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Preface 

Since portions of this dissertation have already appeared in various journals and conference 

proceedings, some repetition is unavoidable. These publications have been incorporated into the 

thesis to deliver a thorough and cohesive presentation of the research. This repetition is essential 

to preserve the continuity and coherence of the thesis narrative, ensuring that each chapter is self-

contained and contributes to a holistic view of the research. 
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Abstract 

Female athletes, ultra-running, and the utilization of continuous glucose sensors in endurance 

sports are each individually underrepresented in current literature. When these areas are examined 

collectively, a substantial gap in knowledge becomes evident. Therefore, the purpose of this PhD 

study was to collect glucose and energy metabolism data in regularly menstruating female athletes 

within the complex sporting environment of ultra-running. Initially, a narrative review of the 

current study methodologies in female performance research was completed. The narrative review 

aided in the identification of gaps in study design and validation methodologies within female 

performance research, put forth a suggestive framework for standardizing terminology, and 

provides a comprehensive list of options for a combined methods approach to menstrual tracking.  

Subsequently, a randomized, cross-over experimental design was performed with twelve 

experienced female ultra-runners (age 39 ± 6 y) acting as their own control across menstrual cycle 

phases during an ultra-marathon simulation. Participants completed a 3-hour fasted outdoor run 

(FASTED) followed by a one-hour treadmill run (TREAD) where three standardized oral glucose 

doses were provided, in the mid-follicular (FOL) and mid-luteal phases (LUT). Using a mixed 

linear model, the menstrual phase was identified as being statistically significant for differences in 

glucose measurements between CGM and capillary glucose during TREAD (p = 0.02) but not 

FASTED. Also, the CGM reported glucose levels an average of -0.43 mmol·L-1 (95% CI -0.86, -

0.005) and -1.02 mmol·L-1 (95% CI -1.63, -0.42) lower in fasted and fed scenarios respectively 

when compared to capillary glucose. Median glucose was higher in the LUT (Capillary 0.25-0.29 

mmol·L-1, CGM 0.38-0.4 mmol·L-1) both when fasted or supplemented with carbohydrate. Of 

note, this is the first study to show that glucose is on average higher in the mid-luteal phase as well 

as observe the avoidance of clinically significant non-diabetic hypoglycemia (< 3.0 mmol·L-1) 

during 3-hours of fasted running following an 8-hour fast among female ultra-runners. 

Additionally, higher individual responses of low blood sugar were observed in the follicular phase. 

Further, there were no significant differences in the respiratory exchange ratio (RER) between the 

FOL (0.805 ± 0.028) and LUT phases (0.809 ± .035); t (10) -0.401, p = 0.697 during comparable 

submaximal running intensity (57% ± 7.3% and 57.3% ±7.9% VO2MAX respectively). Post-hoc 

analysis revealed no significant main effect of RER on glucose levels.  
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As a comprehensive study, the thesis expands upon the existing literature by highlighting the 

accentuated differences in CGM glucose data during prolonged running and expressing the need 

for awareness among athletes and practitioners. The requirement to emphasize the influence of 

individual physiological responses in female athletes across the menstrual cycle, especially when 

fasting or provided with exogenous carbohydrate was also apparent. The reporting of elevated 

glucose in mid-LUT identifies an area of further research and consideration when interpreting 

glucose levels. Additionally, the lack of relationship between blood glucose levels and the 

respiratory exchange ratio observed contributes to the current understanding of sport performance 

metrics. Lastly, the current body of work advocates for incorporating sex hormone perturbations 

in research design, standardizing menstrual cycle tracking terminology, and incorporating mixed 

method tracking methodologies to facilitate future female performance research. 
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Part 1 Introduction 

SECTION 1 

1.1 Opening 

Participation in ultra-endurance running events, defined as any event with a duration of 4-6 hours 

or more,1,2 has seen steady growth since 2000 with female runners contributing to the uptick in 

participants as well as having a greater representation in the top overall finishers.3,4 While men 

generally outperform women in sport by 10-30%5, among ultra-running the performance gap has 

been reduced within 4-10%.6 It is unclear whether female physiology, genetics, or both confer 

advantages in ultra-running helping close the performance gap between biological men and women 

or whether low participation numbers simply confound the data.7 In addition to sex specific 

differences among men and women, the effects of menstrual cycle on metabolism and hydration 

during ultra-running has yet to be fully explored the female athlete population.  

1.2 Background 

1.2.1  Ultra-Endurance Running 

The energetic demands required to complete ultra-running exceeds the human physiological 

capacity for carbohydrate storage, food consumption, fluid intakes, and nutrient processing.8 For 

example estimates of caloric needs in male athletes of 13,000-16,000 kilocalories (kcal) have been 

made for the Western States 100 mile ultra-marathon over an average finish time of 27 hours.9 

Comparatively, the realistic endogenous storage capacity and exogenous usage rates of 

carbohydrate (CHO) in the human body is limited to 1,600-2,800 kcal and ~90 g/h respectively.10,11 

The sustainability of 90 g/h or more of exogeneous carbohydrate ingestion is highly individual, 

trainable to some extent, and potentially impractical for female athletes with smaller stomachs, 

and slower gastric emptying and intestinal emptying rates.12 Such high nutritional needs combined 

with the physiological constraints of the human gastrointestinal system (GI) create a complex 

sports nutrition challenge. A primary goal of ultra-running nutrition is maximising CHO intake 

during the event, which can enhance performance by delaying fatigue and prolonging time to 

exhaustion.11 Recommended CHO intake for events exceeding three hours is up to 90 g/h, with a 

commonly practiced range of 30-90 g/h based entirely on individualized tolerance of the athlete13 
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and is based on previously established physiological limitations of multiple transportable 

carbohydrates.11,14–18  

Due to the variability of tolerable intake from athlete to athlete, simply eating more, or less, does 

not guarantee success in terms of fueling. In two separate studies the incidence of GI distress was 

reported to be 65%-82% with the increase directly related to distance.19,20 Wardenaar and 

colleagues observed both male and female ultra runners (n= male 33; female 8) consumed only 

75% of the recommended 60-90 g/kg/h of CHO during a 60 km event with a varying range of 

incidence moderate GI symptoms (flatulence 35%, nausea 21%; bloating 16%, loose stool 5%, 

diarrhea 2%).20 Over the course of a 24-hour ultra marathon, Costa et al. found the incidence of 

severe GI distress to be 65% among men and women (n = male 19; female 6) with a rate of 

occurrence 2.5-times greater in faster runners.19 Surprisingly, in both studies, the consumption of 

carbohydrates and energy did not show an association with the occurrence of GI distress. These 

observations are noteworthy because these factors are usually linked to typical GI distress 

symptoms such as nausea, vomiting, and diarrhea when consumed in large quantities during 

running.8,14 Additional considerations for CHO and fluid intakes may be necessary for female 

athletes when recommending intakes during ultra-running due to smaller stomachs, and slower 

gastric emptying and intestinal emptying rates observed in females at rest.12  

It is often thought that high rates of CHO intake or improper dilution of CHO resulting in 

hyperosmolar concentrations in the gut are the primary contributors to GI distress, however, GI 

ischemia, mechanical motion, and the position of running may predispose GI sensitivity to changes 

in motility, permeability, absorption.21,22 The decrease in blood flow to the digestive system caused 

by the redistribution of blood to active muscles during exercise has been associated with 

ischemia.23 Ischemia refers to the insufficient supply of oxygenated blood to the GI system, leading 

to increased permeability of the gut mucosa and the presence of endotoxins in the bloodstream. 

These effects can potentially lead to symptoms such as vomiting, nausea, diarrhea, and abdominal 

discomfort.22,23 Additionally, the combination of upright posture and repetitive high-impact 

mechanics associated with running may contribute to injury of the gut and GI symptomology via 

the repetitive impact of the intestines with the abdominal wall.24 
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1.2.2  Female Physiology 

The menstrual cycle and associated ovarian hormones distinguish biological females from males. 

In eumenorrheic women, the menstrual cycle (Figure 1) is comprised of three main phases, 

follicular (FOL), ovulatory, and luteal (LUT), which can be separated into six separate hormonally 

distinct phases: early follicular (EF), mid-follicular (MF) or late follicular (LF), ovulation, early 

luteal (EL), mid-luteal (ML) and late luteal (LL) phase. The FOL phase considered the first half 

of the menstrual cycle phase begins with a “low” hormone stage characterized by relatively low 

levels of 17β-estradiol (E2), the strongest of the naturally occurring estrogens (E1, E2, and E3) 

and progesterone (P4) the dominant form of the progestens. This stage is followed by a continuous 

rise and peak of E2 into the MF phase where E2 then proceeds to drop, progesterone starts to rise, 

and the ovulatory phase begins. Following ovulation, the second half or “high hormone” LUT 

phase of the menstrual cycle begins. This phase begins with rising levels of P4 and moderate E2 

in the EF phase. Followed by peak P4 and a second mini peak of E2 in MF; representing the highest 

hormone phase of the menstrual cycle. The menstrual cycle progresses to the LF phase where E2 

and progesterone return to low levels and the cycle restarts with menstruation in the EF phase.25 

 

Figure 1. Overview of hormone profiles across the menstrual cycle.  Adapted from McNulty and colleagues.25 * 

Early Follicular (EF); Late Follicular (LF); Early Luteal (EL); Mid Luteal (ML); Late Luteal (LL); Luteinizing 

Hormone (LH). 

 

Female ovarian hormones, E2 and progesterone, play a vital role in the differences in substrate 

utilization between females and males. Specifically, E2 has been shown to impact CHO 

metabolism by promoting glucose uptake into type I muscle fibers while also reducing uptake into 
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the bloodstream.26,27 The influence of E2 is also associated with decreased CHO and amino acid 

oxidation but an upregulation in fat utilization.28 D’eon and colleagues similarly observed the 

effects of E2 on CHO and fat oxidation in females (n = 8) during a pharmacological suppression 

and replacement study where E2 and progesterone were manipulated to replicate three distinct 

hormone phases of the MC (E2 low + progesterone low, E2 high + progesterone low, E2 high + 

progesterone high) during submaximal (60% VO2MAX) cycling for an hour. When E2 alone was 

administered during submaximal (60% VO2MAX) cycling for an hour, a 17% decrease in total CHO 

utilization and a 50% increase in fat oxidation was observed when compared to baseline hormone 

levels.27 These results have been duplicated in several studies demonstrating that eumenorrheic 

females, compared to males, tend to oxidize more fat and less CHO during submaximal exercise, 

relative to LBM, especially in the absence of CHO intake.28–35 However, exogenous CHO 

availability during exercise mitigates the CHO utilization disparity between sexes, with studies 

showing similar substrate utilization between males and females when CHO is provided. Petterson 

et al. demonstrated in elite level cross-country skiers exercising at 70% VO2MAX, that substrate 

oxidation was not significantly different between genders when exogenous CHO was provided 

(male: fat 77 g, CHO 262 g; female: fat 76 g and CHO 251 g).36 Furthermore, these authors 

concluded that females can greatly increase CHO oxidation when provided exogenous CHO 

during endurance exercise, will utilize more exogenous CHO as a percentage of total energy than 

males, and oxidize less fat and more CHO during exercise when exogenous CHO is available.36 

Likewise, both Wallis et al.34 and Tremblay et al.35 found that during submaximal endurance (57-

67% VO2MAX respectively) exercise lasting ≥ 2 h, the metabolic response of females to CHO during 

exercise is comparable to males with no appreciable differences in RER (male 0.92; female 0.92) 

or rates of CHO oxidation (male 0.70; female 0.65 g/min).34,35 These observations support the 

concept that exogenous CHO during exercise decreases E2’s hepatic glycogen sparing effect that 

is responsible for the metabolic shift towards fat in the absence of CHO in females during 

exercise.37,38  

Lesser known is the interaction of progesterone on CHO metabolism, although from the limited 

research available it appears to reverse E2’s suppression of muscle glucose oxidation during 

submaximal exercise,27 as well as complement E2’s glucose-sparing effect in the liver.39 

Interactions of progesterone also appear to affect glucose metabolism through the upregulation of 

glucose transporters (GLUTs) expression to increase endometrial glycolytic metabolism, 
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attenuating skeletal and hepatic glycolytic pathways.26,40,41 The impact of progesterone on energy 

expenditure, resulting in a 5% increase during the LUT phase while sleeping, has been observed; 

nevertheless, no significant effect on total daily energy expenditure was noted.42 

1.2.3 Continuous Glucose Monitoring 

It is well documented that prolonged submaximal or intermittent high-intensity exercise is 

impaired by low carbohydrate availability.13,43,44 Specific strategies involving CHO intake during 

a race may prevent hypoglycemia, its associated clinical symptoms, and improve race outcomes, 

yet over the distance and duration of ultra-endurance, it has proven difficult to maintain adequate 

CHO intake.20 One recent addition to monitoring fueling needs and the impacts of low 

carbohydrate intake is the continuous glucose monitor (CGM). Initially designed to assist in the 

clinical management of both insulin and noninsulin-dependent diabetes, there is now interest in 

the application of CGM for real-time glucose monitoring in athletic populations.45 Current 

generation CGM sensors are applied to the skin using an applicator that inserts a nanofilament 

beneath the skin and into contact with interstitial fluid (ISF); which is the second largest volume 

of fluid in the human body and contains high levels of detectable glucose fluid.46 Glucose levels 

are predicted using software algorithms on a reader device which analyses the enzymatic reactions 

of the chemically reactive filament to glucose present in the ISF. 

In addition to glucose availability, various studies independently link glycemic variability to a 

range of health issues. A recent study by Zhou et al.47 identified 12 assessment metrics for 

glycemic variability connected to 48 negative clinical outcomes including diabetic retinopathy, 

cardiovascular disease, heart failure, and metabolic syndrome. Yet a standard of reference for 

interpreting glycemic variability fluctuations does not exist for any population.47–49 Therefore, 

interpreting the impact of chronically high or erratic blood glucose levels during exercise, for 

example, is problematic. There are additional concerns related to the accuracy of blood glucose 

readings from interstitial fluid (ISF) due to variables frequently affecting sensor reliability, such 

as: pH level, temporal delays in glucose changes from blood to ISF, and lower glucose 

concentrations in ISF compared to blood.50–52 The temporal lag time can additionally be 

categorized as either physiological and technical. Physiological lag involves the delay in ISF 

reflecting blood glucose changes due to diffusion, which has been observed between 6-10 minutes. 

51 Technological lag includes sensor hardware and software interferences, such as algorithms, 
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electrode membranes, and biological substances affecting the electrochemistry.53 Earlier 

generation sensors had a ~15-minute delay in ISF interpretation, but recent technology 

advancements have minimized this gap within minutes.52,54 However, a study in 2019 still reported 

a 12-minute lag during exercise using a newer generation sensor (Dexcom G5).55 

The accuracy of CGM sensors has also been questioned when concentrations of glucose change 

rapidly, a common issue during exercise and ultra-running. Pleus et al.56 conducted a study to 

assess the accuracy of two second-generation devices: a commercially available Dexcom G4 

sensor and an experimental unnamed device. These researchers observed that the accuracy of the 

older generation G4 sensor, measured by the percentage mean absolute relative difference 

(MARD), was negatively affected by rapid rates of glucose changes (< 3 mg/dL /min and > 3 

mg/dL/min) yet the newer generation device was far less impacted (G4 24.9% and 29.6% vs the 

experimental device 10.6% and 16.3%). The study concluded that newer CGM technology may 

overcome accuracy concerns in the presence rapidly changing glucose levels.56 In another study 

utilizing the Dexcom G5 sensors, the authors also observed MARD was impacted negatively (by 

6 to 22%) over prolonged exercise with significant errors during rapidly rising and declining 

glucose levels.55 

Another observed limitation of CGM devices lies in their accuracy during instances of low blood 

sugar, which are particularly vulnerable to influence by factors such as lag time, and rapidly 

fluctuating glucose levels.56 Moser and Eckstein et al.57 found a lower accuracy rate (MARD 

31.6%) when hypoglycemia occurred during exercise in a study involving 16 type I diabetic 

participants who were given a pre-exercise carbohydrate meal of 1 g/kg before 45 minutes of 

moderate intensity cycling. Similarly, Aberer and colleagues evaluated three CGM devices 

(Freestyle libre, Dexcom G4, Medtronic 640G) in type I diabetic participants under controlled 

conditions involving daily activities, meals, and 60 minutes of exercise over a span of 12 hours. 

All devices showed the highest MARD levels (poorest accuracy) during periods of low blood 

glucose (< 3.9 mmol·L-1).58 Additionally, numerous studies have examined the accuracy of CGM 

devices in both resting and exercising conditions among populations with and without type 1 

diabetes.55,57,59–63 These studies have consistently indicated that MARD is significantly worse 

during exercise when compared to rest. Fabra et al.64 conducted a comprehensive review of 54 

studies spanning 2006-2020 confirmed this trend documenting the range of fluctuation in MARD 
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from negative 4.4% to 18.1% when comparing sensors at rest versus exercise. This reduced 

accuracy during exercise was attributed to rapidly changing glucose levels and factors related to 

ISF volatility. Lastly, Mian et al.65 provided a comprehensive compilation of substances known to 

impact the accuracy of some CGM sensors. The most prevalent and pertinent to a physically active 

population include ibuprofen, acetaminophen, Vitamin C, and triglycerides.  

