comprised of HGI carbohydrate (Wong et al. 2008; Moore
et al. 2009, 2010). Overall, the literature demonstrates equiva-
lent, or in some cases, small improvements in performance in
comparison to consuming isocaloric amounts of moderate or
high GI carbohydrates (Burdon et al. 2017). One such low gly-
caemic index carbohydrate is isomaltulose (Palatinose) which is
a disaccharide sucrose isomer of glucose and fructose; it has a
hydrolysation rate that is 20%-25% of that of sucrose (Gunther
and Heymann 1998; Lina et al. 2002), giving it a glycaemic index
value of 32. As a result, meals and diets incorporating iso-
maltulose display lower glycaemic responses when compared to
meals and diets incorporating higher GI carbohydrates (van Can
et al. 2009; Henry et al. 2017; Maresch et al. 2017; Notbohm
et al. 2021).

Some research studies have effectively used simple dietary al-
terations to improve glycaemia, observed via CGM (Bergia
et al. 2022; Chekima et al. 2022) in healthy but nonathletic
cohorts. With such emphasis on carbohydrate intake, and its
importance for exercise performance, gaining better insights
into how GI might impact the glycaemia of a highly active in-
dividual who consumes a carbohydrate-rich diet for their ath-
letic endeavours is of great interest, especially in the context of
exercise performance. Thus, we hypothesise the chronic con-
sumption of LGI carbohydrate-rich diets might aid glycaemic
stability in endurance athletes while maintaining carbohydrate
provision for energy compared to conventional high glycaemic
index diets, but this has not been researched nor has its impact
on performance been explored.

Thus, this randomised, repeated crossover study examined the
glycaemic impact of adopting a 28-day carbohydrate-rich diet,
primarily consisting of either low- or high-GI carbohydrates on
acute and chronic glycaemia using continuous glucose moni-
toring, and explored the impact on endurance capacity in ultra-
endurance athletes.
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2 | Materials and Methods
2.1 | Participants and Ethical Approval

Nine ultra-endurance trained athletes (8 male) took part in this
randomised, cross-over study (age: 41 + 7 years, height:
176 + 9 cm, body mass: 79 + 16 kg). Ethical approval was
granted by the Swansea University Research Ethics Committee.
The study was carried out in accordance with the Declaration of
Helsinki and International Conference on Harmonisation of
Good Clinical Practice. All volunteers provided written
informed consent prior to study involvement.

2.2 | Screening Visit

Before undertaking any experimental procedures, participants
completed a screening visit during which eligibility for trial
inclusion was assessed alongside a review of their medical his-
tory via the PAR-Q questionnaire. After confirmation of study
suitability (based on inclusion criteria and providing sufficient
evidence of active participation in ultra-endurance exercise),
data on anthropometric characteristics were collected before
participants completed a treadmill ramp test to volitional
exhaustion to determine individualised intensity thresholds for
subsequent experimental visits. After a 10-min warm-up, par-
ticipants completed a 5-min standing rest, followed by a 3-min
incremental treadmill test to volitional failure, with speed
increasing by 1 km-h™" per stage (BASES 2006). The treadmill
gradient remained at 1%, and breath-by-breath data were
recorded using a pulmonary gas analyser (MetaMax 3B; Cortex
Biophysik GmbH, Germany). Blood samples were analysed us-
ing the Biosen C-Line system (EKF Diagnostics). Participants
were then familiarised to procedures by running a portion of the
outdoor course and treadmill test at their assigned velocity.
They were also instructed on how to use physical activity log-
ging apps and CGM sensors (and ecosystem) to allow them to
familiarise themselves to its use over the 7 days preceding the
commencement of the study.

2.3 | Study Design

As part of the randomisation (via computerised, randomised
sequence), participants were allocated to start with either LGI or
HGI carbohydrate-rich diets over a 28-day period before
crossing over to the opposing dietary arm. After an initial 7-day
regular habitual diet, the first 28-day diet arm began the day
after the initial acute laboratory visit, then ended on Day 35 (the
second acute laboratory day of the arm) and the athlete then
returned to their regular diet for a 14-day washout period;
athletes then began the second diet arm for another 28 days and
finished on Day 77. At the start and end of each dietary arm,
participants attended four laboratory arm days that involved the
evaluation of acute LGI (isomaltulose) or HGI (maltodextrin)
carbohydrate responses to endurance exercise capacity tests. A
study schematic is displayed in Figure 1. Participants main-
tained their routine exercise training regimes throughout the 28-
day dietary periods, logging all exercise sessions via GPS sports
watches uploading data to TrainingPeaks (TrainingPeaks,

Peaksware LLC, Louisville, USA). This data was then accessible
to the research team for retrospective analysis.

2.4 | Experimental Trial Day Procedures

Participants attended the laboratory after an overnight fast
(= 10 h) having avoided any physical activity in the preceding
24 h. After gathering anthropometric measures (height, body
mass, estimated body fat and lean percentages via bioelectric
impedance analysis) (Bodystat Quadscan 4000, Bodystat Ltd,
USA), participants proceeded to run outdoors on a standardised
pre-measured course for 3 h at an intensity equivalent to 70%
\./Ozpeak, monitored via heart rate telemetry. HR was kept within
+ 5 bpm of this pre-determined intensity with run data collected
from their own GPS watch, later downloaded from Train-
ingPeaks. Participants were encouraged to consume water with
added electrolyte powder (Bulk, Chichester, United Kingdom)
during this run.

Following the outdoor run, participants returned to the labo-
ratory where they consumed a carbohydrate drink (0.75 g.kg™*
BM h™! as 40% fluid solution [approx 2.7 g/kg BM]) containing
1 g of electrolyte powder with either (i) the LGI carbohydrate;
isomaltulose (ISO; Palatinose) (BENEO, Mannheim, Germany)
or (ii) the HGI carbohydrate; maltodextrin (MAL) (BENEO,
Mannheim, Germany). Subsequent carbohydrate refeeding took
place under rested conditions over 3.5 h. Thereafter, partici-
pants began an indoor treadmill test where they ran at an in-
tensity equivalent to 74 + 1% v VO,pear (11.65 % 0.60 km.h™")
until volitional fatigue. Continuous measures of cardiopulmo-
nary data were collected for the first hour of this test.

2.5 | Collection of Glycaemic Data

All interstitial glucose [iG] data were recorded via the Abbot
Librae Sense Biosensor (Abbot Laboratories, Chicago, IL, USA).
The CGM device was paired to the SuperSapiens fuel band
receiver and Software application (TT1 Products Inc., Atlanta,
GA, USA) which was installed on the participant's smartphone.
Raw CGM data were exported to a database and analysed via
Excel 2019 (Microsoft Corp., Redmond, WA, USA).

Group means were calculated for [iG] concentrations (mg/dL)
and indices of glycaemic variability, that is, the coefficient of
variation (CV) and standard deviation (SD). [iG] data were also
stratified into a percentage of time spent in specific glycaemic
ranges: time below range ([TBR] < 70 mg/dL), time in range
([TIR] 70-140 mg/dL) and time above range ([TAR] > 140 mg/
dL). Hypoglycaemia was further stratified into Level 1 hypo-
glycaemia ([LVL1] 55-69 mg/dL) and Level 2 hypoglycaemia
([LVL2] < 54 mg/dL).

2.6 | Collection of Dietary Information

After attending the screening visit, participants followed their
regular diet for a period of 7 days, recording all dietary intake
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Study schematic

Day1l Day?7 Day 35

Dietary
intervention

o b)

Washout

Day 49 Day 77

Dietary
intervention

h)

Overnight Fast -} -} -} &
08:00am 11:00am 14:30pm_ 16:00pm* End
Glycogen depletion  CHO Refeed Protocol 3.5h: 74% CHO
Protocol 0.75g per Kg body mass per VWO2peak  Meal

Outdoor running

3hs @70%Hr Peak  Hour. Intake as 40% solution O
with water ad libitum

Exhaustion

FIGURE 1 | Study schematic. Study overview is displayed from Day 1 to Day 77. The laboratory exercise trials are indicated and continuous

glucose monitor (CGM) collection with the phone and scanner symbol. The timeline of the acute laboratory days is also included in the lower

portion of the figure providing indicative times for each stage of the trial. Anthropometry was recorded as soon as participants arrived (indicated

by the figure and scale symbol) before they began their outdoor run at 71 + 2% heart rate (HR) peak. They then completed the carbohydrate

(CHO) refeed (0.75 g [g] per kilogram [kg] body mass), indicated by bottle symbols. Both the 3-h outdoor run and treadmill test to exhaustion (at

74 + 1% v\'fozpeak) are indicated by running man symbols. * The exact finish time was dependent on the outcome of the run capacity test.

using the Nutritics smartphone application (Nutritics, Dublin,
Ireland). Based on this information, they were advised on suit-
able substitutions to ensure they were made aware of either LGI
or HGI variations of their preferred carbohydrate foods, for
example, for a low GI swap, a white potato was exchanged for a
sweet potato. They were provided with food lists detailing
suitable food options for each trial arm based on their usual food
choices.