While concerns of sensor convenience, cost,54 calibration,54,65,66 and data accessibility,54 are less 

relevant with newer generations of sensors, the issue of accuracy,54,66 primarily related to 

physiological and technological lag times associated with gathering glucose data from ISF, still 

exists. These concerns are of particular note in certain use cases such as sporting environments 

given that a rapid intake of CHO to fuel exercise is commonplace. Furthermore, new concerns 

such as the lack of data analysis standards54 and medication interactions65 have emerged. Finally, 

it is of note that use cases for CGM are hypothetical, as guidelines do not currently exist for 

interpreting continuous glucose data in healthy athletes during exercise, nor are there currently 

robust studies of efficacy in endurance or ultra-sport environments. 

Within a sporting context, poor performance outcomes can be directly attributed to hypoglycemic 

episodes.10 However, prior to the availability of CGM in a commercial setting, the assessment of 

occurrence, severity, frequency, and glycemic variability during endurance events was not 

feasible. Francois and colleagues examined the influence of ultra-running on glucose using CGM 

during the 5-day GODZone adventure race covering 326 km (n = 6 male; 2 female). Glucose data 

was collected from 5 out of the 8 participants, due to sensor malfunction, with no disclosure of 

sex. The mean glucose (4.8 mmol·L-1) over 5 days of racing remained consistent with pre-race 

measurements (4.9 mmol·L-1); however, a 2-fold increase in the incidence and time spent below 

3.9 mmol·L-1, the lower threshold of normoglycemia in diabetics67, was observed. Of note, there 

is currently no established threshold for normoglycemia in healthy individuals, but clinically 

significant hypoglycemia in healthy populations has been defined as < 3.0 mmol·L-1.67,68 Nearly 

every participant, experienced glucose below 3.9 mmol·L-1 on each of the five days. The 

researchers linked the observed glucose response to suboptimal nutritional practices, which led to 

an inability to meet the energy requirements of the race.69 Perhaps most importantly, they 

highlighted the importance of capturing glucose data during events and its potential to inform 

optimized fueling strategies. Ishira et al.70 advanced this concept when evaluating the viability of 
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CGM in providing optimal CHO intakes during a 160 km ultra-running event in seven trained 

runners (n= 4 male; 3 female). Over the entire event, only one measure of glucose < 3.9 mmol·L-

1 was observed with the average glucose ranging from 5.8 to 9.1 mmol·L-1. The data displayed a 

wide range of glucose across all runners, from 3.4 to 13.3 mmol·L-1, over the 160 km. There was 

no relationship between the highest levels of glucose and running speed (p =0.89, male; p = 0.57, 

female); however, the lowest level of change between low and high glucose levels among each 

participant was significantly related to increased running pace in males but not females (p = 0.04, 

male; p = 0.6, female). These data emphasize the potential importance of monitoring glucose 

variability and may inform future nutrition interventions aimed specifically at minimizing blood 

glucose fluctuations during ultra-running. Although sex differences have been observed in glucose 

responses, small sample sizes and a lack of standardization in menstrual phase terminology or 

hormonal contraceptive use indicate the need for further investigation. Additionally, Ishira et al.70  

demonstrated that increased CHO intake, and not PRO or fat, was associated with faster running 

speeds (p = 0.007) despite the reported intakes of CHO falling below current recommendations, 

which is consistent with existing literature and assessments of suboptimal fueling practices in 

endurance sport.8,20,71 

 

1.3 Research Gaps 

Interest in ultra-running research has increased with the rise in popularity of the sport; however, 

due to the complexities of biochemical changes and nutritional needs of ultra-endurance, the 

existing sport nutrition guidelines may not be adequate for the ultra-running population. Moreover, 

in line with previous biomedical research, there is an underrepresentation of female ultra-running 

research; primarily due to historical bias and poor methodology.24 The application of CGM in 

ultra-sport environments is also not without dispute due to a lack of standardization in data 

interpretation, physiological and technological complications, as well as the fact that peer-

reviewed research is often outpaced by advancements in sensor technology leaving assumptions 

and observations of accuracy and relevance in question.  

Therefore, to inform guidelines, specific to female ultra-sport athletes, three specific areas were 

investigated for this project:  
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1) Assessing the accuracy and reliability of CGM sensors to inform fueling strategies during 

ultra-running in the field. 

2) Interactions between menstrual phases and blood glucose when fasted and provided 

exogenous carbohydrate during simulated ultra-running. 

3) Observing metabolic differences between menstrual phases during a 4-hour ultra-running 

simulation. 

1.4 Purpose of Study 

As an applied field of practice, sports nutrition relies heavily on peer-reviewed literature to inform 

evidence-based protocols in real-world settings. Understandably, a large percentage of that 

research is conducted in tightly controlled lab environments. However, in ultra-running it is the 

highly variable nature of the sport, including but not limited to, terrain and duration, that is a 

primary challenge of field research. Yet, those same characteristics directly affect mechanistic and 

metabolic functions in the body which are not readily replicated in lab settings and are important 

to real-world application. Furthermore, existing research has focused on male participants, and 

where females are included, typically do not account for hormonal interactions of the menstrual 

cycle. Therefore, the purpose of this PhD was to investigate the interaction of menstrual phase on 

glucose and energy metabolism in regularly menstruating female ultra-runners within the complex 

sporting environment of ultra-running in hopes of bridging the gap between science and practice.72  

This was attempted by examining three specific research questions: 

A).  Does CGM reliably report blood glucose during a four-hour simulated ultra run? 

B).  Does menstrual phase impact blood sugar levels when fasted and provided 

exogenous carbohydrate during a 4-hour simulated ultra-run? 

C).  Is energy metabolism different between menstrual phases at the end of a 4-hour 

simulated ultra-endurance run? 
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1.5 Thesis Structure 

 

Figure 2. Thesis structure schematic.
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Part 2 Literature Reviews 

SECTION 2 

2.1 Metabolic Demands of Ultra-Endurance Sport 

Ultra-endurance events are defined as events lasting a minimum of 4-6 h1,2 and up to several 

consecutive days. Swimming, cycling, running, and long-course triathlon are the most 

recognizable ultra-endurance events. It is common for ultra-athletes to maintain training regimens 

of up to 6 hours per day at exercise intensities of 50-90% of VO2MAX
1 with multiple sessions 

occurring within a single 24-hour period.73 Weekly training volumes of ultra-endurance runners 

vary between race type. The average training mileage per week for non-professional male runners 

in multistage, 24-hr, and 100 km events has been reported to be 85 km ± 35.8 (8.9 ± 4.4 hours per 

week).74  In contrast, the average weekly training miles for the elite-level runners is ~ 117 km with 

a peak of 173 km (> 20 h/week).43 

To meet the estimated daily energy demands of ultra-endurance events, current nutrition guidelines 

aim for individualization of macronutrient intakes to provide sufficient energy availability, (energy 

availability = energy intake – exercise energy expenditure / fat free mass) to support optimal health 

and function.75 Recommendations for the macronutrients, CHO, fat, and protein, are provided in 

quantities relative to total weight (g/kg) to meet ensure adequate intake at all body sizes. For 

moderate to high intensity exercise lasting > 4-hours, it is advised to consume daily: CHO 8-12 

g/kg13, protein 1.2-2.0 g/kg75, fat 0.5-1.5 g/kg76. Guidelines of 30-90 g/h13 exist for exogenous 

CHO intakes during ultra-running and intakes of up to 120 g/h have been tolerated in male runners 

using a combination of maltodextrin and fructose.14,77 These recommendations are based on the 

utilization of dual pathways or multiple transportable carbohydrates. Dual pathway CHO intakes 

rely, independently yet simultaneously, on the sodium-dependent glucose transporter (SGLT-1) 

for glucose, which is saturated at 60 g/h15 and the fructose transporter (GLUT5) with a peak 

oxidation of ~30 g/hr15 allowing for increased CHO uptake from the intestines into the 

bloodstream.14–17 Jentjens et al.15 explored the impact of glucose versus glucose + fructose 

beverages on peak exogenous CHO intakes in eight trained male athletes during three, 

independent, 150-minute cycling trials at 62% of VO2MAX. Oxidation rates of fructose and glucose 

were captured using elemental analyzer-isotope ratio mass spectrometry. The results indicated a 
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44% greater CHO oxidation rate for the multiple transportable CHO solution (1.70 ± 0.07 g/min) 

over glucose alone (1.18 ± 0.04 g/min). Jeukendrup and colleagues found similar results 

comparing the exogenous CHO oxidation rates of multiple transports CHO to glucose alone during 

three different 5-hour cycling trials in well-trained males (n = 8) who were provided either glucose 

or glucose + fructose interventions. Glucose oxidation during the trials was measured using stable 

carbon isotopes enrichment and indirect calorimetry. The data indicated a 65-77% increase in CHO 

oxidation from glucose + fructose (1.4 ±0.08 g/min) as compared to the glucose-only intervention 

(1.24 ± 0.08 g/min).11 In 2012, using two independent random crossover trials, Rowlands et al.18 

showed that ingesting a multiple transportable CHO solution of maltodextrin and fructose at a rate 

and ratio of 1.2 g/kg/h and 2:1 respectively, improved cycling performance among well-trained 

cyclists as compared to glucose-only during simulated mountain bike races in both sexes (n = 7 

male; 3 female) as well as during male-only laboratory cycling trials (n = 16). 

The total energy costs associated with ultra-endurance running events have been estimated in 

previous studies. Cuddy and colleagues measured total energy expenditures in 10 runners during 

the 160 km Western States 100 ultra-marathon using doubly-labelled water, and concluded the 

mean energy expenditure was 15,865 kcal (99 kcal/km) over the average finish time of 26.8 hours.9 

Similarly, Dumke et al.78 using portable indirect calorimetry in a single runner case report over 

the first 64.5 km segment of the same ultra-marathon reported energy expenditure as 83.7 kcal/km. 

In a larger sample of female (n = 9) and male (n = 19) runners, Costa et al.19 determined energy 

expenditure, using triaxial accelerometery, during a 24-hour ultra trail race ranged from 8,771 to 

17,734 kcal with a mean of 13,145 ± 2,629 kcal across the varying distances (122 to 208 km) with 

no differences between sexes recognized when body mass corrections were made. In a separate 

case study, Cuddy and colleagues observed total energy expenditure to be 8,926 kcal (39.4 

kcal/km) in a single male triathlete during the 2006 Ironman World Championships (226.3 km) 

using doubly-labelled water.79 In a multi-stage ultra-marathon simulation case study, Alcock et 

al.80, using indirect calorimetry and triaxial accelerometery simultaneously during five consecutive 

days of 50 km treadmill runs observed, in a single runner, energy expenditures of 7,156 ± 359 kcal 

per day (143 kcal/km) when provided access to full rations. As such, current research would 

suggest that energy requirements for ultra-endurance can range from 39 to 143 kcal/km and vary 

by discipline. 
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2.2 Contribution of Macronutrients to Energy Availability During Exercise 

Similar to all endurance sports, aerobic energy metabolism is regarded as the primary energy 

system during ultra-running, which is characteristically performed for extended periods below 

70% of VO2MAX with brief but frequent requirements for higher intensity efforts.1,81 This system 

generates the energy unit of muscle contraction, adenosine triphosphate (ATP), fundamental in the 

mechanisms of muscle fiber excitability, resulting contraction, and relaxation from the oxidation 

of fat and CHO.82 At rest, and during low thresholds of VO2MAX (~60-65%), fat contributes 

significantly to energy demands.82 As intensity increases, the high capacity but low efficiency of 

fat to provide ATP (4.6 kcal/L O2) becomes incapable of sustaining energy demands,1 thus 

initiating an increase in the oxidation of CHO a more efficient (5.1 kcal/L O2) yet limited resource 

to produce ATP.1,43 Up to exercise intensities approximating 75% of VO2MAX, fat and carbohydrate 

provide a balanced mix of fuel sources; whereas, above 80% of VO2MAX there is a considerable 

shift away from fat oxidation to a heavy reliance on CHO to fuel working muscle.82 Thus, during 

sustained, moderate intensity exercise (50-70% of VO2MAX), a mixture of fuel sources contributes 

to total energy needs, including amino acids from protein. These sources can be endogenous or 

exogenous and both will vary greatly in availability. For example, endogenous stores of glycogen 

and fat are estimated to be 500 g10 and ~11,000 g respectively.82,83  

For all sports, the composition of daily diet, fasted or fed states, sport type, participant sex, 

intensity, duration, and level of fitness all determine the ratio of fat and CHO used during 

exercise.84–87 Among these factors, intensity has the strongest impact on substrate utilization.82 The 

exact breakdown of macronutrient utilization during ultra-running remains difficult to establish as 

it suffers from similar logistical constraints as total energy requirements with the added complexity 

of constantly changing aerobic and anaerobic metabolisms identified by their preferred energy 

substrates; fat and carbohydrate respectively, with some contribution of proteins.88   

2.3 Carbohydrate Metabolism  

Carbohydrates are widely regarded as a ‘critical’ fuel source for sports performance by providing 

significant amounts of ATP to working muscles and mitigating fatigue.13,43 At exercise intensities 

above ~65% of VO2MAX, CHO becomes the predominant source of energy.88,89  To obtain CHO 

the body draws upon three primary sources during exercise: muscle glycogen, liver glycogen, and 
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exogenous intake. Endogenous stores are found as glycogen and located within two storage 

compartments: liver and muscle (~100 g and 400 g respectively).10,83 At these levels muscle 

glycogen is sufficient for ~120-150 minutes of moderately intense activity and liver glycogen has 

been reported to decrease to 40-60% after 90 minutes at 70% of VO2MAX.90 Furthermore, combined 

muscle and hepatic glycogen contribute only 4% of the total energy stores in the body.91   

Despite being the largest of the two endogenous CHO stores, muscle glycogen does not contribute 

directly to blood glucose levels. Once glucose is converted to muscle glycogen that glucose is 

restricted to muscle cell use only. Through anaerobic metabolism, muscle glycogen can be 

converted via the Cori cycle to lactate, which is then converted to glucose in the liver and returned 

to the working muscle.92,93 Prolonged exercise decreases muscle glycogen stores, resulting in 

muscle fatigue94 and the dependence upon the limited stores of liver glycogen rises to fuel working 

muscle.   

Endogenous glycogen stores are limited to ~100 g in the liver10 and, in the absence of exogenous 

CHO, are responsible for maintaining blood glucose levels at rest and during exercise. The reliance 

on liver glycogen increases as muscle glycogen is depleted. At > 3 h of exercise, liver contributions 

to energy supply increase and may contribute up to 0.8 g/min11. This increase in glucose is a result 

of glycogenolysis (breakdown of liver glycogen) and gluconeogenesis (creation of glucose from 

non-glucose molecules) performed in the liver.83 Unlike muscle glycogen, the liver can contribute 

glucose to working muscle95, but interestingly unlike muscle glycogen, hepatic glycogen stores 

are not improved with training.83 Exhausting the limited supply of liver glycogen leads to fatigue 

and hypoglycemia.10 

These limited stores of endogenous CHO are problematic in the context of ultra-endurance sports 

when exercise regularly exceeds 4-h in duration, because glycogen depletion is a well-known 

cause of exercise performance decline.10,94,96–98 Therefore, there is a heavy reliance upon 

exogenous CHO as an additional energy source with current recommendations of 30-90 g/kg/h.13 

Unfortunately, uncapped rates of exogenous CHO intake are not possible and are limited by: 1) 

unmodifiable physiological barriers to intestinal absorption, which have been reported to be ~1.0-

1.2 g/min from all monosaccharide sources;14,77 and 2) gastrointestinal tolerance, a highly 

individualistic but trainable characteristic.99 
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To illustrate, Jeukendrup et al.11 observed that exogenous CHO oxidation plateaus at ~72 to 85 g/h 

(1.2 to 1.4 g/min) in ultra-runners creating a gap between glucose utilization of 96-132 g/h (1.6 to 

2.2 g/min)11,77 for which limited liver glycogen contributed 0.4 to 0.8 g/m. As a result, 

supplemental CHO oxidation may be unable to meet the demands of prolonged exercise. It should 

also be noted that during exercise, exogenous CHO can prevent liver glycogen depletion but cannot 

replete muscle glycogen.77 

Gastrointestinal distress, which has a high prevalence in endurance athletes8 is an additional 

obstacle to consuming these upper thresholds of CHO intakes. It is estimated that between 30 and 

50% of endurance athletes report a GI incident, with higher rates in triathletes and runners.22 Two 

ultra-distance studies reported a 65% and 82% incidence of GI distress in 60-120 km distances20 

and a 24-h trail race respectively.19 The symptoms of GI distress: nausea, emesis, diarrhea, 

flatulence, abdominal bloating or pain 71 have been attributed to dehydration,  food type, genetic 

predisposition, heat, splanchnic hypoperfusion, and the mechanical jostling of the exercise 

activity22,43,99,100; however, a direct link to CHO intake can be made. This link is evident with 

concentrated sugar solutions resulting in delayed gastric emptying or osmotic shifts associated 

with diarrhea, nausea, bloating and flatulence.22,99,101 A small body of literature suggests that ‘gut 

training’ may be able to alleviate GI issues related to CHO intake at the individual level through 

nutrition interventions aimed at improving perceived gut discomfort, enhancing CHO receptors, 

and reducing malabsorption.99,102 

2.4 Fat and Protein Metabolism 

Contributions of fat to energy needs during aerobic activity also vary upon intensity. Regarded as 

the amplest form of stored energy, endogenous fat stores comprised of fatty acids, cholesterol and 

intramuscular triglycerides, and are estimated to be ~11,000-15,000 g with the capacity to 

maintain >100 hours of marathon running.82,103,104 The abundance of fat has led some to believe 

moving away from CHO and solely relying upon fat to fuel prolonged endurance exercise is an 

optimal fueling strategy.105 It has been established that fat oxidation rates are modifiable through 

diet and training interventions87,106–108 with observed rates of maximal fat oxidation of 1.3 g/min 

in trained individuals109 and > 1.5 g/min in ketogenic-adapted individuals.107,110 Yet, relying 

completely on fat has not been supported by research due to limitations of lipids during exercise. 