In addition, over each 28 day diet and to further enhance the
different glycaemic properties of each diet, participants sup-
plemented their physically active lifestyle with low (iso-
maltulose) or high (maltodextrin) GI carbohydrate drinks,
respectively. Participants were encouraged to follow dietary
recommendations of 7 g.kg.d™' of carbohydrates (T. Thomas
et al. 2016). Around exercise activities, athletes were encouraged
to consume each low- or high-GI carbohydrate in solution (e.g.,
50 g of either ISO or MAL in 550 mL of water as a 9% solution
1-2 h before exercise as well as every hour during exercise). In
the first 90 min of recovery from an exercise session, partici-
pants were encouraged to consume 0.75 g.kg BM ™' of the low-
or high-GI carbohydrate with water. This was not only to
encourage adequate carbohydrate intake but also to ensure the
carbohydrate was appropriate to the dietary arm they were
assigned to. All dietary intake information was continuously
analysed for verification of adherence by the research team and
continuous guidance was provided to ensure appropriate dietary
choices were appropriate.

2.7 | Collection of Training Information

Participants followed their own physical training programmes
throughout each of the 28-day diet arms. All training data were
collected by the individual participants’ GPS sports watches.
Each participant's data was subsequently imported to the
TrainingPeaks application, downloaded and sent to members of
the research team for analysis.

For the retrospective classification of exercise intensities, a
three-zone training model was utilised. Intensity zones were
defined with HR using the first and second lactate threshold
turning points as identified by the lactate curve from the graded
incremental exercise test (Seiler 2010). Assessments of overall
duration and distribution of training intensity were retrospec-
tively made after each diet.

2.8 | Statistical Analyses

Statistical analyses were carried out using Excel (Microsoft Of-
fice) and Graphpad Prism V 9.5. All data are presented as
mean + standard deviation (SD). Data were tested for normal
distribution (Shapiro-Wilk test) A one-way ANOVA was con-
ducted to compare differences between anthropometrics,
exercise metrics, glycaemic metrics (day to day) and metabolic
data. When significant main effects were identified, Bonfer-
roni post hoc adjustments were applied to correct for multiple
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comparisons and identify where the differences were observed.
A two-way ANOVA was employed to assess the interaction ef-
fects between glycaemic metrics between trials and timepoints
across the acute trial day. If significant interactions were found,
simple main effects were analysed using Bonferroni-corrected
pairwise comparisons. Finally, for pairwise comparisons (LGI
vs. HGI trail arm means), paired t-tests were used. Significant
differences were reported if p < 0.05.

Sample size estimates indicated that the number of participants
required to achieve adequate statistical power varied widely
across glycaemic metrics, reflecting the differing magnitudes of
responses. Given this variability, it was not feasible to recruit a
sample large enough to achieve 0.80 power for all outcomes
within the study timeframe. Post hoc effect size analysis sup-
ported this variability, showing effects ranging from trivial to
very large. Although differences in mean and maximum glucose
were small, measures of glycaemic variability (SD, CV) and time
below range (TBR, LVL1) showed large to very large effects.

3 | Results

3.1 | 28-Day Glycaemic Data

3.1.1 | 24-h [iG]

The 28-day glycaemic group 24 h mean [iG] variables are shown
in Table 1.

3.2 | Time in Glycaemic Ranges

Although the mean [iG] concentrations were similar during
both 28-day diet arms, measures of variance, that is, SD and CV,
were lower in the LGI compared to the HGI diet arms (p = 0.016
and p = 0.0001, respectively). TBR (LVL1) was higher, and [iG]
minimum lower, in the HGI diet arm (Table 1).

3.3 | 28-Day Dietary Intake

Carbohydrate intake was ~58% of total daily energy intake in
both diets. The daily intake of supplemental carbohydrates
using the pre-formulated carbohydrate powders to daily meals
was equivalent between diet arms, accounting for ~30% of
overall daily intake (LGI 32 £+ 9 vs. HGI 28 + 13%, p = 0.402).
There were no differences in the overall energy intake (LGI
3044 + 452 vs. HGI 2961 + 233 kcals, p = 0.562) or the
amounts of carbohydrate (LGI 443 + 41 vs. HGI 429 + 70 g,
p = 0.486) and fat (85 £ 9 vs. HGI 83 £ 7 g, p = 0.283)
consumed between dietary arms. However, more protein was
consumed during the LGI diet arm (121 + 15 vs. 107 + 11g,
p < 0.001).

3.4 | 28-Day Physical Activity Data

The total exercise duration undertaken throughout the 28-day
was similar between the low- and high-GI arms (LGI
37.9 +£9.5vs. HGI 34.5 + 7.5 h, p = 0.165). Time spent in Z1 was
similar (LGI 25.8 4 11.9 vs. HGI 22.7 & 9.5 h, p = 0.450), as was
time spent in Z2 (LGI 6.4 + 3.6 vs. HGI 6.5 £+ 2.0 h, p = 0.997)
and Z3 (LGI 1.4 + 2.0 vs. HGI 1.1 £ 0.7 h, p = 0.700). There was
no difference in the distribution of training intensities between
the dietary arms.