These limitations are directly related to increased O2 cost of fat oxidation resulting in decreased 
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exercise economy as well as the downregulation of CHO oxidation that occurs with high-fat, low-

CHO interventions being responsible for negative performance outcomes that have been 

reported.107,111,112 

Protein’s limited role in fueling prolonged exercise via the conversion of amino acids to glucose 

through gluconeogenesis is estimated to be < 10% of total energy utilized.113 Protein is not 

considered a primary fuel source, however, its contribution increases as the availability of CHO 

decreases.33 To mitigate endogenous protein oxidation, which impedes recovery and contributes 

to lean body mass loss during endurance exercise, it has been demonstrated during a 6-h trial that 

consuming CHO and protein together is effective for aiding in protein balance.114 
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SECTION 3 

3.1 Female Energy Metabolism 

We know today that gene expressions and physiological differentiations exist between biological 

females and males. These differences may impact areas of sport performance through a range of 

interactions, including fluid balance, thermoregulation, recovery, fatigue, biomechanics, 

mitochondrial function, and energy metabolism.115 Additionally, within-female differences may 

exist when comparing normally menstruating females to those using hormonal contraception as 

well as over the life-cycle accounting for the hormonal changes occurring in the spectrum of 

menopause.116 For this section, evidence will be presented in the context of normally menstruating 

females in sport. 

3.2 Female Carbohydrate Metabolism 

Female ovarian hormones, E2 and progesterone are regarded as the primary drivers of substrate 

utilization differences between female and males. The variability of these hormones, which act 

antagonistically on one another,27 over the menstrual phase in regularly menstruating females may 

impact CHO and fat metabolism. Specifically, E2 has been observed to promote glucose uptake 

into type I fibers26, while simultaneously reducing uptake of glucose into the bloodstream.27 

Additionally, when directly administered to men, E2 lowered CHO and amino acid oxidation but 

increased fat utilization.28 The effects of ovarian hormones on CHO and fat utilization were 

duplicated in a pharmacological suppression and replacement study among eight females who had 

E2 and progesterone administered to mimic three distinct hormone phases of the menstrual cycle 

(E2 low + progesterone low, E2 high + progesterone low, E2 high + progesterone high) during 

submaximal (60% of VO2MAX) cycling for an hour.27 These findings illustrated the suppressive 

effects of E2 on CHO mobilization and underpin a common belief that females burn more fat than 

CHO for fuel when fasted.117 Preferential oxidation of fat over CHO expressed in lower resting 

expiratory ratio (RER), in eumenorrheic females, relative to lean body mass, when fasted during 

submaximal endurance exercise, as compared to males has also been observed in several studies.28–

35 As recently as 2019, Pettersson et al. observed similar outcomes in elite-level athletes at higher 

effort levels (70% of VO2MAX) where, in the absence of CHO, females oxidized more fat and less 

CHO than men over 2 hours.36 A proposed action of E2 on CHO metabolism is the regulation of 



 

26 
 

systemic glucose homeostasis via signalling to estrogen receptors located on fat cells that reduce 

the liberation of free fatty acids into blood circulation.118 However, this is at odds with the 

previously demonstrated concept of E2 creating an environment preferential to fat oxidation 

making it difficult to interpret and apply mechanisms at rest into exercise environments. 

Of note, when exogenous CHO is available during exercise the differences in substrate utilization 

between men and women may be greatly reduced.33–36 Three studies regarded by Kuikman et al.119 

in an audit of all CHO-related performance studies in women to have “sufficient methodological 

controls” support this observation. Petterson and colleagues also demonstrated in elite female 

cross-country skiers exercising at 70% of VO2MAX, that total CHO and FAT oxidation were not 

significantly different when exogenous CHO was provided (male: fat 77 g and CHO 262 g; female 

fat 76 g and CHO 251 g). These researchers also found that females during endurance exercise 

can: 1) greatly increase CHO oxidation when provided CHO; 2) utilize more exogenous CHO as 

a percentage of total energy oxidized than males; and 3) oxidize less fat and more CHO during 

exercise when exogenous CHO is available, reducing endogenous carbohydrate utilization similar 

to males.36 Likewise, both Wallis and Tremblay found that during submaximal endurance exercise 

(57-67% of VO2MAX respectively) over 2 hours, the female metabolic response to CHO during 

exercise is similar between males and females with no appreciable differences in RER (M: 0.92 

and F: 0.92) or rates of oxidation (M: 0.70 and F: 0.65 g/min).34,35 Thus, it appears that exogenous 

CHO during exercise decreases E2’s hepatic glycogen sparing effect responsible for the metabolic 

shift towards fat in the absence of CHO.37,38  

Lesser known is the interaction of progesterone on CHO metabolism although, from the limited 

research available, it appears to reverse E2’s suppression of muscle glucose oxidation during 

submaximal exercise27 as well as complement E2’s glucose-sparing effect in the liver.39 

Interactions of progesterone also appear to affect glucose metabolism through the upregulation of 

glucose transporters GLUT(s) expression to increase endometrial glycolytic metabolism, 

attenuating skeletal and hepatic glycolytic pathways.26,40,41 During sleep, progesterone has been 

observed to increase energy expenditure up to 5% in the LUT phase; however, the total energy 

used over a 24-hour period was not significantly altered.42 

Currently, the mechanisms of progesterone on metabolism continue to be poorly understood. Early 

impressions of progesterone on fat metabolism suggested that an increase in insulin secretion at 
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rest favouring fat storage occurs in addition to a suppressive effect on estrogen-mediated fat 

oxidation.39 Recent studies on the effects of menstrual cycle and ovarian hormones on whole-body 

fat metabolism in humans are limited but suggest no interaction between them.120–122 

However, the role of muscle fiber type and distribution may play an important role in fat utilization. 

There is evidence indicating a generalized difference in the make-up of muscle between males and 

females represented by the gradient of contribution from each fiber type (female type 1 > IIA > 

IIX compared to male type IIA > IIX > I) with type I representing ‘slow twitch’ oxidative fibers 

and type II considered ‘fast twitch’ or highly glycolytic driven fibers.123 It should be noted that a 

body of research exists suggesting muscle fiber type can be adapted with chronic training stimuli124 

and this may not be accounted for in the discussion of energy substrate utilization comparisons 

between highly trained male and female athletes. The assumption that type I muscle fibers are 

more dominant in trained and untrained females, irrespective of sport discipline, is a possible 

explanation for the preference to oxidize fat over CHO in addition to expressing greater resistance 

to fatigue.125 There are caveats to this broad belief, as sex comparisons of muscle fatigability may 

be more dependent on the muscle groups tested than a generalized sex dimorphism.126 

Additionally, there is evidence showing higher concentrations of intramyocellular lipid (IMCL), 

stored predominately as triglyceride within the muscle for use during exercise127, in female muscle 

before and after endurance exercise.128 This storage alludes to greater availability or accessibility 

to alternate energy sources resulting in greater contributions to energy needs in females. In a 

comparison of 21 females and 21 males categorized into three groups (untrained, moderately 

trained, and endurance trained) Steffensen et al. observed a 25% decrease in intramuscular lipid 

concentrations in a pre-post exercise comparison at 60% of VO2MAX during the mid-follicular 

phase compared to males.129 These data indicate that IMCL contributes meaningfully towards total 

energy utilized during endurance exercise in females. Of note, the absence of menstrual cycle 

verification and exogenous CHO during this Danish study should be considered limitations. 

  



 

28 
 

3.3 Protein Metabolism 

Protein is not a preferred energy source at rest or during exercise and is utilized sparingly. Protein’s 

contribution to the glucose pool from the breakdown of amino acids is considered to be < 10%, 

even during prolonged endurance events when glucose levels are limited.33,113 This contribution 

does not appear to differ during exercise between males and females across the menstrual 

cycle33,35,36,130 despite levels of progesterone, up to 25-times higher in the LUT phase, facilitating 

increased amino acid oxidation.25,27 The implications of this in a sporting context are unknown as 

there are no comparative studies of protein contribution to total energy usage between menstrual 

phase among females at peak progesterone levels during LUT phase. 

3.4 Energy and the Menstrual Cycle During Exercise 

Several studies have reported lower RER in women compared to men at rest and during fasted 

exercise indicating a greater reliance on fat over CHO.28–35 However, when CHO is provided 

during exercise this difference is negated with an interesting observation that females will utilize 

more CHO from exogenous sources than males, thus reducing fat oxidation.33–36 These 

observations imply that energy metabolism during exercise across the menstrual cycle is highly 

influenced by diet, fed state, and availability of CHO.131 

When viewing the existing literature through the lens of ultra-running there are three stand-out 

points. First, genetic differences in muscle fiber123 may contribute significantly to female success 

in the sport.125 Second, well-established studies demonstrating that E2 enhances fat oxidation when 

fasted during submaximal exercise28–35 suggest that when fueling strategies breakdown and CHO 

availability declines over prolonged efforts, females may realize performance advantages. Third, 

the influence of ovarian hormones contributing to greater efficiency in the use of exogenous 

carbohydrate sources toward total energy needs may offer performance benefits.36 
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SECTION 4 

4.1 Continuous Glucose Monitoring Introduction 

Carbohydrate is a limited resource in ultra-endurance running. Its depletion from blood glucose or 

muscle glycogen stores is widely recognized as a primary contributor to fatigue and performance 

decline.13 In contrast, excess exogenous intakes of CHO are directly related to gastrointestinal 

distress which occurs at high rates among endurance sport athletes8 and contributes to poor 

performance outcomes.21,22 Therefore, it is of interest within the sports performance industry to 

investigate CHO fueling strategies such as the implementation of near real-time blood glucose 

monitoring.132 

Improvements in hardware size, software interfaces, and mobile technology integrations have 

made the real-time tracking of biomarker data such as blood glucose with devices like the CGM 

more achievable in a variety of environments.133 The first commercial CGM units, available in 

1999-2000134, were originally developed to improve management of type I and type II diabetes66 

and replace fingerstick management methods.65 These CGM devices initially required transdermal 

implantation to obtain blood glucose data from interstitial fluid using a reactive nanofilament 

inserted below the skin. The filament converts glucose to hydrogen peroxide which generates an 

electrical signal that is relayed from sensor to reader unit. Early models also required a physical 

connection between the sensor and reader unit with data needing to be downloaded for analysis by 

a healthcare professional.66,135,136 Wireless sensors became available in 2004 paving the way for 

near real-time data in 2005. Further innovations led to user-applied devices that can be applied 

easily to the body within minutes and can provide data wirelessly to a reader device. Additionally, 

up to the year 2018 CGMs required regular calibration using self-monitoring of blood glucose with 

capillary blood sampling readings134. Some current generations no longer require calibration 132,134 

and provide near real-time glucose data 24/7 in intervals of 1–5 minutes providing hundreds of 

data points throughout the day providing a comprehensive overview of glycemic status137 for up 

to 14 days.65,132 

Continuous near real-time data derived from CGM provides previously unobtainable insights into 

carbohydrate intake and its effect on glucose variability. Over time, the continuously collected 

data can be used to construct a complete picture of historical blood glucose fluctuations while 
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providing acute trend and rate of change insights. When combined with established reference 

ranges of blood glucose control at rest138 and during exercise138,139 for diabetes mellitus, the 

benefits of CGM play a key in role in adequately managing the disease by reducing complications 

and slowing progression.140  However, how this data can be used or interpreted for performance 

benefits in healthy individuals remains unverified as does: 1) established reference values for blood 

glucose levels in healthy athletes during exercise;141 and 2) guidance on what levels of 

normoglycemia are.141  

Nonetheless, a manufacturer’s claims about their sport CGM device states “a glucose monitoring 

experience that will enable athletes to understand the efficacy of their nutrition choices during 

training and competition. It will therefore inform athletes about how to fuel appropriately, to fill 

their glycogen stores prior to a race and to know when to replenish during a race to maintain 

athletic performance.”142  Evidence supporting how this can be accomplished has not been 

elucidated in the current literature. 

The following sections discuss the underlying technology and historical evolution of CGM 

hardware, establishing a foundation for exploring the potential applications of contemporary 

technologies to nutrition strategies for ultra-running. 

4.2 Blood Glucose Overview 

4.2.1 Blood Glucose Levels 

A commonly used range for normoglycemia is a blood glucose concentration between 3.9 and 5.6 

mmol∙L-1.143 with the lower threshold for normoglycemia being 3.9 mmol∙L-1 and postprandial 

glucose levels up to 7.8 mmol∙L-1 within 2-hours after eating. These guidelines aid the diagnosis 

and management of diabetes mellitus in clinical practice but differ significantly from the clinical 

assessment of hypoglycemia in healthy, non-diabetic, populations, which is assessed using 

Whipple’s Triad; a cluster of symptoms that include: 1) anxiety, dizziness, rapid heartbeat; 2) 

blood glucose < 3.0 mmol∙L-1; and 3) resolution of those symptoms when blood glucose levels are 

restored.67,68 Low blood glucose concentrations, which can occur when awake, asleep, or during 

exercise is often asymptomatic until clinically significant levels are reached.67,144  

In healthy individuals, blood glucose is managed by a complex interplay of hormones, 

neuropeptides, skeletal muscle, and organ systems. In the absence of disease, blood glucose is 
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regulated by the release of the corresponding hormone used to regulate glucose by the body. 

Secreted from the pancreas, the hormones insulin and glucagon are the primary regulators of 

glucose in the bloodstream.145 Antagonistic to one another insulin lowers glucose levels while 

glucagon increases it to maintain overall blood glucose within a specific range (glucose 

homeostasis).145 For example, low blood glucose is corrected endogenously by the release of 

glucagon from the pancreas to initiate the breakdown of liver glycogen into glucose (hepatic 

glycogenolysis) to be released in the bloodstream.145 Alternatively, exogenous CHO can be 

consumed to correct for low blood glucose levels. 

On the other hand, hyperglycemia is defined as blood glucose > 6.9 mmol∙L-1 fasted or  > 10 

mmol∙L-1 2-hours after a 75 g CHO test.146 In healthy populations, the liver secretes insulin in 

response to elevated blood glucose which supports the insulin-dependent uptake of glucose into 

cells via the insulin-responsive GLUT 4 glucose transporter, thus pulling glucose out of the 

bloodstream and reducing levels.147 

In contrast to healthy glucose control, the inability to prevent hyperglycemia, a state of elevated 

blood glucose, via insulin insufficiency or resistance, is a key characteristic of diabetes mellitus 

with maintenance of glucose homeostasis being the primary goal of management.141,148 Chronic 

hyperglycemia is associated with metabolic disorders and the development of a wide variety of 

cardiovascular, nervous system, renal and cerebrovascular diseases.148,149 The three most common 

forms of diabetes mellitus are: Type I, an autoimmune disorder affecting insulin secreting cells of 

the pancreas resulting insulin insufficiency; Type 2 (or adult-onset) which accounts for 90-95% of 

all diabetes mellitus cases is associated with insulin resistance leading to pancreas dysfunction; 

and gestational diabetes mellitus, that is characterized by poor blood glucose control occurring 

during pregnancy.148 

Several additional internal and external factors influence blood glucose levels: food type and 

quantity, physical activity, disease states, medications, stress, acute or chronic pain, menstrual 

cycle hormones, hydration status, and alcohol uptake.27,150–152 A common characteristic of these 

factors appears to be, except for general food intake, their influence on the liver.  For example, 

carbohydrates from food increase circulating glucose before it is taken up into the cells.153,154  

During physical activity, pain and stress-induced epinephrine are responsible for insulin resistance 

and subsequent increases in blood glucose levels.155 The mechanisms of pharmacological increases 
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in blood glucose are beyond the scope of this review, but some induce insulin resistance as is the 

case with many glucocorticoids.156 Alcohol can either raise or lower blood sugar dependent on the 

quantity ingested and the presence of food.157 Dehydration decreases plasma volume, thus 

increasing glucose concentrations.158 During the menstrual cycle, hyperglycemia is associated with 

the luteal phase and elevated progesterone levels.150      

The connection between blood glucose levels and adverse health outcomes159 is driving a growing 

interest in more tightly controlled glycemic variability in blood glucose levels in healthy 

populations, as well as potential applications to enhance sports performance.160 Prior to the 

previously mentioned advancements in CGM technology, and its introduction commercially as a 

sports device, the management of blood glucose or insights into glucose variability in the absence 

of disease was impractical. Despite the process of data collection becoming easier, there are 

important unanswered questions when trying to implement therapeutic controls in a healthy 

athletes: 1) there is no definition of what day-to-day blood glucose control ‘normoglycemia’ 

should look like141; 2) no parameters exist for blood glucose ranges during activity; 3) there is no 

clear consensus on how transient episodes of hyperglycemia impact performance during exercise; 

4) currently, minimal evidence connects blood glucose ranges to aspects of performance refueling 

or recovery161; and 5) there limited insights exist into the variability of glucose levels during real-

world ultra endurance scenarios in males or females. 

4.2.2  Interstitial Glucose 

The convenience and enhanced accessibility of glucose data from current CGM technology, which 

allows for non-invasive blood glucose monitoring, is possible via interstitial glucose. Fluid within 

the human body is contained within two compartments: intracellular and extracellular.  

Intracellular fluid is enclosed within the cells.  Extracellular or interstitial fluid lies under the skin 

between the tissues accounting for 1/3 of total body fluid and is the second largest volume of body 

fluid.46 Within interstitial fluid, many biological substances such as oxygen, proteins, glucose, and 

other nutrients as well as waste products can be found. Most relevant is the relatively high presence 

of detectable glucose in interstitial fluid enabling it as a suitable surrogate for invasive blood 

sampling.50 Furthermore, measuring interstitial glucose provides close to real-time data because it 

lacks clotting factors and remains fluid allowing for continuous monitoring.162 There are, however, 

drawbacks to the use of interstitial glucose for monitoring blood glucose. Most notable is the 
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physiological lag time between interstitial glucose and blood glucose taken directly from the blood 

(~5 to 6 min).51,52 The lag is a result of the time required for fluid to diffuse into interstitial spaces 

from the capillaries.55,163 Additionally, when compared to blood, the wide variation of pH within 

interstitial fluid can affect the accuracy of glucose detection.50 

4.3 Summary of Sensor Technology 

First generation CGM sensors were approved by the Federal Drug Administration (FDA) and 

introduced commercially in 1999 for the management of diabetes mellitus.66 Over the past 20 years 

of development they have successfully been integrated into the management of diabetes mellitus 

by: 1) replacing the painful and inconvenient practice of repeated ‘fingerstick’ blood testing; 2) 

providing 24/7 near real-time monitoring of blood glucose via interstitial glucose; 3) offering 

detection and warning of adverse events such as hypo/hyperglycemic episodes; and 4) providing 

insights into long-term blood glycemic variability.54 

Commercial CGM sensors have three main components: sensor body (receiver, transmitter, 

sensor), reader device and sensor applicator. The applicator may have a spring-loaded mechanism 

that pierces the skin with a small needle and inserts a nanofilament beneath the dermis. In contact 

with subcutaneous interstitial fluid, the nanofilament sensor reacts enzymatically, via a glucose 

oxidase (GOx) based electrode, to the presence of glucose creating an electrical signal.136 The 

signal is generated by the concentration of glucose present164 and can be interpreted by software 

on the reader device.66,136 

Advances in technology have provided significant improvements in CGM functionality. Frequent 

user calibration of CGM units with SMBG was a necessary step to ensure accuracy of 

measurement.164 That step is no longer required in most models and is done under a controlled 

process during manufacturing.132,134 Data can be transferred from sensor to reader wirelessly, 

unlike early models which required a hardwired connection. These advances have led to near real-

time data interpretation when compared to older methods that required the download of stored data 

to be reviewed by a professional.134 Application of commercial CGM units can be performed by 

the user without professional supervision.165 
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4.3.1 Real-time CGM  

Sensors are often classified into two categories: intermittent (iCGM) or real-time (CGM). 

Intermittent iCGM sensor required scanning by an external reader device to obtain the collected 

glucose data and were unable to provide alerts or alarms. Real-time CGM wirelessly transmits 

continuously to a paired device and provides the benefits of alerts for blood glucose trends.48,166 

The use of the term real-time is ubiquitous in the literature but requires some clarification. Due to 

the combined physiological and technical delays,52 CGMs should more accurately described as 

near real-time. For continuity, the use of real-time or CGM has been used throughout this 

document to reflect the current generation of wirelessly capable CGM sensors for use in sport. 

4.3.2 CGM Sport Specific Devices 

Five new generation CGM devices from three manufacturers (Abbott, Dexcom, and Medtronic) 

are approved for diabetes management in various countries (Table 1). Only Abbott devices are 

marketed for sporting use by multiple wellness companies and, as of 2021, the availability of the 

Abbott sports devices was limited to eight European countries (Austria, France, Germany, Ireland, 

Italy, Luxembourg, Switzerland and the United Kingdom). The FDA has not approved their use in 

the United States. The only notable technical difference between the Abbott Freestyle Libre, Libre 

Sense and Libre Freestyle 2 is the method of data transfer. Libre Sense, a CGM, provides push 

technology via Bluetooth sending data to mobile or reader devices. In contrast, Freestyle 2 and 

Libre iCGM devices both require the sensors to be scanned with a reader device to collect data. 

Differentiation between these devices is found in the mobile application software and the 

proprietary algorithms provided by respective companies. 
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Table 1. Overview of popular CGM systems 

Device Company Purpose Data  Report Rate Life Placement Interactions 

G6 Dexcom DM CGM 5 minutes 10 d Arm Accurate up to 1 g 

acetaminophen every 6 h 

G7 Dexcom DM CGM 5 minutes 10 d Arm Accurate up to 1 g 

acetaminophen every 6 h 

Guardian 3 Medtronic DM CGM 5 minutes 7 d Abdomen Acetaminophen reduces 

accuracy  

Libre 2 Abbott DM/ Sport iCGM manual scan 14 d Arm  

Libre Sense Abbott DM/ Sport CGM 1 minute 14 d Arm   

iCGM intermittent ; CGM real-time ; DM Diabetes Mellitus Type 2  

 

4.3.3 Methods and Standards of Measure 

Reliability, accuracy, accessibility of data, and cost are considerations when assessing the viability 

of a glucose monitoring system within a clinical setting.167 Among the healthy athletic population, 

there are no health risks associated with precision or reliability in a CGM sensor. In the same 

population, data accessibility and cost are issues of convenience. However, accuracy does maintain 

a high level of importance when trying to understand how CGM data can be applied to an athlete 

fueling plan. 

Accuracy for CGM is typically assessed using the mean absolute relative difference (MARD)48; 

the average of the absolute error between all collected CGM values when matched with reference 

capillary SMBG values from study participants.168 The MARD is a complete measure of the 

accuracy of the sensor and algorithm that comprise the CGM system. A small percentage value 

indicates that CGM sensor readings are close to the reference glucose value;  whereas, a larger 

MARD percentage indicates greater discrepancies between the CGM and reference glucose 

values.48  For example, a MARD of less than < 10% is considered good performance and viable 

for clinical decision making.48,168  This threshold differs from SMBG which adhere to an 

International Organization for Standardization (ISO) measures. To date, no ISO performance 

standard exists for CGM monitoring systems.48,168 The accuracy of CGM sensors relies greatly 

upon the software algorithms used to predict blood glucose from CGM data;168 however, the 
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comparison of CGM sensors to alternative methods of blood glucose monitoring such as SMBG 

is also hampered by a lack of standardization. For example, comparing accuracy between SMBG 

to CGM cannot be made easily because they are held to different standards of measure. As noted, 

an internationally defined standard of measure (ISO 15197:2013) established by the International 

Organization for Standardization is in place for SMBG; while MARD is the unofficial standard of 

measure against which CGMs are compared.59 

Early CGM devices from in the 2000’s, prior to MARD rating, had an error rate of ±20%.169 In 

2021, devices such as the Dexcom G6 and Abbott Freestyle Libre reported MARD values of 

9.9%170 and 9.2%171 respectively within the diabetic study populations. Approval documents from 

the U.S. Food and Drug Administration (FDA) do not require a MARD performance rating but 

instead specify accuracy ranges at specific blood glucose levels, summarized in Table 2.172 

Table 2. FDA required CGM sensor accuracy at specified blood glucose ranges 

Blood Glucose Range Performance Range ± Minimum Acceptable 

Accuracy 

 

 

All readings ±20% 

over entire range 

must exceed 87% 

< 3.9 mmol∙L-1 15% 80% 

 40% 98% 

3.9-10 mmol∙L-1 15% 70% 

 40%  99% 

> 10 mmol∙L-1 15% 80% 

 40% 99% 

 

The National Institute of Clinical Excellence, responsible for assessment of safety and efficacy of 

medical devices in Europe, does not have a robust set of guidelines or published criteria for 

approval of CGM devices. Therefore, a comparison of FDA to European reference values cannot 

be made. This, and other shortcomings in the assessment of CGM accuracy guidelines in Europe, 

were comprehensively laid out in a review by Pemberton et al.173 Existing devices will retain pre-

2022 approval status but will be met with increased scrutiny in subsequent years as new guidelines 

and approval polices are implemented. These changes in legislation leave doubt on future approval 

of new and existing devices when proposed changes are enacted. 
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4.4 Summary of Limitations and Concerns 

Generalized limitations of CGM exist with a varying degree of relevance due to the rapidly 

changing capabilities of sensor technology which has outpaced peer-reviewed research. For 

example, concerns of sensor convenience, cost54, calibration54,65,66, and data accessibility54, are far 

less relevant today. On the other hand, the issue of accuracy54,66, which is multi-factorial and 

includes both physiological and technological variables persists, but the gaps reported in prior 

research have been narrowed.174 Additionally, new concerns such as the lack of data analysis 

standards54 and medication interactions65 have emerged.  

4.4.1 Volatility of ISF and Lag 

A proposed concern is the reliability and accuracy of glucose readings taken from ISF due to 

frequent changes in factors that affect glucose sensor reliability: pH level, physiological lag time 

of glucose changes from blood to ISF, and lower concentrations of glucose in ISF that blood.50–52 

Lag time can be separated in two categories: physiological and technical. Glucose concentrations 

in the blood are not reflected immediately within the ISF and a delay or lag time for diffusion 

occurs that represents the basis for a physiological lag. A prototype sensor study conducted in 

2018, observed a 5–6-minute delay in glucose diffusion to the ISF and reflects a faster process 

than earlier predictions of 5-10 minutes.51 Technological lag is comprised of the various 

interferences associated with the hardware and software components of the sensor. These include 

but not are not limited to: software algorithms, electrode membranes, electrochemical interferences 

from biological substances within ISF, trauma from sensor insertion, and blood flow to the sensor 

application area.53 Early sensors were reported to have had a combined ~15 minute delay in 

interpreting interstitial glucose but advances in technology have supposedly reduced this gap 

within minutes.52,54 However, in 2019 Zaharieva et al.55 observed lag time to be 12±11 min during 

low to moderate intensity exercise (45-55% of VO2PEAK) using a new generation sensor (Dexcom 

G5). 

  



 

38 
 

4.4.2 Fluctuating Glucose Concentrations 

Additionally, the accuracy of CGM sensors has been questioned when concentrations of glucose 

change rapidly. In one study by Pleus et al.56 the accuracy of two second generation sensors were 

tested in a non-exercise setting: a commercial Dexcom G4 sensor and an experimental unnamed 

device. These authors observed that the accuracy of the older generation sensor (G4), as measured 

by MARD, was negatively affected by rapid rates of glucose changes (< 0.2 mmol∙L-1∙min-1 and > 

0.2 mmol∙L-1∙min-1); yet the newer generation device was far less impacted (G4 24.9% and 29.6% 

vs unnamed experimental 10.6 and 16.3%; respectively).The study concluded that newer CGM 

technology may overcome accuracy concerns in the presence of rapidly changing glucose levels.56 

However, despite the evidence of improved accuracy during rapidly changing glucose levels in 

non-exercise conditions using an experimental sensor, newer generation commercial devices 

continue to show inconsistency during exercise. In another study, Zaharieva and colleagues, 

utilizing the Dexcom G5 sensors, also observed MARD was impacted negatively (6-22%) with 

significant errors during rapidly rising and declining glucose levels over prolonged exercise.55 

4.4.3 Impact of Hypoglycemia on CGM Accuracy 

An observed weakness of CGM devices is accuracy during episodes of hypoglycemia related to a 

combination of lag time, low glucose concentrations, and rapidly changing glucose levels.56  

Clinically significant non-diabetic hypoglycemia occurs at rest or during exercise and is indicated 

by glucose concentrations of < 3.0 mmol∙L-1.67,68
  Symptoms include rapid heart rate, sweating, 

anxiety, irritability, confusion, dizziness, and decreased exercise performance.175,176 Typically 

during exercise, mechanisms of increased hepatic gluconeogenesis and glycogenolysis as well as 

elevated fatty acid contribution to energy needs offers protection against hypoglycemic 

episodes.177 These mechanisms are often sufficient to maintain blood glucose in sports lasting up 

to 90 minutes;177 however, prolonged endurance exercise can overwhelm compensatory 

mechanisms as energy needs exceed both available muscle glycogen and glucose stores. 

Moser and Eckstein et al. reported a low rate of accuracy (MARD = 31.6%) when hypoglycemia 

occurred during exercise in 16 Type 1 diabetic participants who were provided a pre-exercise CHO 

meal of 1 g/kg bodyweight 45 minutes before moderate intensity cycling.57 Similarly Aberer et 

al.58 tested three CGM devices (Freestyle libre, Dexcom G4, Medtronic 640G) in Type 1 diabetic 
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participants under controlled conditions of daily activity, mealtimes, and 60 min of exercise, over 

12 hours. In non-healthy participants, all devices experienced the highest MARD levels during 

low levels of blood glucose < 3.9 mmol∙L-1. 

4.4.4 CGM Accuracy at Rest vs Exercise  

A collection of studies has focused on the comparison of CGM accuracy at rest and during exercise 

in diabetic and non-diabetic populations.55,57,59–63 Consensus among them is that MARD worsens 

during exercise when compared to rest. In a comprehensive review of 54 studies on CGM accuracy 

from 2006-2020, Fabra et al. 64 reported a wide range of accuracy (ΔMARD -4.4 to 18.1%) when 

comparing glucose data at rest (MARD = 13.3 ± 3.22%) to exercise (MARD 17.5 ± 5.88%). The 

high variability in glucose reporting from rest to exercise and the generally observed reduction in 

accuracy during exercise has been attributed to the previously outlined mechanisms of rapidly 

changing glucose concentrations as well as factors associated with interstitial fluid volatility. 

It is worth noting that limited CGM accuracy studies in healthy populations exist. In 2022, 

Clavel178 studied eight healthy athletes using the Freestyle Libre sensor during interval and short 

low-intensity running. Their findings are in agreement with the existing literature using diabetic 

participants: 1) the CGM was unable to detect hypoglycemia as indicated by fingerstick capillary 

glucose; and 2) the accuracy decreased significantly when exogenous CHO was consumed 2-hours 

before activity at 1 g/kg bodyweight. During exercise, MARD was 16.2% after CHO ingestion as 

compared to 9.4% after meal, 7.1% before exercise, and 10.1% after exercise.178 Interestingly, in 

2020, Guillot179 indicated that the accuracy of 6th generation technology (Dexcom G6) was not 

“significantly impacted during aerobic, resistance, or HIIT exercise” in 25 Type 1 diabetic adults 

for 50-60 minutes exercise; yet MARD reported from start to end (summarized in Table 3), 

reflected a trend for decreased accuracy over time for all exercise modalities. The author also 

observed a tendency for the sensor to underestimate glucose at most time points.179 
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Table 3. Summary of %MARD G6 during exercise - Guillott 2020179 

Exercise Minutes 0’ 50' 60' 

 
   

Aerobic MARD 10% - 14% 

 
   

Resistance MARD 9% - 15% 

 
   

HIIT MARD 17% 12% - 

MARD: Mean absolute relative difference 

 

4.4.5 Drug Interactions 

Drug and supplement interactions pose an interesting category for accuracy concerns. Mian et al.65 

summarized a list of substances with known interactions affecting the accuracy of some CGM 

sensors due to their interference with certain types of enzymatic reactions used on sensor filament 

to detect glucose within the ISF. The most common and relevant to a healthy athletic population 

are ibuprofen, acetaminophen, and Vitamin C.65 

4.4.6 Accuracy of CGM Across Sensor Lifespan  

Recently, Tsoukas et al.180 assessed the accuracy of the Abbot FreeStyle Libre, which has a 

lifespan of 14 days, in 14 Type 1 diabetic non-athlete participants over 24 h in a closed research 

environment. Sensor accuracy was tested at 0-1 days, 5-7 days, and 13-14 days and compared to 

reference blood glucose values taken with a separate analyser. The MARD values for the sensor 

were least accurate on days 0-1 (14.5% and 11.2%), and days 13-14 (14.7% and 11.2%) with days 

5-7 being the most accurate and ranged from 6.6 to 7.8%. Based on the current evidence, with 

accuracy determined by MARD, there appears to be no predictable or consistent decline in 

accuracy as the device ages. Of note, only one study could be found reporting CGM sensor 

accuracy in non-diabetic athletes. Thomas et al.181 using a Medtronic Minimed subcutaneous CGM 

sensor found that sensor accuracy decayed over time during cycling in 10 sub-elite endurance 

athletes (7 male; 3 female). During cycling MARD was 11% at 30 minutes, while at 60-150 

minutes accuracy was decreased to 20%.181 This decrease indicates the potential accuracy concerns 

with use in prolonged endurance sport. However, this study used older technology and may not be 
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representative of newer generations of CGM sensors technology due to improvements in algorithm 

predictions and nanotechnology sensitivity. 