3.5 | Trial Day [iG]

3.5.1 | Trial Day Blood Analysis

Fasting blood glucose and serum insulin concentrations are
displayed in Table 2. These remained similar between trials and
were within normal fasting ranges. HOMA IR and QUICKI
assessments were also performed, and both were in normal
range and similar between trials.

TABLE 1 | Mean interstitial glucose metrics over for both 28-day low- (LGI) and high-glycaemic index (HGI) carbohydrate rich diet arms.

LGI carbohydrate diet HGI carbohydrate diet 95% CI p value
Max (mg/dL) 168.8 £ 9.2 169.9 £+ 8.2 —3.528 to 5.732 p = 0.598
Mean (mg/dL) 101.6 + 4.6 100.0 £ 5.0 —6.289 to 2.921 p=0.424
Min (mg/dL) 63.6 £ 2.8 61.2 £ 1.6 —4.401 to —0.05152 p = 0.046
SD (mg/dL) 16.7 £ 1.7 183 £ 1.7 0.3821 to 2.726 p = 0.016
CV (%) 16 £ 1% 18 + 1% 1.298 to 2.947 p = 0.0003
TAR (%) 4+ 2% 4+ 2% —0.8634 to 1.386 p = 0.607
TIR (%) 93 + 4% 91 £ 3% —5.288 to 2.646 p = 0.465
TBR (%) 2+1% 4+ 2% 0.8570 to 3.559 p = 0.006
LVL1 (%) 1+1% 3+2% 0.6497 to 2.561 p = 0.005
LVL2 (%) 0+ 0% 1+1% —0.1011 to 1.357 p = 0.082

Abbreviations: CI, Confidence limits; CV, Coefficient of variation; LVL1, The percentage of time spent with interstitial glucose levels within a range (55-69 mg/dL);
LVL2, The percentage of time spent with interstitial glucose levels below the target range (< 54 mg/dL); Max, maximum concentrations of participants over each 28-day
period; Mean, average mean concentrations of participants over each 28-day arm; Min, minimum concentrations of participants over each 28-day period; SD, Standard
deviation; TAR, The percentage of time spent with interstitial glucose levels above the target range (> 140 mg/dL); TBR, The percentage of time spent with interstitial
glucose levels below the target range (< 70 mg/dL); TIR, The percentage of time spent with interstitial glucose levels within a target range (70-140 mg/dL).

Note: Data displayed as mean + SD (n = 9). p values in bold italics indicate a significant difference (p < 0.05).
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[iG] data during each acute trial day was predefined into time
segments; 3 h run, refeed, run test and the recovery period. A
continuous CGM trace for the acute trial day is displayed in
Figure 2 below (Summary time-segmented data are displayed in
supplemental Table 1). Mean [iG] was similar before and after a
run test to exhaustion whether at the start or end of a 28-day
low- or high-GI carbohydrate diet. However, measures of vari-
ance, standard deviation (p = 0.001) and coefficient of variation
(p = 0.002) were lower for both ISO arms compared to MAL
during the carbohydrate refeeding period, in the performance
run test to exhaustion (SD p = 0.05, CV p = 0.008) and in the
subsequent recovery period (SD p = 0.01, CV p = 0.002).

3.5.2 | 3h Standardised Run Data

The total distance covered over the standardised 3-h run was
similar between all acute trial arm days (ISOp. 25.1 £ 2.3,
ISOpost 27.0 £ 2.9, MALpye 25.3 £ 2.7, MAL o5 26.5 £ 2.7 km,
p = 0.352), as was mean HR (ISOp.e 126 £ 6, ISOpes 126 £ 6,

MALpe 129 £ 5, MALpos 128 & 6 bpm, p = 0.862) and speed
(ISOpre 8.4 £ 0.9, ISOpos¢ 9.0 £ 1.0, MAL,e 8.3 £ 1.0, MALp o5
8.6 + 1.1 km.h™, p = 0.445). Exercise intensity (expressed as
percentage of HRmax) was also similar during the fasted
morning run performed at the start of each trial day (ISOp.
70 £ 2, ISOpost 71 £ 3 MALye 70 £ 3, MALpos 70 & 4% HR oy,
p = 0.904).

3.5.3 | Endurance Capacity Run Test Data

Endurance capacity run test data are displayed in Table 3.
3.5.4 | Fuel Oxidation Data During the Indoor
Treadmill Run to Exhaustion

Fuel oxidation data are displayed in Figure 3. There was a

greater oxidation rate of lipids and lower oxidation of carbo-
hydrates during the first hour of the indoor treadmill run to

TABLE 2 | Displays fasted blood glucose and serum insulin concentrations.

ISO pre-diet  ISO post-diet = MAL pre-diet = MAL post-diet  Overall p value
Fasted blood glucose (mmol/L-1) 4.6 + 0.47 4.55 + 0.56 4.23 £+ 0.26 4.23 £+ 0.30 0.253
Fasting serum insulin (uIU/mL) 8.6 £74 84 +£5.1 8.0 £34 11.6 £ 8.1 0.503
HOMA IR 1.6 £ 1.6 1.5+13 1.1 £ 0.9 2.0 £ 1.8 0.452
QUICKI 0.36 = 0.04 0.37 £ 0.04 0.36 £ 0.03 0.36 £ 0.05 0.69

Note: In addition, Homoeostatic Model Assessment for Insulin Resistance (HOMA IR) and Quantitative Insulin Sensitivity Check Index (QUICKI) are presented. All data
are displayed as mean + SD. p values in bold italics indicate a significant difference (p < 0.05).
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FIGURE 2 | Mean interstitial glucose [iG] concentrations under each carbohydrate (isomaltulose [ISO] or maltodextrin [MAL]) condition before

(pre) and after (post) each 28-day diet arm. Time course of the laboratory trial day has been smoothed into 15-min intervals. Run test: run test to
exhaustion. * indicates a difference in the respective point concentration of [iG] between ISO arms before and after the 28-day diet. # indicates a
difference in the respective point concentration of [iG] between ISO and MAL arms after the 28-day diet arm (p < 0.05). Data are presented as
mean £ SD (n = 9).
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exhaustion with consumption of ISO compared to MAL both at
the start and end of the 28-day diet arms.

3.5.5 | Anthropometric Changes

Anthropometric measures: body mass, Est body fat, fat mass,
Est LBM and LBM BMI (See, Table 4) remained similar across
both trial arms (p < 0.05).

4 | Discussion

This study demonstrated that the adoption of a carbohydrate-
rich diet consisting of low-glycaemic index carbohydrates by
ultra-endurance athletes over 28 days reduced glycaemic vari-
ability and time spent below the target range compared to the
high-GI carbohydrate diet. Furthermore, low-GI carbohydrate
diets reduced carbohydrate oxidation during submaximal exer-
cise, but had no impact on run capacity to exhaustion compared
to the isoenergetic HGI carbohydrate diet.

TABLE 3 | Summary data for each time to exhaustion treadmill test during each acute trial day visit under each carbohydrate (isomaltulose [ISO]
or maltodextrin [MALY]) condition both before (pre) and after (post) each 28-day period, as well as the changes within.

LGI
MAL .. MAL ;o Overall p versus
ISO pre-dgiet  ISO post-giet diet diet value A LGI A HGI HGI
Mean time to failure 50 £ 20 65 + 15 69 + 23 72+£16 p=0.104 +15+£17 +5+24 p=10414
(mins)
Heart rate (bpm) 157 + 6 158 £ 9 161 + 11 157 £10 p =0.140 246 -5+6 p =0.014
Percent of HR .y (%) 88 + 5 87 +3 89 + 4 86 + 3 p = 0.533 -14+3 -34+3 p = 0270
VO, (mLkg 'min~) 4244 42+3 41 + 4 41+5 p=0932 +1+4 +5+11 p=0280
RER 0.94 + 0.02* 0.94 + 0.01° 0.96 & 0.02 0.97 & 0.01 p <0.001 +0.03 £ 0.07 —-0.02 £0.02 p=0.152
RPE (bourg) 15+ 2 15+1 15+2 15+ 2 p=0772 NA NA NA

Note: p values in bold italics indicate a significant difference (p < 0.05) in the corresponding variable between the two dietary arms. A denotes the change within each of
the dietary arms. All data are displayed as mean + SD (n = 9).

Abbreviations: Time to exhaustion (min), heart (bpm), ratings perceived exertion, volume of oxygen uptake (VO, mL.kg_l.min_l) and respiratory exchange ratio (RER)
are displayed.

“indicates a difference between ISO and MAL before the 28-day diet.

Yindicates a difference between ISO and MAL after each 28-day diet.
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FIGURE 3 | Summary of fuel oxidation rates for (a) carbohydrate and (b) fat in the first hour of the endurance capacity run test under both
carbohydrate (isomaltulose [ISO] or maltodextrin [MAL]) conditions, both before (pre) and after (post) each 28-day low-glycaemic index (LGI)
and high-glycaemic index (HGI) diet arms, as well as the changes within. * indicates a difference between ISO pre and post 28 days. oo indicates
a difference between MAL pre and post. 1 indicates a difference between ISO and MAL before the 28-day diet. # indicates a difference between
ISO and MAL after each 28-day diet (p < 0.05). All data are displayed as mean + SD (n = 9).