4.5 Challenges for Use in Sport 

While not life threatening to non-diabetic athletes, the data to date suggests that sensor accuracy 

may suffer in the presence of just one of these variables: high rates of glucose change, low glucose 

concentrations, prolonged use, and in the presence of commonly used NSAIDs or supplements.56,65 

These limitations foreshadow potential obstacles for use in both short duration and endurance 

sports that experience these situations frequently and in combination. Specific to ultra-running, 

characterized as extremely protracted, moderately intense exercise, with a high frequency of bolus 

CHO intakes, and high rate of change in available CHO stores, the confluence of many known 

variables known to impact CGM accuracy (Figure 3) indicates that it may be difficult to rely on 

CGM to inform fueling decisions. 

 

Figure 3. Variables affecting continuous glucose monitoring accuracy during running. 
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From a convenience perspective, a lack of wearable reader devices was an early obstacle to using 

CGM in the field. Accessing data from mobile phone devices was a prohibitive inconvenience. To 

solve this problem wearable wrist band and possible output to sport watches have been either 

proposed or brought to market; making it easier to view the glucose data during activity. Despite 

the ubiquity of Bluetooth™, however, the wireless connection between devices is not 100% 

reliable and this can directly impact data collection as well as software projections of glucose. 

Blocks of glucose data can be erroneous due to sensor error or be missing entirely for meaningful 

periods of time lasting 5-10 minutes. This issue was observed during a review of data from this 

PhD study following 12 adult regularly menstruating females during prolonged running while 

wearing the Abbot Libre Sense CGM sensor; whereby 25% of the data points at specified times 

were not captured. Additionally, it is noted that the sport sensors are self-calibrating with no 

SMBG verification requirements. In the event of a faulty sensor, a runner would be unaware of 

poor connectivity, missing data, and potentially make fueling decisions with an inaccurate 

representation of CGM-estimated blood glucose. 

4.6 Existing CGM Research in Ultra Running 

Existing research on the use of CGM in an ultra-running environment is limited to three studies. 

The first is an observational study by Ishihara et al.70 which collected glucose data from four males 

and three females during a 165 km ultra trail running event using the Freestyle Libre iCGM sensor. 

Three notable outcomes from this study were observed. First, that a significant correlation between 

higher CHO intake and higher sustained running pace existed, but no relationship was seen with 

higher glucose levels. Second, on average, runners maintained a blood glucose range between 4.0 

mmol∙L-1 to 14 mmol∙L-1 over 165 km. The lowest recorded glucose level during the event was 3.4 

mmol∙L-1 obtained from a male participant as compared to the lowest female measure of 4.4 

mmol∙L-1. Third, female running speed was less impacted by large changes in glycemic variability 

(difference between resting and highest blood glucose values). 

An additional observational study from 2021, Ishihara182 was limited to observing glucose 

collected via CGM and its comparison to researcher documented food intake in a single female 

ultra-runner over a multiday 438 km trail run. Nonetheless, some interesting occurrences were 

reported: 1) macronutrient type did not significantly impact glucose levels; 2) the runner avoided 

glucose below < 3.9 mmol∙L-1 for the duration of the event; and 3) running pace was correlated 
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with CHO intake. The authors acknowledged potential limitations of the CGM, specifically the 

sensors inability to detect low blood glucose events due to low accuracy as previously discussed. 

A third observational study, completed by Sengoku et al.183, of two male ultra-runners wearing 

iCGM during a 100-km ultra run, found that higher rates of exogenous CHO did not guarantee 

prevention of low glucose events of < 3.9 mmol∙L-1. Despite a higher total intake of energy and 

grams of CHO runner B (1,599 kcal, 366 g CHO) recorded a rapid decline in blood glucose (5.6 

mmol∙L-1 to < 3.3 mmol∙L-1) over the last 70 min of the event; whereas runner A (1,125 kcal. 249 

g CHO) remained normoglycemic.  

There are notable limitations for these three studies. Combined there are a total of 10 participants, 

none of the studies provided an experimental component or simultaneous methods of SMBG 

verification to confirm the accuracy of CGM glucose data during the event, and no controls for 

menstrual phase or hormonal contraception for female participants were implemented. 

4.7 Potential of CGM in Endurance Sport 

The application of CGM technology for sport performance is novel and the few proposed uses for 

enhanced performance remain untested. The most promising ideas appear to be focused on the 

optimization of CHO intake strategies: enhanced glycogen storage, improved timing of 

carbohydrate intake during exercise, individualized carbohydrate strategies, and reduced 

inflammation. 

4.7.1 Individualized Fueling Strategies 

It is well established that CHO intake improves sport performance.13,16,184,185 Additionally, the use 

of exogenous CHO during prolonged exercise is believed to enhance performance by preventing 

or delaying hypoglycemia;77,89 however, the ability for the human gut to tolerate CHO is limited 

by physiology as well as individual tolerance.11,14,77 In particular, GI distress related to CHO intake 

is a common occurrence during endurance events.19,20,22,186,187 To minimize the occurrence of GI 

issues, the CGM has been proposed to potentially inform a more strategic intake of CHO during 

exercise in lieu of following generic intake recommendations. 

Implementing daily nutritional approaches that ensure adequate energy availability (EA), 

expressed as energy intake (EI) minus exercise energy expenditure (EEE) divided by fat-free mass 
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(FFM), is also essential for sports performance. These strategies play a central role in minimizing 

the risk of low energy availability (LEA), a condition to which athletes are particularly 

susceptible.188,189 Characterized by an intake of less than 30 kcal/kg of FFM for four or more 

consecutive days in females,188 LEA is associated with detrimental effects on athletic performance. 

It has been asserted by Bowler et al.132 that CGM may have potential as a screening tool for LEA132 

based on observations of low blood glucose and more frequent excursions into hypoglycemia 

during times of low energy intake.190   

4.7.2 Enhanced recovery 

There are claims, based upon established interactions between chronic hyperglycemia and the 

activation of an inflammatory cascade involving cytokines, tumour necrosis factor-alpha, and 

interleukin-6 within the body, suggesting that information derived from CGMs may be useful to 

enhance sport recovery. The enhancement in recovery would be achieved by offering continuous 

insights into glucose levels, informing dietary interventions to reduce excessive glucose levels and 

subsequently minimizing the frequency of inflammatory events.191 The mechanism is a 

complicated positive feedback loop whereby glucose and hyperglycemia cause inflammatory 

responses, while inflammation causes increased glucose to be released into the bloodstream, thus 

perpetuating hyperglycemia. Ultimately, this feedback loop is controlled by the introduction of 

insulin and subsequent reduction in blood glucose.191 Of note, these observations are typically only 

associated with unhealthy populations or the critically ill; however, their extrapolation into athletes 

fueling with high sugar and CHO strategies or performing exhaustive endurance exercise are 

reasonable considerations for use of CGM as a performance aid. 

The implications of energy requirements on blood glucose control were observed by Thomas et 

al.181 in 10 healthy sub-elite male athletes over six days using CGM. It was originally hypothesized 

that hypoglycemia would be a frequent occurrence. However, their data suggested that adequate 

energy intake results in hyperglycemia with 4/10 subjects having blood glucose > 6.0 mmol∙L-1 

for 70% of the trials. Interestingly, they also attributed one participant’s frequent hypoglycemic 

episodes to inadequate energy intake. 

In a later study, Kulawiec et al.161 observed a persistence in elevated blood glucose during 

overnight periods for 3 days after a time trial to exhaustion in 8 of 10 participants using a CGM in 
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healthy sub-elite athletes that performed indoor cycling. These authors attributed the disruption in 

glucose control to the systemic inflammation resulting from exhaustive endurance exercise. Both 

studies lend credibility to the potential application of CGM in sport performance, as the sensors 

can provide continuous insight into glucose levels. This information could inform athletes and 

practitioners about the frequency and duration of inflammatory episodes, allowing for the 

implementation of appropriate training and nutrition interventions.  

4.8 Future Directions 

The potential of CGM to enhance endurance performance is unclear despite a robust set of features 

and capabilities. This lack of clarity is partly due to rapidly moving technology outpacing literature 

resulting in outdated assessments of accuracy and efficacy being the only source of evidence to 

inform new ideas. Additionally, the advances in technology have uncovered new concerns and 

potential use cases Unfortunately, existing research is extremely limited leaving gaps for general 

nutrition use as well as sport specificity. This dearth of information clearly reflects a need for more 

research using current generation technology in applied sports settings. 
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SECTION 5 

5.1 Summary of Literature 

Studies have estimated the energy costs of various ultra-endurance events, lasting a minimum of 

4-6 hours1,2 to range between approximately 9,000 to 18,0009,19,78–80 kcal for single day events. 

Nutrition guidelines aim to individualize macronutrient intakes to meet these energy demands. Of 

the micronutrients, CHO are the primary fuel source for sports, including ultra-endurance, but are 

limited to <3000 kcal of endogenous storage capacity.10,83 Therefore, nutrition strategies aim to 

extend endogenous muscle glycogen stores, enhance exogenous CHO intakes, and reduce 

instances of GI distress associated with high rates of CHO intake.  

An emerging strategy to enhance CHO fueling decisions is the monitoring of glucose levels in 

near-real time using CGM sensors. Due to technological advancements consumer-based wearable 

CGM devices have emerged allowing for continuous glucose monitoring over extended periods in 

outdoor environments offering the potential to inform CHO intake throughout the day and during 

ultra-endurance events. However, the reliability and validity of these devices in real-world sporting 

conditions are yet to be established.  

The assessment of emerging technologies such as CGM and the utilization of glucose as a metric 

for sports performance warrants thorough examination, particularly within sex-specific cohorts, 

taking into account the nuances of female physiology. More specifically, the influence of the 

menstrual cycle on glucose management remains understudied, especially in ultra-running 

environments. Additionally, concerns have been raised regarding the validity of data from existing 

studies due to poor study design and controls during the menstrual cycle. This issue may be 

attributed to the absence of a universally adopted structure for testing during different hormone 

phases, given the complexity of the menstrual cycle. 
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5.2 Study and Questions  

To address these gaps in knowledge, it is crucial to examine a subset of regularly menstruating, 

ultra-distance trained women in a prolonged testing environment. By doing so, we can strive to 

find answers to the unanswered questions regarding the performance of female athletes in ultra-

distance events: 

A) Does CGM reliably report blood glucose during a 4-hour simulated ultra run? 

B) How does menstrual phase impact blood glucose fasted and fed during a 4-hour simulated 

ultra run? 

C) Is energy metabolism different between menstrual phases at the end of a 4-hour simulated 

ultra run? 

5.3 Aim of Study 

Current literature suggests that the fluctuating levels of estrogen and progesterone throughout the 

menstrual cycle can influence energy metabolism during rest and exercise, favouring fat oxidation 

over carbohydrates. This metabolic difference between males and females, driven by estrogen's 

decrease of liver glucose production, has been reported to be mitigated when exogenous 

carbohydrates are provided via a lessening of estrogen’s hepatic glycogen sparing effects. 

However, there is a lack of research on energy metabolism during the luteal phase and comparisons 

between menstrual cycle phases among females themselves. Additionally, the importance of blood 

glucose levels in performance has gained attention, but validation of tracking methods and 

guidelines for exercise are lacking. Criticism of existing female performance research 

methodologies also raises questions about fueling strategies. Thus, further investigation is needed 

to understand the impact of menstrual phase on blood glucose, interactions between menstrual 

phase and blood glucose with carbohydrate intake, energy metabolism during prolonged endurance 

exercise, and the reliability of continuous glucose monitors in female athletes.
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Part 3 PhD Study 

SECTION 6 

6.1 Menstrual Cycle Tracking in Sports Research: Challenges, Progress, and Future 

Directions Manuscript 1 - published 

Dole A, Beaven M, Sims ST. Menstrual Cycle Tracking in Sports Research: Challenges, 

Progress, and Future Directions. Physiologia. 2023; 3(4):598-610. 

https://doi.org/10.3390/physiologia3040044 

6.2 Abstract:  

The roles of 17β estradiol (E2) and progesterone, the primary female sex hormones, are pivotal in 

regulating various aspects of metabolism. E2 influences food intake, energy expenditure, adipose 

tissue distribution, and insulin sensitivity across multiple tissues. Meanwhile, progesterone 

impacts energy expenditure, electrolyte balance, amino acid oxidation, muscle protein synthesis, 

and glucose metabolism. The interactions between these hormones affect macronutrient 

utilization, both at rest and during exercise. Acknowledging the need to incorporate sex hormone 

perturbations in research, this paper explores the current landscape of study design and menstrual 

cycle tracking for female-specific sport research. It emphasizes the importance of standardization 

in terminology, hormone phases, reference values, and affordable hormone detection methods to 

advance our understanding of how the menstrual cycle influences female athletes. 

6.3 Introduction 

The primary female sex hormones are 17B estradiol (E2), the predominant endogenous estrogen 

in humans, and progesterone. E2 actions in hypothalamic nuclei differentially control food intake, 

energy expenditure, and white adipose tissue distribution.118,192–194 E2 actions in skeletal muscle, 

liver, adipose tissue, and immune cells are involved in insulin sensitivity as well as prevention of 

lipid accumulation and inflammation.194–197 E2 actions in pancreatic islet β-cells also regulate 

insulin secretion, nutrient homeostasis, and survival.118,198,199 Less is known about the specific 

mechanisms whereby progesterone exerts its metabolic influences; however, direct effects on 

energy expenditure through a progesterone-mediated increases in metabolic rate have been 

observed.42,200,201 Additionally, progesterone alters serum electrolyte balance through 

https://doi.org/10.3390/physiologia3040044
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progesterone-mediated increases in aldosterone,202–205 functions catabolically to increase amino 

acid oxidation and decreases muscle protein synthesis,206–209 and affects glucose metabolism 

through the upregulation of the facilitated diffusion glucose transporter 1 (GLUT1) to increase 

endometrial glycolytic metabolism, attenuating skeletal and hepatic glycolytic pathways.26,40,41,210 

Consequently, both hormones exert agonistic and antagonistic effects on metabolism and nutrient 

needs whereby the ratios and levels of E2 and progesterone affect the proportions of 

macronutrients used as fuel, not only at rest but also during exercise.122 

Therefore, to effectively conduct research in pre-menopausal eumenorrheic female athletes, the 

perturbation of the sex hormones should be included in the methodology.211,212 Yet due to the 

historical perspective and dogma around scientific design, as well as sociocultural discrepancies 

around funding, leadership positions, and the overall gender-data gap, female-specific research has 

not been performed or has not been executed well. Specifically, in sport and biomedical research, 

only 6% of human performance research focuses on women, often with methodology applied 

through the male lens, with female participation and outcomes investigated post-hoc.213,214 

Early research using female participants, intentionally or unintentionally, often neglected to 

account for the effect of fluctuating hormone profiles (E2 and progesterone)215 over the course of 

the menstrual cycle (MC) on exercise or substrate metabolism.29,30,37,216–221 Sport performance 

studies would include females with males regardless of the female's MC phase or combine 

eumenorrheic participants with hormonal contraceptive users.216,222 In instances where MC phase 

validation was attempted, the method(s) such as: counting cycle days, luteinising hormone testing, 

and body temperature, in retrospect, may potentially have been inadequate when used as the only 

method of verification.  