TABLE 4 | Participant characteristics. LBM is lean body mass. All data are displayed as mean + SD.

Age Height Body Est body Fat Est LBM BMI VO, max (mL.kg™.

(years) (cm) mass (kg) fat (%) mass (kg) LBM (%) (kg) (kg/m?) min™*

41+ 7 176 £ 9 79.8 £ 16 21.3 £ 54 17 £ 7.1 78.6 £ 54 62 +9.8 255 +33 56.9 + 3.9
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4.1 | Glycaemia

The average lowest interstitial glucose concentrations were
higher by 3 + 4% under the low-GI carbohydrate-rich diet
compared to the high-GI carbohydrate diet over the 28 days. In
addition, in the LGI carbohydrate diet arm, we found a lower
standard deviation (A LGI —1.55 + 1.52 mg/dL, p = 0.016) and
coefficient of variation (A LGI -2 £ 1%, p < 0.001) in interstitial
glucose concentrations. These findings demonstrate a lower
variation around the mean values and suggest daily rises and
falls of circulating glucose were less in the LGI carbohydrate arm
compared with the HGI carbohydrate arm. Other studies have
also reported other lower measures of variance with LGI car-
bohydrate diets compared to high glycaemic alternatives, for
example, mean amplitude of glycaemic excursion (MAGE)
(Henry et al. 2017; Kaur et al. 2016). MAGE measures glucose
variability by averaging differences between peaks and nadirs,
considering only excursions exceeding one standard deviation.
Its accuracy relies on consistent, frequent data recording.
Irregular intervals, data gaps and multiple CGM inputs can skew
estimates. In our study, we obtained raw data from files, not app-
generated findings, so some signal breaks introduced gaps and
variability, and therefore, MAGE was not able to be assessed.

Though it might be surmised that the HGI carbohydrate-rich
diet raises circulating glucose more than an LGI carbohydrate
diet, we did not see this in our data of maximum values. Par-
ticipants displayed similar average daily and mean interstitial
glucose concentrations over each 28-day arm while on the LGI
or HGI carbohydrate diets. A 24-h ‘time in tight range’ (TITR)
principle was applied to assess glycaemia in this study. TITR is a
relatively recent progression from the standard TIR and it is the
model utilised by the SuperSapiens software package. TITR sets
a tighter band of concentration (70-140 mg/dL [3.9-7.8 mM])
than current clinical recommendations (70-180 mg/dL
[3.9-10 mM]). The time spent above, in or below standardised
glucose range in people without diabetes, provides a useful way
of detailing the percentage of time spent in the ‘extremes’ of
high or low glucose concentrations. Our data showed that when
participants were on the LGI carbohydrate-rich diet, the average
time spent below 70 mg/dL each day over 28 days was half of
that observed in the HGI carbohydrate diet arm. Our data
suggest that LGI carbohydrate diets that incorporate iso-
maltulose may result in less time spent in hypoglycaemia (TBR)
in ultra-endurance athletes.

The clinical significance of Level 1 hypoglycaemia in healthy
individuals is somewhat debatable, with the suggestion that
values below 70 mg/dL (3.9 mM) are more an indication of low
glucose rather than of clinical concern (Danne et al. 2017).
These values are somewhat arbitrarily set, as symptoms of
hypoglycaemia can begin to occur at a wider range of lowered
blood glucose concentration and are highly individualised
(Jeukendrup and Killer 2010; Simpson et al. 2008). However,
Level 1 hypoglycaemia marks an alert value for corrective
intervention for those with type 1 diabetes for obvious reasons.
Exposure to glucose at this lowered level may not induce overt
physiological symptoms but falls below it may initiate milder
symptoms such as sweating, shaking and hunger in some in-
dividuals (Cryer 2007). For athletes, there is a risk of impaired
cognitive and physical performance (Brun et al. 2001). In this

study, TBR was spent in Level 1 hypoglycaemia, although some
Level 2 was experienced under both diets (~1%); however, the
lower limit set on recording in the biosensor precludes further
definitive understanding. The Abbott biosensor CGM used in
this study has a lower detection limit of 54 mg/dL, making it
unable to capture the full extent of LVL2 hypoglycemia. How-
ever, estimations of the time spent below 55 mg/dL [3.1 mM]
were possible. Moreover, CGM accuracy tends to decrease
during hypoglycaemia. In a study by Moser et al. (2019), the
mean absolute relative difference (MARD) during the trial day
was found to be 31.6% in hypoglycaemic conditions, compared
to 16% during euglycaemia. Another potential influence is the
occurrence of ‘compression lows,” where pressure on the sensor
causes falsely low readings (Mensh et al. 2013). Consequently,
nighttime TBR readings should be interpreted with caution as
readings could partly be due to body position during sleep.

24-h time in range was somewhat different in our study
compared to others which appear to report greater TIR or lesser
TBR and TAR. Shah et al. (2019) used similar threshold limits
over a 10-d period reporting 24 h glycaemia as TBR 1.1%, TIR
96% and TAR 2.1%. Bowler et al. (2024) applied slightly different
ranges: time below range (< 72 mg/dL), time in range
(72-144 mg/dL) and time above range (> 144 mg/dL). They
observed race walkers over a 4-d period and reported 24 h gly-
caemia as TBR 0.5%, TIR 96.3% and TAR 2.4%. Skroce
et al. (2024) retrospectively analysed the SuperSapiens user
database which included 12,504 physically active individuals.
They reported more similar time in ranges as TBR 3.4%, TAR
3.6% and the remainder within the target euglycaemic range
(~93%). Hamilton et al. (2024) observed 9 professional female
cyclists during a 9-day training camp and reported greater TBR
with mean 24 h glycaemia as TBR 8%, TIR 93% and TAR 3%.
Weijer et al. (2024) reported 24 h glycaemia as TBR 2.1, TIR
90.8% and TAR 5.4%. Taken together, along with our data and
accepting there is currently no accepted threshold for hyper-
glycaemia, it would appear glycaemia is generally well
controlled in healthy athletic individuals. Interestingly, in the
study by T. Thomas et al. (2016), the researchers utilised an
upper threshold of 126 mg/dL, which is lower than those used
in the previously mentioned studies. This resulted in a higher
proportion of time spent above range (TAR). Their findings
highlight a need for the harmonisation of glycaemic thresholds
for athletic individuals.

4.2 | 28-Day Nutrition and Training Data

Diet logging by athletes was recorded as 97% for both low- and
high-GI carbohydrate diet arms, indicating a high adherence by
study participants even though inaccurate reporting is a recog-
nised limitation of the collection of diet logs (Burke et al. 2001).
Daily energy intakes were isocaloric during both 28-day diet
arms. It is recognised that protein and fat content of foods can
influence a food glycaemic index (Jenkins et al. 1981) and low-GI
foods can contain more protein and/or fat in comparison to high-
Gl versions. There was a ~14g.d ™" greater consumption of protein
in the LGI carbohydrate diet than in the HGI carbohydrate
arm. The mean CHO intakes per day in our cohort were 5.4 and
5.6 gkg™'. d* for LGI and HGI carbohydrate diets respectively.
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These are lower than our initial suggestions. However, given the
overall volume and intensity of the recorded training, these in-
takes do fall within an appropriate range for fuelling general
endurance training (5-7 g.kg™. d™') (T. Thomas et al. 2016).
CHO intake as a percentage of daily energy intake was slightly
lower in the LGI than in the HGI diet arm (LGI 56 & 3 vs. HGI
60 £+ 3%, p < 0.001). This is likely to be explained by the slightly
greater daily intake of fat (not statistically significant) and higher
protein in the LGI diet. Nonetheless, the carbohydrate intakes
meet the minimum recommendation of ~ 45% of daily intake
for active individuals (Manore 2005). It is worth noting that
assigning strict ratio-based intakes has been criticised for lead-
ing to unrealistic and unnecessary recommendations in some
cases (Burke et al. 2001). Thus, an absolute and relativised
gram-to-body mass approach is deemed more appropriate and
less problematic when supporting highly active individuals
(Burke et al. 2001; Manore 2005).

Training volumes were similar in both LGI and HGI carbohy-
drate diet arms and typical of competitive ultra-runners. Vol-
ume may depend on the background of the athlete and the
specific event. A weekly volume of ~9 h is the reported average
in the typical ultra-marathoner completing multi-day events
(Riist, Knechtle, Knechtle, et al. 2012). The weekly training
volume in this study was ~9.5 and ~8.8 h for low- or high-GI diet
arms, respectively, a value that is lower in volume than might be
observed in other ultra-endurance sports such as Ironman
Triathlon and ultra-endurance cycling but might speak to the
periodised training phase of the year. For comparison, reported
training volumes for amateur Ironman triathletes are ~14 and
~12 h per week for ultra-endurance cycling (Riist et al. 2012).