A better awareness of the female hormone profile throughout the MC and greater participation in 

high performance sports 223 has driven an emphasis to better understand how the menstrual phase 

influences biological females during exercise. As a result, an attempt to develop improved research 

methods for female athletes, including validation and standardization of menstrual cycle tracking 

224, has followed. The purpose of this review is to evaluate the current practices and obstacles of 

menstrual cycle tracking in sports research. 
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6.4 The Menstrual Cycle 

The menstrual cycle (MC) and its systemic effect on the body is a crucial area for research as it 

has been found that women frequently experience different adaptations and stress responses to 

their male counterparts.225,226 For eumenorrheic women, the MC is characterized by fluctuations 

in several hormones, most notably the gonadal steroids, E2 and progesterone, and can be 

partitioned into the following six phases: early follicular, late follicular ovulation, early luteal, 

mid-luteal and late luteal phases. Throughout each phase, fluctuations in hormones trigger not only 

changes in the reproductive system, but also across a range of tissues throughout the body, which 

can have a direct effect on stress resilience, metabolism, and adaptations.227 As a brief review, the 

length of a normal menstrual cycle is 21 to 40 days.228 However, the length of a complete MC is 

not consistent. Its duration can be shortened or lengthened by a variety of factors such as: energy 

balance, diet, exercise, disease state, pregnancy, stress, hormonal contraceptives, hormone 

therapies, and medication. The first half of the MC is comprised of the menstrual and follicular 

phases during which time E2 levels are low (early follicular/menstrual) then rise (mid follicular), 

and peak (late follicular), ending with the periovulatory phase in which follicular-stimulating 

hormone and luteinizing hormone reach peak concentrations. After ovulation, the second half of 

the cycle is comprised of the early luteal (during which time E2 level drops and then rises while 

progesterone rises), the mid-luteal (during which time E2 and progesterone levels peak), and 

finally, the late luteal phase (during which time E2 and progesterone levels fall). These cyclic 

hormone changes can affect several physical and psychological attributes and may ultimately 

influence sports performance, although the effects are highly individual.227,229,230 

6.5 Female Hormone Impact on Sport Physiology 

A complete review of endogenous hormonal effects on female physiology is beyond the scope of 

this article. Comprehensive reviews on the full scope of endogenous hormone effects are 

available.231,232 However, their effect on key aspects of sport physiology is the primary assertion 

for menstrual cycle tracking and phase verification when conducting sport research in female 

participants. 

Unfortunately, existing research in female applied sport and exercise sciences has often neglected 

to address the status of ovarian hormones on observed outcomes. These shortcomings are rooted 
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in insufficient methodologies that fail to consider the impact of hormone fluctuations across 

distinct phases of the menstrual cycle. Such oversights can include but are not limited to, the 

inclusion of participants based solely on the presence of a regularly occurring menstrual cycle, 

failure to document the menstrual phase, use of only one method of menstrual phase verification, 

and failing to control for participants with menstrual dysfunction. To improve the quality of studies 

focused on female athletes it is important to acknowledge the impact ovarian hormones have on 

physiological function, as well as provide a reasonable framework for future study design within 

lab and applied settings. 

It has been suggested that most of the current research has been limited to comparisons of the 

distinct hormonal phases follicular (FOL) and luteal (LUT) without taking into consideration 

moments of peak hormone levels found in the late FOL and mid LUT phases.215 To improve the 

accuracy of study design, an optimal testing strategy consisting of repeated serum assessments of 

E2 and progesterone based on timings derived from LH hormone and calendar tracking has been 

proposed.233 Additionally, it is recommended that luteal phase testing take place 7-9 days post LH 

surge detection to capture adequate progesterone levels to ensure the exclusion of anovulatory 

participants.233 

The introduction of this framework provides a gold standard for testing, however, its 

implementation in many settings is problematic. Here we present a scoping review of existing 

phase verification techniques and their combined use to inform future methodologies in a wider 

variety of applied sporting environments. 

6.5.1 Energy Metabolism 

Energy metabolism during submaximal intensities when fasted is different between the sexes as 

evidenced by lower resting expiratory ratios (RER). Tarnopolsky and colleagues216 observed a 7% 

difference in mean RER between males and females (0.94 and 0.87 respectively) during 15 km of 

running at 65% of maximal aerobic capacity (VO2MAX). Similar were the observations of Carter 

and colleagues 37 during 90 minutes of cycling at 60% peak O2. These differences are attributed to 

E2’s possible upregulation of fat breakdown through alterations in hormone and enzyme levels 234. 

The exact mechanism is unknown; however, it is widely accepted that E2’s impact on liver 

function is directly responsible for females preferentially burning more fat (~7%) as a total 
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percentage of energy expenditure than males at submaximal intensities (40-70%) 

VO2MAX.30,37,117,216,218 Further distinctions in energy metabolism exist among just females across 

the MC phases as evidenced by greater carbohydrate (CHO) utilization (~25%) during fasted 

submaximal efforts in the FOLL phase.30,219,220,235 However, these differences in CHO oxidation 

between the phases do not appear to exist in a fed state and are negated when exogenous CHO is 

introduced.235 

Less clear is the role of progesterone on energy metabolism. Observations in the literature allude 

to inconsistencies in the role of progesterone in energy metabolism and how its influence is 

manifested singularly or in combination with E2.27,117 For example, Oosthuyse et al.122 asserted, 

citing rat model studies, that E2 co-administered with progesterone suppressed the availability of 

glucose impacted substrate metabolism during exercise. This observation was duplicated in human 

studies by Hackney and Devries who reported that muscle glycogen utilization was lower during 

exercise in the LUT phase despite progesterone dominance in the hormone profile.30,219 In contrast, 

D’Eon et al.27 demonstrated via exogenous hormone manipulation in exercising females that high 

levels progesterone added to a high E2 environment reversed the glycogen sparing effect of E2, 

which may have resulted from the differences in hormone ratios created236 and/or the influence of 

synthetic exogenous hormones acting differently than naturally occurring endogenous forms. 

While differences between male and female energy metabolism are well documented, a collection 

of studies shows no differences in energy metabolism between the MC phases. Casazza 2004 and 

Suh 2002 reported similar RER values in the FOL and LUT phases during submaximal 45 and 

65% VO2MAX efforts. These reports independently concluded that substrate utilization is less 

determined by ovarian hormone profiles over the MC and is affected to a greater extent by exercise 

intensity and CHO availability.237,238 Similarly, a comprehensive review of substrate metabolism 

by Boisseau et al.239 in 2021 reached a consensus that most studies do not detect a difference in 

energy metabolism between the menstrual phases; however, they did question the study 

environments from which the current literature is based. Specifically, the authors of the review 

asserted that the literature was potentially biased to high-intensity efforts that negate fat oxidation 

benefits found in mid-LUT phases during protracted sporting disciplines (ultra-endurance) 

performed predominantly below < 75% of VO2MAX.  
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6.5.2 Hydration and Fluid Balance 

Fluctuating levels of E2 and progesterone may exert an influence on the complex matrix of organ 

systems, hormone messengers, and neural triggers responsible for the management of fluid 

balance.240 The exact impact these hormones is yet to be elucidated. Early studies were unable to 

isolate E2 or progesterone to assess individual effects and relied upon oral contraceptives which 

provided hormone at levels 6-10-times that of regular endogenous production, but did observe 

lowered thirst stimulation and decreased osmotic threshold of the free water regulating hormone 

arginine vasopressin when E2 was administered.241 More recent studies utilizing gonadotropin-

releasing hormone (GnRH) to manipulate hormone profiles have allowed MC sex hormones to be 

observed in isolation.241 The results of these studies on fluid compartment distribution at rest 

indicate that plasma volume is increased with E2 and decreased by progesterone241 through oncotic 

(protein colloid concentrations) and hydrostatic (fluid diffusion via pressure gradients) regulatory 

mechanisms.242,243 These mechanisms result in shifts of fluid between the intravascular and 

interstitial ECF compartments, but not an overall volume increase. These hormonally-driven fluid 

shifts may be superseded by fluid balance mechanisms associated with exercise that drive fluid 

out of intravascular spaces into working muscle.244 Interestingly, repeated observations by 

Stachenfeld et al. indicate MC hormones have only a small effect on total body water.241,245 

Not all studies detected changes in fluid balance. A blood lactate study conducted by McCracken, 

Ainsworth, and Hackney in 1994 indirectly observed no differences in hematocrit between mid-

follicular and mid-luteal phases among nine eumenorrheic physically active females exercising 

between 20-60% VO2MAX during a continuous incremental  treadmill challenge to exhaustion.246 

These data would indicate no significant changes in plasma volume associated with hormone 

profile and agrees with a larger review by Rodriguez-Giustiniani, Rodriguez-Sanchez, & 

Galloway.247 More controlled testing and comparisons between distinct phases of the MC, such as 

late FOL phase where plasma volume is elevated,248 may be warranted due to the changing 

concentrations of protein colloids between phases and their relationship in human fluid 

dynamics.249,250 

Since most of the current sports hydration recommendations are derived from male studies, these 

hormonal influences may be relevant in a sport setting because women tend to have lower plasma 

volume, less extracellular fluid, and lower levels of absolute body water when compared to men.251 
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6.5.3 Menstrual Phase Terminology 

As illustrated earlier, leaders in the field of female research agree that verifying MC phase is 

critical to study design and the interpretation of results.211,212,252 This verification becomes 

especially relevant when attempting to compare differences between the phases in any 

experimental study. One potential barrier to research lies in the varying interpretations of the 

distinctly different hormonal profiles by researchers. For example, three to six phases have been 

used by various authors to differentiate distinct hormone profiles of the MC, Table 4. When 

compared, various phase nomenclatures can encompass one or more of the suggested hormone 

profiles causing inconsistencies in reporting and confusion in the literature, Figure 4. 

Table 4. Menstrual phase terminology & alignment 

   Alignment Days to Phase 

Three Phase Four Phase Six Phase Days Days 

Early Follicular Early Follicular Early Follicular 1-5 2-7 

     

Late Follicular Late Follicular Late Follicular 6-12 9-13 

     

  Ovulation 13-15  

  
  

 

  Early Luteal 16-19  

  
   

Mid Luteal Mid Luteal Mid Luteal 20-23 18-24 

     

 Late Luteal Late Luteal 24-28  

note: based on 28 day "average" cycle 
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Figure 4. Diagram of the different menstrual cycle phases found in the literature and overlaid with corresponding 

ovarian hormone levels.  Adapted from McNulty et al.253. *212 ; **207 ; ***253. Early Follicular (EF); Late Follicular 

(LF); Early Luteal (EL); Mid Luteal (ML); Late Luteal (LL); Luteinizing Hormone (LH). 

 

Low hormone or high hormone characterizations are also commonly used to differentiate the 

phases of the menstrual cycle. In comparative studies, these low and high phases are most often 

the target windows for study protocols as they represent the most noticeable differences in 

hormone profiles. Early FOL is associated with low E2 and P4 “low phase” while mid-LUT 

exhibits high E2 and P4 “high phase”.211,233 More recently, Elliot-Sale and colleagues deviated 

from the conventional utilization of FOL and LUT for describing the menstrual cycle. Their aim 

was to move away from what the author characterizes as frequently ambiguous, wherein the phases 

are connected to indistinct or undefined ovarian steroid profiles. Instead, they recognized discrete 

phases within the menstrual cycle that correspond to average concentrations of E2 and P, 

designating these phases as 1-4.211 

Alignment of specific MC phases to set days in a 28-day period of time is unlikely in the real 

world. This is partly due to the variability of the MC across individuals. Two extensive studies, 

observing 1060 and 612,613 total cycles respectively both concluded that the average MC lasts a 

total of 28 days. Furthermore, they identified the follicular phase to be the most volatile phase and 

responsible for the high degree of MC variability.228,254 The average length of the FOL phase was 

16.5 ± 3.4 and 16.9 ± 5.3 respectively as compared to LUT 12.4 ± 2 and 12.4 ± 2.4.228,254 In both 
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studies, the majority of all cycles were reported to last between 22-36 (28.9 ± 3.9) 228 or 25-30 

(29.3 ± 5.2) 254 days in length. 

It should also be noted that ovarian hormone concentrations also display high levels of inter-

individual variability within each distinct phase. Dam and colleagues collected serum hormone 

levels in 40 females (n=10 contraceptive users; n=30 eumenorrheic) across six phases of the 

menstrual cycle. The median and interquartile data for E2 and P4 illustrate the considerable inter-

individual differences in hormone levels within each distinct phase, Figure 5.255 Similar to the 

variation of hormone levels across the MC is the variability among individuals for which no clear 

set of reference value has been established at each phase of the MC for specific study populations 

such as athletes who may have different hormone profiles than the average female. This variability 

is indicated by observations of De Souza et al. that P4 values are lower and LUT phase length 

shorter in female runners when compared to sedentary populations.256 

 

Figure 5. Median and interquartile levels for estrogen and progesterone across six phase menstrual cycle.255. Early 

Follicular (EF); Mid Follicular (MF); Late Follicular (LF); Early Luteal (EL); Mid Luteal (ML); Late Luteal 

(LL); Progesterone (P); Estrogen (E). Log-10 applied to y-axis and demonstrates a sinusoidal wave pattern.  

 

6.6 Methodologies Past & Present 

The impact of the MC on sport performance is unclear. Inconsistencies in testing methodology, 

specifically MC phase verification, may be contributing to the lack of clarity.224 Methods of 

validation can be divided into two group types (hormone profile or point of ovulation), providing 

a spectrum of effectiveness and practicality summarized in Table 5.   
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Table 5. Summary of Menstrual Cycle Verification Methods 

Method Verifies 
Data  

Collected 
Process Accuracy Limitations Benefits 

Point of 

Ovulation       

Cervical Mucus 
Point of 

ovulation 

changes in 

vaginal mucus 

consistency 

physical 

inspection of 

fluids 

48–76%  

moderate 

wide range of  

accuracy 

low cost, no expertise 

required, may benefit 

from pairing with 

BBT 

Counting Days 
Point of 

ovulation 

start and end 

of menses 

record keeping, 

estimation 

low to moderate  

18–59% 

excludes  

anovulatory  

cycles, human  

error in recall 

free, convenient 

access, benefits from 

pairing with 

additional methods 

Menstrual Cycle 

Tracking Apps 

Point of 

ovulation 

start and end 

of menses 

record keeping, 

predictive 

algorithm 

low 21% 

no secondary 

verification used 

for markers of 

ovulation 

free, convenient 

access, may benefit 

from pairing with 

additional methods 

Ultrasonography 
Point of 

ovulation 

tracks growth 

of follicles in 

ovary 

transvaginal  

ultrasound 

high 80% 

(gold standard) 

5–6 scans over 3–

8 days, 

expensive, high 

level of expertise 

required, costly 

equipment 

high level of  

accuracy 

Basal Body 

Temperature 

End of 

ovulation/start 

of LUT phase 

changes in 

resting body 

temperature 

daily recording 

of oral, vaginal 

or rectal body 

temperature 

low 22% 

low accuracy in 

detecting 

ovulation window 

low cost, may benefit 

from pairing with 

additional methods 

Salivary Ferning 
Point of 

ovulation 
saliva 

viewing of 

crystalized 

saliva patterns 

moderate  

42–53% 

requires 

equipment, 

moderate 

accuracy 

low cost may benefit 

from pairing with 

additional methods 

Urinary 

Luteinizing 

Hormone 

Point of 

ovulation 

LH levels 

from urine 

urine applied to 

test strips 

high 80%  

based on 100%  

correlation with  

Ultrasonography 

excludes LUT 

deficiency 

disorders, false 

positives 

low cost, convenient, 

no technical 

expertise, reliably 

with high accuracy 

Hormone       

Serum 

Progesterone 
hormone level 

serum 

Progesterone 
blood draw high 89%  

(gold standard) 

cost, expertise, 

infection risk in 

field 

high accuracy 

Key: basal body temperature BBT; Luteal LUT, Luteinizing Hormone LH 
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6.6.1 Hormone Profile Validation 

Venous hormone verification, the measure of blood serum E2 and progesterone, omits any 

predictive element and is the gold standard for determining hormone status by providing an exact 

snapshot in time.233,257 Reference levels of E2 and progesterone have been established for phases 

of the MC in a recent study by Stricker et al.258 yet no consensus exists on minimum values for 

inclusion.224 A wide range for the minimum level of progesterone (2-16 nmol/L) has been 

recommended to properly exclude menstrual abnormalities such as LPD or anovulation.233 

6.6.2 Point of Ovulation Validation 

In contrast, point of ovulation methods (PO) require some form of prediction or estimation by 

counting forwards of backwards from ovulation. Different methods of PO provide varying levels 

of accuracy, but all are subject to the variability of phase length. 

6.6.3 Follicular Monitoring 

The use of ultrasound to track the development of follicle size is a direct method of follicular 

monitoring, and with 80% accuracy is considered the gold standard of detection of ovulation.259–

262 

6.6.4 Salivary Ferning 

Crystallization of NaCl in dried saliva occurs during the ovulation period creating a distinct pattern 

referred to as “ferning”. This pattern is created by the increase in E2 and directly mirrors ferning 

found with cervical smears. Less invasive and readily available, saliva samples present a low-cost 

detection method for ovulation but does require the use of a microscope.263 An overall accuracy of 

42-53% indicates the need to pair with a secondary method.260 

6.6.5 Counting Days 

Establishes Day One of the MC and the beginning of the FOL phase with the appearance of 

bleeding. It retrospectively indicates the end of a MC with the start of the following cycle’s menses. 

Relies upon estimation to determine intra-phase lengths. Useful tool for determining total cycle 

length but varies widely in accuracy precluding the prediction of ovulation 18-59%.233,257 
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6.6.6 Menstrual Cycle Tracking Apps  

Most applications only provide a window of fertility with large variability between applications 

(4-12 days) and do predict an exact ovulation date. As expected, the probability of ovulation 

occurring in the fertility window increased with window length. Those applications providing 

ovulation dates did so at an accuracy of 21% or less.264 

6.6.7 Basal Body Temperature (BBT) 

A temperature increase of 0.3 °C can occur during the LUT phase but does not happen in all 

females.233 This rise in temperature can be used to determine the end of ovulation/fertility window; 

however, menstrual irregularity can lower the accuracy of body temperature changes.260 Additional 

confounding factors such as alcohol, stress, and climate can also influence BBT.260 Low cost with 

no technical expertise required this method of PO is widely used. However, it is not viewed by all 

as a reliable predictor of ovulation with a reported 22% rate of accuracy.265 

6.6.8 Urinary Luteinizing Hormone (LH) 

LH is a glycoprotein hormone that increases in the blood serum 35-44 hours prior to ovulation 

with peak levels occurring 10-12 h prior to ovulation..260 It can be measured in urine with low-cost 

strips, has high usability outside lab environments, and requires no technical knowledge. This 

method is highly accurate at predicting ovulation within a 48-hour window;266 however, there is 

potential for a LH surge to be detected without ovulation in infertile women.267 Described as “the 

most validated method for estimating ovulation”268 it has demonstrated 100% congruence with 

ultrasonography, the gold standard.269 

6.6.9 Cervical Mucus 

Cervical mucus can be used to determine ovulation with a 48.3-75.9% accuracy.260 This technique 

involves the visual and tactile inspection of secreted vaginal fluid, from the lower part of the uterus, 

for consistency and color changes that occur near ovulation in response to changing levels of E2. 

Most notably the rise in E2 before ovulation stimulates peak-type mucus characterized as clear, 

stretchy, and slippery indicating a strong probability of successful ovulation.270 
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6.6.10 Combined Methods 

Due to the variability of hormonal profiles across the female lifespan, no current single detection 

method, except for serum hormone testing, is adequate to verify where in the MC a female lies.211 

Due to the cost of serum hormone testing, strategies to minimize blood draws have been 

introduced. Schaumberg et al.224 have suggested a validation method for the “high hormone” mid-

LUT phase with a reported accuracy of 90% in normally menstruating, physically active females. 

This method utilized three different validation modalities. First, calendar tracking was 

implemented for three months to establish menstrual patterning i.e., average total MC length from 

which a day counting strategy could be structured. Second, LH hormone testing for seven 

consecutive days was completed using urinary strips to establish ovulation, which was 

approximated at two days after the LH surge. The mid-LUT phase was then estimated to start 6-8 

days after ovulation. Third, a venous serum hormone assay was taken 6-12 days post confirmed 

LH surge. The Mid-LUT phase was validated through P4 serum levels of > 6 ng/ml to exclude 

luteal phase deficiency.224 

Various studies have utilized combined methods of menstrual tracking which did not employ 

serum hormone testing as part of the protocol. Specific to research in female sports, De Jonge et 

al. compiled a comprehensive list of these studies showing basal body temperature, urinary 

ovulation kits, and calendar-based counting as the most common.233 Rogan and Black, while 

researching dietary intakes across the MC, similarly found several female studies verifying MC 

phase through a combination of methods that did include hormone testing.271 Both groups of 

authors, in line with others,211,257 concluded that the absence of serum hormone testing allowed for 

the inclusion of study participants with deficient levels of P4 in the luteal phase which could skew 

results. 
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6.7 Obstacles to Phase Validation 

Repeated venous blood sampling of endogenous E2 and progesterone, the costliest approach, 

appears to be the only method of pin-pointing the exact hormone profile of female study 

participants and at this time, it is also the only method that can be used independently. Therefore, 

the implementation of multiple repeated PO validation methods is required to limit the required 

blood draws as validated by Schaumberg;224 however, this method still requires costly serum 

hormone testing.  

Testing procedures aside, existing inconsistencies in phase terminology can confuse study design 

and data comparisons across studies. Elliot-Sale and colleagues have recommended moving away 

from debating phase nomenclature to focus on the adoption of specific time points that represent 

hormone profiles that can be reliably studied and compared.211 With the obvious variability of MC, 

particularly the early follicular phase length, it would seem prudent to focus on stability where it 

exists. Recent work by Francis et al.236 alludes to such windows of hormone stability, identified 

as the late follicular, early luteal, and late luteal, which may provide optimal study opportunities. 

Briefly, the MC would be divided into two primary phases (FOL and LUT, differentiated by the 

signature LH peak and comprised of three or more distinct hormone profiles characterized by 

physiologically relevant hormone levels with relative stability. However, it's important to note that 

the phases with more consistent lengths don't correspond to the periods of highest or lowest 

hormone levels, nor do they include the phases where the difference between hormones E2 and 

progesterone is most pronounced. These phases, like the late follicular and mid-luteal phases, are 

the ones that may possess the most physiological significance. 

Furthermore, beyond the > 6 ng/ml criteria for progesterone used to confirm ovulation 224, there is 

an absence of similar relevant sports physiology reference values for E2 and P4 among the general 

population or sport-specific cohorts. This gap or lack of comprehensive benchmarks hinders the 

understanding of what hormone levels impart an influence on sports physiology. Additionally, as 

women experience physiological changes linked to training, the consequent effects on hormone 

levels remain challenging to monitor consistently across time without baseline reference values. 
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6.8 Future of Menstrual Cycle Tracking 

Identification of gaps in study design and validation methodologies within the existing body of 

female performance research highlights the need for standardization. Further research would 

benefit from the creation of universal terminology as well as: standardization of distinct hormone 

phases, the establishment of hormone reference values, and the creation of low-cost, point-of-care 

detection devices for E2 and progesterone which would greatly improve the validity of MC phase 

comparisons. A possible solution may come from a combination of Francis et al. 236 summary of 

hormone phase stability and the phase classification system presented by Elliot-Sale and 

colleagues.211 This additional structure could help researchers navigate the variability within an 

individual’s entire MC as well as intra-phase durations. Until that time arrives, the requirement for 

ongoing female-focused research remains crucial. Thoughtfully constructed experiments that 

uphold rigorous population controls and inclusion/exclusion parameters, while utilizing a variety 

and/or combination of predictive outcome techniques such as basal body temperature tracking, 

urine LH strips, and calendar monitoring, ought to be acknowledged, especially in field studies: 

an area lacking adequate representation in the literature. However, it is advisable to approach their 

findings with consideration. 
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SECTION 7 

7.1 Continuous Glucose Monitor Underreports Blood Glucose During a Simulated 

Ultra Endurance Run in Eumenorrheic Female Runners – Manuscript 2 

Authors: Andrew Dole, Stacy Sims, Han Gan, Nic Gill, Martyn Beaven 

Currently in second round of review with the International Journal of Sports Physiology and 

Performance 

7.2 Abstract 

Purpose: Continuous glucose monitoring sensors (CGM) provide near real-time glucose data and 

have been introduced commercially as a tool to inform nutrition decisions. The aim of this study 

was to explore how factors such as menstrual phase, extended running duration, and carbohydrates 

affect CGM outcomes among trained eumenorrheic females in an outdoor simulated ultra-

endurance running event. Methods: Twelve experienced female ultra-runners (age 39 ± 6 y) 

participated in this cross-over study. Participants completed an ultra-endurance simulation run of 

4 hours in the mid-follicular (FOL) and mid-luteal phases (LUT) of their menstrual cycle which 

consisted of a 3-hour fasted outdoor run (FASTED) followed by a one-hour treadmill run 

(TREAD) where three standardized 20 g oral glucose doses were provided. Results: Using a mixed 

linear model, menstrual phase was statistically significant for differences in glucose measurements 

from CGM as compared to capillary glucose during TREAD (p = 0.02) but not FASTED. 

Additionally, the CGM sensor reported glucose levels an average of -0.43 mmol·L-1 (95% CI -

0.86, -0.005) and -1.02 mmol·L-1 (95% CI -1.63, -0.42) lower in fasted and fed scenarios 

respectively when compared to capillary glucose. Bland Altman plots displayed a discernible trend 

in the reduction of CGM underreporting as glucose values increased when compared to capillary 

samples during the FOL phases of FASTED -0.37 mmol·L-1 (95% CI -0.70, -0.04) and TREAD -

1.0 mmol·L-1 (95% CI -1.32, -0.58). Conversely, during LUT, the trend for the CGM to 

underreport as compared to capillary worsened when glucose concentration increased in FASTED 

-0.58 mmol·L-1 (95% CI -0.95, -0.22) and TREAD -1.05 mmol·L-1 (95% CI -1.41, -0.68).  

Conclusion: Athletes and practitioners should be aware of these accentuated differences in CGM 

glucose data when used as a tool to inform nutrition interventions during UE running. 
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7.3 Introduction 

Ultra-endurance (UE) events are defined as events lasting a minimum of 4-6 h and up to several 

consecutive days.1,2 The energy demands of these events, estimated between 8,000-18,000 

kcal/day, rely on the utilization of endogenous stores of fat, protein, and crucially, 

carbohydrates.9,19,78,80 Stored as glycogen in the liver and muscles, carbohydrate plays a critical 

role in sustaining performance by providing ATP to working muscles and mitigating fatigue.13,43 

However, the limited capacity of these endogenous stores of glycogen, estimated to be 500 g.10 

becomes a significant concern during prolonged exercise where muscle glycogen depletion can 

lead to performance decline and dependence on exogenous carbohydrate sources.94 To minimize 

performance decline, athletes adhere to exogenous carbohydrate intake recommendations of 30-

90 g⸳h-1 during ultra-endurance events,13 emphasizing the importance of managing carbohydrate 

availability, avoiding low blood glucose “hypoglycemia”,10 and supports the emerging interest in 

continuous glucose monitor (CGM) as an endurance performance tool to monitor and manage 

glucose. 

The importance of glucose management, beyond the avoidance of hypoglycemic levels, in athletic 

performance is poorly understood. There are six identified issues precluding implementation of 

therapeutic norms in healthy athletes. First, there is no definition of what day-to-day glucose 

control “normoglycemia” should look like.141 Second, no parameters exist for normative glucose 

ranges during physical activity. Third, a clear consensus on how transient episodes of 

hyperglycemia impact performance during exercise has not been made. Fourth, minimal evidence 

connects glucose ranges to aspects of performance, refueling, or recovery.161 Fifth, few insights 

are available into the variability of glucose during real-world performance scenarios among males 

or females. Finally, the primary methods of glucose tracking, capillary glucose and the rapid 

glucometer monitoring of the glucose oxidase reaction in interstitial fluid (ISF), both have 

limitations. For example, continuous capillary monitoring is impractical in an applied setting. 

While CGM, initially developed for diabetes management, now offers near real-time glucose data 

24/7 in intervals of 1–5-minutes for up to 14 days in a commercially available format,65,132 it faces 

challenges in accuracy, particularly during exercise. The use of ISF for monitoring glucose has 

drawbacks, primarily due to a physiological lag time of about 5-6 minutes51,52 between ISF and 

blood glucose levels, caused by fluid diffusion from capillaries into interstitial spaces.55,163 
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Additionally, there is a technological lag related to the sensor's detection capabilities and software 

algorithms. Additionally, when compared to blood the wide variation of pH within ISF, which can 

affect the accuracy of glucose detection, is a potential concern.50 

Prior studies have indicated a decrease in CGM accuracy during physical activity55,57,59–63 

determining that the mean absolute relative difference (%MARD) is significantly worse during 

exercise when compared to rest. A comprehensive review by Fabra et al.64, on CGM accuracy 

from 2006-2020, identified a wide range of accuracy (%MARD from -4.4 to 18.1%) at rest 

compared to exercise agreeing with the consensus of individual studies of the reduced accuracy 

attributed to rapidly changing glucose concentrations and ISF volatility. Of the few CGM accuracy 

studies in athletes, there is consistent agreement that the accuracy of CGM decreases for episodes 

of hypoglycemia178 and deteriorates over time.179 

Furthermore, the influence of ovarian hormones, estrogen (E2) and progesterone (P4), on blood 

glucose across the menstrual cycle during prolonged endurance has yet to be elucidated despite 

well-known influences on carbohydrate metabolism. For example, E2 has been observed to 

promote glucose uptake into type I fibers26, while simultaneously reducing uptake of glucose into 

the bloodstream.27 Conversely, P4 appears to reverse E2’s suppression of muscle glucose oxidation 

during submaximal exercise27 as well as complement E2’s glucose-sparing effect in the liver.39 

The lack of clarity in mechanisms may be due to the historical gender-data gap in female-specific 

sport and biomedical research with only 6% of human performance research conducted on women 

and often completed with methodology applied through the male lens and/or with female 

participation and outcomes investigated post-hoc.213,214 

The existing body of CGM research in endurance sports, specifically UE, is limited and lacks well-

controlled studies involving females. One observational study by Ishihara et al.70 examined blood 

glucose levels in seven participants (female 3; male 4) during a 165 km ultra trail run, found no 

correlation between running speed and the highest blood glucose levels. However, the large ranges 

of glucose variability impacted female running speed less than males (r2 = 0.01, p = 0.60; r2 = 0.11, 

p = 0.01 respectively).70 Another case study by the same researchers182 focused on a single female 

ultra endurance runner during a 438 km trail run and observed that running pace had no relationship 

with glucose level or glucose variability. Notably, these observational field-based studies 

conducted in real-time race situations collectively included only eight participants (4-female; 4-
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male) and did not verify CGM data accuracy with a secondary method. Additionally, there was no 

reporting of menstrual cycle or hormonal contraceptive use of the female participants; influences 

of which have yet to be elucidated on exercise metabolism and may or may not have an impact on 

energy metabolism during exercise, as suggested by previous studies.26,28,33,39,211,272 

Therefore, the objective of this study was to simulate an ultra-endurance run and explore how 

variables such as menstrual phase, extended running duration, and carbohydrate intake may 

influence CGM in real-world situations. Additionally, this research may to offer insights for 

potential applications of CGM technology in endurance sports performance and for a better 

understanding of female physiology during long-duration exercise in fasted and exogenously 

supplemented states. 

7.4 Methods 

7.4.1 Experimental Design 

A randomized, cross-over design with participants acting as their own control across menstrual 

cycle phases was used during an ultra-marathon simulation consisting of a standardized outdoor 

3-hour fasted depletion run (FASTED) followed by a 60-minute treadmill run (TREAD) with 

standardized exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 

35, and 50 minutes). Participants completed the run protocols (FASTED and TREAD) once during 

the mid-follicular (4-8 days after the start of menses) and mid-luteal (5-8 days post ovulation) 

phases of the menstrual cycle. Ethics approval was obtained from the University of Waikato’s 

Human Research and Ethics Committee (HREC(Health)2021#73). Written informed consent was 

obtained from each participant. Recruitment and data collection occurred from December 2021 

through November 2022. 
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7.4.2 Participants 

Eighteen recreational female ultra-endurance runners, recruited from endurance sports clubs 

located in New Zealand, agreed to participate in this study. Six were excluded from the initial 

sample group due to injury or disruptions in hormone profile (pregnancy; hormone therapy). 

Twelve participants were included in the data analysis unless otherwise specified (mean ± (SD), 

age: 39.3 ± 6.3 y, height: 165.3 ± 5.6 cm, body mass: 62 ± 8.0 kg, VO2MAX: 45.9 ± 5.1 

mL·kg−1·min−1).  

An electronic questionnaire was administered to all participants to screen for established inclusion 

criteria: 1) eumenorrheic experiencing regular cycles (28-40 d), 2) not using hormonal 

contraception for at least 12 months except for Mirena IUDs implanted for a minimum of 9 months, 

3) at least one year of ultra-endurance experience, 4) and no current injuries that would impact 

performance. Additional exclusion criteria included 1) a history of cardiovascular, renal, or 

metabolic disease, 2) insulin or glycemic disorders, 3) the use of any exogenous hormones, or 4) 

confirmed anovulatory cycles. 

7.4.3 Hormone Control 

Prior to familiarization, participants were required to provide photo documentation to the lead 

researcher of menstrual tracking for three consecutive cycles using a commercial mobile menstrual 

tracking application (Garmin Connect, Olathe, KS, USA; FITRwoman, Encino, CA, USA; 

Wild.AI, San Francisco, CA, USA). In-home urine ovulation test strip predictor kits (Pregmate, 

Fort Lauderdale, FL USA) were then used to detect a luteinizing hormone surge, confirm ovulatory 

function for two consecutive months, and establish consistency in calendar tracking of MC length. 