4.3 | Run Capacity

Before and after embarking on a 28-day period of following an
LGI or HGI carbohydrate diet, participants completed an acute

laboratory run capacity trial to exhaustion (74 £ 1% VVOzpeak)
following a 3-h standardised run. There were no differences
across all carbohydrate trials in endurance performance vari-
ables (Table 3) when refeeding with either isomaltulose or
maltodextrin, nor was there a difference before or after 28 days
on either LGI or HGI carbohydrate-rich diets. Endurance
running duration to volitional exhaustion was similar across
trials with similar improvements after both periods. Physiolog-
ical measures were similar before and after 28 days following
both diet arms, although there was a small significant difference
in the change in mean HR after each diet. This difference was
greater in the HGI diet arm. As the CHO quantity was matched,
both CHO sources were both likely to provide sufficient glucose
to the working muscle, although through different pathways
(Fuchs et al. 2019; Jeukendrup 2010). Adopting a low-glycaemic
index carbohydrate fuelling strategy pre-exercise has been
shown to help maintain glucose stability (Ching-Lin et al. 2003;
Thomas et al., 1994). However, improved glucose stability has
not consistently been linked to improved performance outcomes
(Burdon et al. 2017).

Carbohydrate oxidation with isomaltulose was less than that of
maltodextrin before the 28-day diets began. After 28 days of an

LGI diet, carbohydrate oxidation was significantly lower under
the isomaltulose arms when compared to the maltodextrin arm
values. The lipid oxidation rate before engaging in a 28-day diet
was greater under isomaltulose than maltodextrin and increased
to a greater extent after following a 28-day LGI carbohydrate
diet. This study reveals that the reduction in lipid oxidation
typically seen after consuming carbohydrate was less pro-
nounced with isomaltulose than with maltodextrin, both acutely
and over a 28-day period following an LGI diet. These results
suggest that the benefit of minimised lipid oxidation suppres-
sion with isomaltulose persists with regular, prolonged con-
sumption. This is often seen as a favourable adaptation due to
the potential fuel stores in adipose tissue compared to relatively
limited glycogen stores (Hawley et al. 1998). Although there is
limited evidence to support increased fat oxidation improving
endurance performance, some studies indicate it is beneficial,
particularly in longer-duration endurance events (Frandsen
et al. 2017; Rowlands and Hopkins 2002).

4.4 | Future Considerations

In this study, adopting a low-glycaemic index diet reduced
glycaemic variability and improved time spent in the eugly-
caemic range. The reduced time spent in hypoglycaemia may
suggest that low glycaemic index carbohydrate sources may help
maintain better glucose stability over longer periods than high-
GI carbohydrate diets. The long-term downstream impact of this
is less well-known, although LGI diets have been linked with
improved ratings of well-being, mood and cognitive function in
some studies (Phillippou and Constantinou 2014; Siinram-Lea
and Owen 2017), the proposed mechanism being more stable
glycaemia throughout the course of a day. Cognitive perfor-
mance and decision-making are integral factors for an athlete to
perform at their best. LGI diets appear to offer a supportive role
in multiple facets to support athletes both in daily life and
competition.

In addition to glycaemic control, improved lipid oxidation
during exercise is a much-desired adaptation for both athletes
and coaches. Commonly applied methods often involve some
form of carbohydrate restriction or manipulation, which runs
the risk of hindering high-intensity performance (Burke and
Whitfield 2023; Burke et al. 2020; Impey et al. 2018). This can
also quickly contribute to health issues like inadequate energy
intake and relative energy deficiency in sport (RED-S)
(Burke 2010; Burke et al. 2001; Stellingwerff et al. 2021). The
metabolic benefits observed in this study, while maintaining
endurance capacity, may offer a more appealing strategy.

4.5 | Strengths and Limitations

A key strength of this study was the reasonably long randomised
observation period, which included two trial arms that collected
glycaemic data, dietary information and physical activity data
with strong adherence to logging under controlled conditions.
However, extending the observation period may provide greater
insights into the long-term health implications of a high-
carbohydrate diet. This design also allowed for the assessment
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of adaptive responses, supported by controlled laboratory trials.
However, the study was limited by a relatively small sample
size, although appropriate for the scope of the observations.
Additionally, there was less female representation than desired,
preventing the assessment of biological sex as a potential vari-
able (Cowley et al. 2021). In terms of the performance assess-
ment, tests to exhaustion are associated with some limitations
concerning reliability (Laursen et al. 2007). However, our find-
ings were in line with other similar studies in the available
literature (Burdon et al. 2017).

5 | Conclusion

This study investigated the influence of a 28-d low- and high-
glycaemic index carbohydrate diet on glycaemic control and
the impact on endurance capacity in ultra-endurance athletes.
Continuous glucose monitoring revealed that a low-glycaemic
diet, incorporating isomaltulose, improved glycaemic stability,
reduced time in hypoglycaemia and promoted lipid oxidation
with similar endurance run capacity.
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