Participants were instructed to begin strip testing for seven consecutive days prior to their predicted 

ovulation. A count forward method was used to predict the early follicular (days 4-8 from the start 

of menses) and mid-luteal phases (days 5-8 post-ovulation) for testing. 
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7.4.4 Metabolic Data 

Respiratory exchange ratio (RER) was obtained during the treadmill portions of the run protocol 

using a TrueOne 2400 metabolic cart (Parvo Medics, Salt Lake City, UT USA). A mouthpiece and 

nose covering were worn by participants to collect expired gases for most of the time trial; being 

removed for carbohydrate and fluid intake which was recorded and time-stamped for data 

collection integrity. Heart rate was obtained using a telemetry system (Polar Electro, Inc., Lake 

Success, NY, USA). Fingerstick capillary blood glucose (Capillary) samples were taken using a 

CareSens lancing device, lancets, and testing strips (i-SENS Global, Gordon NSW, AU) three 

times during the 3-h depletion run: prior to start, after 90 minutes of exercise, and at the completion 

of the three-hour fasted run. During the 1-h treadmill run, capillary samples were taken just before 

start, and then at 10-min intervals (7-time points; Figure 6). Continuous glucose was measured 

during the entire 4-h run protocol at 1-min intervals using the Abbott Libre Sense continuous 

glucose monitor (Abbott Laboratories, Abbott Park, IL USA) worn on the back of the upper arm 

for a minimum of 24 hours and a maximum of 13 days before run protocol testing. Interstitial 

glucose data was collected by the CGM via a thin, flexible amperometric sensor filament inserted 

subcutaneously. The stored data from the CGM was uploaded by pairing the sensor to a mobile 

device which wirelessly transmitted to cloud-based storage and was retrieved onto PC using the 

cloud-based coach dashboard features (Supersapiens, Atlanta, GA USA). When necessary, glucose 

in mg·dL-1 was converted to mmol·L-1 by multiplying by 0.0555. 
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Figure 6. Schematic of study design. 

7.4.5 Familiarization 

Participants reported to the laboratory to complete VO2MAX testing, receive study instructions, and 

familiarize participants with testing procedures/equipment. An instructional video and walk-

through of the continuous glucose sensor (CGM) application were provided. Depletion run 

instructions and outdoor route were reviewed. A combination ramp and graded VO2MAX test 

protocol was conducted on a motorized treadmill with a stiffness of 365 kN·m-1 (Steelflex PT10 

Fitness, Steelflex Fitness, Taipei, Taiwan) with the collection of pulmonary gas exchange using a 

TrueOne 2400 metabolic cart273. Each participant was instructed to begin with a self-paced 5-min 

warm-up. Following warm-up, the testing began with an initial stage running on a 0% grade at 8.5 

km·h-1 for two minutes. This stage was followed by increases in speed of 1.4 km·h-1 every 30 

seconds until 14.1 km·h-1 was reached. After 30 seconds at 14.1 km·h-1 the grade was increased 

from 0% to 2% for two minutes followed by a 2% increase in grade every two minutes to volitional 

exhaustion. Maximum effort was determined when both conditions were met: 1) failure to continue 

test and 2) respiratory exchange ratio (RER) > 1.1. 
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7.4.6 Outdoor Depletion Run 

Participants were instructed to apply the CGM sensor 24-48 h before their scheduled run day, 

arrive at the lab in a fasted state of 8 hours, and have avoided caffeine, alcohol, and strenuous 

activity for 24 hours preceding the run. Upon arriving at the lab on the morning of the (FASTED) 

protocol, a urine sample was taken and urine specific gravity was measured using a hand-held 

refractometer (Atago CO LTD, Tokyo Japan). Body weight was documented using a Wedderburn 

WM202 patient scale (Wedderburn, Ingleburn, NSW, Australia). Capillary glucose was recorded 

immediately (< 1 min) before the start of the depletion run. Participants ran at a self-selected pace 

along a pre-determined, two loop, outdoor route, chosen to simulate an ultra-endurance run course 

for 3-hours. Starting from the laboratory participants ran a flat 2.6 km stretch to the offroad course 

where they directly began the first loop of 2.65 km consisting of 133 m of elevation gain/loss 

followed by the second loop of 3.47 km and 48 m of elevation gain/loss. These loops were repeated 

for three consecutive hours. Participants checked in with the researcher at an aid station located 

along the route after the completion of each loop to receive, ad libitum, a standardized non-caloric 

electrolyte solution containing 600 mg sodium (Na+) and 100 mg K potassium (K+) per Litre. 

Participants were instructed to drink no other fluids than those provided by the researcher and to 

eat nothing during the duration of the depletion run. Intake of all fluid was measured and 

documented. Capillary glucose was recorded two additional times at 90- and 180-minutes (Figure 

6). Upon completion of the depletion run, a rest aid station was simulated where the runner was 

allowed to sit and hydrate while being driven back to the lab to begin the 1-h treadmill trial. The 

average transition time from the depletion run's end to the treadmill trial's start was 10 ± 3 min. 

Run data (distance, elevation, pace) was tracked using a runner-provided watch with global 

positioning (GPS) and documented with screenshots of Strava (Strava, San Francisco, CA, USA) 

or Garmin Connect (Garmin Connect, Olathe, KS, USA) mobile applications. Outdoor runs were 

completed between 4 a.m. and 12 noon to minimize variations in weather and temperature (13.5 ± 

6.6 °C). 
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7.4.7 Indoor Treadmill Trial 

Following FASTED and brief transition described above, participants were instructed to run at a 

self-selected pace for an additional 60 minutes on the motorized treadmill at 0% grade while 

having expiratory gases and heart rate continuously monitored with a TrueOne 2400 metabolic 

cart in a temperature-controlled environment (19 °C). Blood glucose was taken via capillary seven 

times, starting at 0 minutes and again every 10 minutes until completion. A 20 g bolus of glucose 

was provided at three time points (15, 35 and 50 minutes; Figure 6). A standardized non-caloric 

electrolyte solution containing 600 mg Na and 100 mg K per Litre was provided ad libitum with 

intakes recorded. Interruptions to the expiratory gas collection were time stamped. 

7.4.8 Statistical Analysis 

A linear mixed model was fit, using RStudio statistical package, with the difference between CGM 

and Fingerstick (Difference = CGM – capillary blood) measurements as the response variable and 

Time, Person, and Phase as explanatory variables, where Person was a random effect. Data was 

then separated into two different scenarios and modelled independently: one for the first 3 hours 

of the depletion phase (FASTED), and a second model for the final hour (TREAD). Data are 

presented as estimated coefficient averages and were checked for normality using a normal 

probability chart. A marginal fitted equation of the coefficients, provided in supplementary 

materials, was used to determine additional effects of time at each time point in both FASTED and 

TREAD. Blood glucose from the CGM sensor was compared to capillary blood samples using 

Bland-Altman plots for visual inspection of bias and precision. 

Marginal Fitted Equation:  

Glucose at time point = Average Overall Coefficient + Time X 

Depletion (FASTED) Phase 

The linear mixed model for the FASTED run was fit with Phase nested in Person and including 

interaction terms. As a result of menstrual phase being statistically insignificant, the final model 

included only Time and Person as fixed and random effects, respectively. Time was used as a 

categorical variable as there are limited levels in the first three hours. 
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Treadmill (TREAD) Phase 

The TREAD linear mixed model was fit to examine the relationship between blood glucose levels 

and various explanatory variables. The response variable was blood glucose level, Time was 

measured every 10 minutes and was fit as a categorical main effect, Phase was fit as a categorical 

main effect, and the effect of each Person was fit as a random effect, which included interaction 

terms with Phase. In addition to this model, as normality of the residuals was not met, we fit a 

model with the same explanatory terms using the log transformation of the response variables. 

Time, Person, and Phase were included as explanatory variables, with Person treated as a random 

effect. One participant was excluded from this analysis due to equipment failure. 

7.5 Results 

Blood glucose levels, reported by the Abbott Libre Sense CGM, were on average -0.43 mmol⸳L-1 

(p = 0.048, 95% CI -0.86, -0.005 mmol·L-1) lower than the corresponding capillary measurements 

taken at the three time points (0, 90,180 min) over the FASTED run in regularly menstruating 

females in both phases of the menstrual cycle (Figure 7 and Figure 8). An effect of the individual 

Person was significant (p = 0.043) for the differences between CGM and capillary samples during 

the FASTED run, as was Time (p < 0.01). The extra effect of Time between average difference of 

CGM and capillary glucose (-0.43) at the specific time points was -0.52 mmol·L-1 (0 min), -0.018 

mmol·L-1 (90 min), and -0.755 mmol·L-1 (180 min), (Figure 7 and Figure 8).  

During TREAD, the CGM sensor reported glucose levels on average -1.02 mmol·L-1 (p = 0.004, 

95% CI -1.63, -0.42) lower than the matching time-stamped capillary samples taken every ten 

minutes in both phases of the menstrual cycle (Figure 2 and Figure 3). Only at 10 min was the 

extra effect of time (-0.18 mmol·L-1) significantly different (p = < 0.01) than the average difference 

(-1.02) between CGM and capillary samples. The influence of Phase was statistically significant 

for the differences in glucose measurements between CGM and capillary only during TREAD (p 

= 0.02).  

Parity of glucose values from CGM and capillary samples were also assessed using Bland-Altman 

plots (Figures 4 - 7). The tendency of the CGM to underreport was visually displayed, showing 

similar bias (95% LoA) in FOL and LUT phases during FASTED of -0.37 mmol·L-1 (1.36 to -2.10 

mmol·L-1) and -0.58 mmol·L-1 (1.29 to -2.45 mmol·L-1), respectively. A bias (95% LoA) of -1.0 
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mmol·L-1 in TREAD was observed for FOL (1.75 to -3.65) and LUT (-1.76 to -3.86). When CGM 

and capillary glucose data were combined for FASTED and TREAD the following biases (95% 

LoA) emerged -0.48 mmol·L-1 (-2.27 to 1.32) and -1.08 mmol·L-1 (-4.24 to 2.09), respectively. 

Differences in glucose across the menstrual cycle were observed but the scope of discussion lies 

beyond the purpose and narrative of this study aimed at exploring the use of CGM as a valid tool 

in ultra-running across the menstrual cycle. A summary of results for run data and glucose 

comparisons across the menstrual cycle are provided as supplementary materials. 

 

Figure 7. Comparison of the estimated means of blood glucose from continuous glucose monitor (CGM) to 

capillary during follicular phase. FASTED, a standardized outdoor 3-hour fasted depletion run. TREAD, a 60-

minute treadmill run with standardized exogenous glucose supplementation (20 g oral glucose intervention provided 

at 10, 35, and 50 minutes). Values are means ± SD. * Statistically significant differences (p < .05) in glucose 

between CGM and capillary methods using individual paired t-tests at specific time points. 

  

Figure 8. Comparison of the estimated means (mean ± SD) of blood glucose from continuous glucose monitor 

(CGM) to capillary during luteal phase. FASTED, a standardized outdoor 3-hour fasted depletion run. TREAD, a 

60-minute treadmill run with standardized exogenous glucose supplementation (20 g oral glucose intervention 
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provided at 10, 35, and 50 minutes). Values are means ± SD. * Statistically significant differences (p < .05) in 

glucose between CGM and capillary methods using individual paired t-tests at specific time points. 

 

During TREAD, the CGM sensor reported glucose levels on average -1.02 mmol·L-1 (p = 0.004, 

95% CI -1.63, -0.42) lower than the matching time-stamped capillary samples taken every ten 

minutes in both phases of the menstrual cycle (Figure 7 and Figure 8). Only at 10 min was the 

extra effect of time (-0.18 mmol·L-1) significantly different (p = < 0.01) than the average difference 

(-1.02) between CGM and capillary samples. The influence of Phase was statistically significant 

for the differences in glucose measurements between CGM and capillary only during TREAD (p 

= 0.02).  

Parity of glucose values from CGM and capillary samples were also assessed using Bland-Altman 

plots. The tendency of the CGM to underreport was visually displayed, showing similar bias (95% 

LoA) in FOL and LUT phases during FASTED of -0.37 mmol·L-1 (1.36 to -2.10 mmol·L-1) and -

0.58 mmol·L-1 (1.29 to -2.45 mmol·L-1), respectively (Figure 9). A bias (95% LoA) of -1.0 

mmol·L-1 in TREAD was observed for FOL (1.75 to -3.65) and LUT (-1.76 to -3.86), (Figure 10). 

When CGM and capillary glucose data were combined for FASTED and TREAD the following 

biases (95% LoA) emerged -0.48 mmol·L-1 (-2.27 to 1.32) and -1.08 mmol·L-1 (-4.24 to 2.09), 

respectively, (Figure 11 and Figure 12). 

 

Figure 9. Comparison of reference capillary blood glucose to continuous glucose monitor (CGM) using Bland-

Altman during FASTED protocol. Displayed as 95% levels of agreement (95% LoA). A) Follicular phase -0.37 

mmol·L-1 (1.36 to -2.10 mmol·L-1). B) Luteal phase -0.58 mmol·L-1 (1.29 to -2.45 mmol·L-1). FASTED: a 

standardized outdoor 3-hour fasted depletion run. 
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Figure 10. Comparison of reference capillary blood glucose to continuous glucose monitor (CGM) using Bland-

Altman during TREAD protocol. Displayed as 95% levels of agreement (95% LoA). A) Follicular phase -1.0 

mmol·L-1 (1.75 to -3.65 mmol·L-1). B) Luteal phase -1.0 mmol·L-1 (-1.76 to -3.86 mmol·L-1). TREAD: a 60-

minute treadmill run with standardized exogenous glucose supplementation (20 g oral glucose intervention provided 

at 10, 35, and 50 minutes). 

 

 

Figure 11. Comparison of combined follicular and luteal phase capillary blood glucose to continuous glucose 

monitor (CGM) using Bland-Altman during FASTED protocol. Displayed as 95% levels of agreement (95% LoA) -

0.48 mmol·L-1 (-2.27 to 1.32 mmol·L-1). FASTED: a standardized outdoor 3-hour fasted depletion run. 
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Figure 12. Comparison of combined follicular and luteal phase capillary blood glucose to continuous glucose 

monitor (CGM) using Bland-Altman during TREAD protocol. Displayed as 95% levels of agreement (95% LoA) -

1.08 mmol·L-1 (-4.24 to 2.09 mmol·L-1). TREAD: a 60-minute treadmill run with standardized exogenous glucose 

supplementation (20 g oral glucose intervention provided at 10, 35, and 50 minutes). 

 

7.6 Discussion 

This study examined the influence of menstrual phase, prolonged running, and carbohydrate 

intakes on glucose and investigated the validity of CGM as a reliable tool for assessing glucose 

during fasted and glucose supplemented exercise. Specifically, data from this study demonstrated 

that on average, the CGM reports glucose levels lower than capillary glucose during a 3-hour 

fasted run by -0.43 mmol·L-1 with a variability between CGM and capillary blood glucose of -0.86 

to -0.005 mmol·L-1. With the 20 g of oral glucose (administered to the participants at three different 

times points during the fourth hour of running) the CGM sensor continued to report lower glucose 

levels by an average of -1.02 mmol·L-1 as compared to capillary glucose sampled concurrently. 

Variability between CGM and capillary blood glucose was -1.63 to -0.42 mmol·L-1 during the 

TREAD run. These findings concur with previous studies showing that CGM accuracy can be 

negatively impacted by rapidly changing glucose levels.56 An additional effect of time was 

observed on CGM, as compared to capillary blood glucose, at 180 min (-0.755 mmol·L-1) during 

the FASTED run.  
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The accentuated differences of glucose levels from CGM and a tendency towards reduced accuracy 

over time have previously been observed by Guillot et al. in exercising adults with type 1 diabetes 

using a similar generation of sensor.179 Novel to the present study was the observation that 

menstrual cycle influenced the relationship between CGM and capillary glucose data. On average, 

whether fasted or provided supplemental CHO, as glucose levels increased in the FOL phase the 

tendency of CGM to report lower glucose levels lessened and moved closer to capillary samples. 

This would concur with previous studies expressing CGM accuracy concerns during times of low 

blood sugar levels.56,58 The opposite was observed in the LUT phase as the trend in CGM values 

moved away from capillary samples as glucose increased. The magnitude of the tendency for CGM 

to move away from capillary was greater when fasted and less pronounced in the presence of 

exogenous CHO (Figure 9 and Figure 10), which is surprising and in contrast with previous 

observations of this study and others.56 It is possible that the larger glucose sample size in TREAD 

(n = 77) explains the less dramatic shift than was observed during FASTED (n = 33). When glucose 

data from capillary blood glucose and CGM are combined from both phases (FOL + LUT) during 

FASTED and TREAD (Figure 11 and Figure 12) the glucose trends observed in the FOL phase 

to move closer to capillary glucose samples at higher glucose concentrations become diminished 

in FASTED and unrecognizable in TREAD. This may indicate that CGM validity data presented 

in female populations without consideration of menstrual phase may be inconsistent and flawed. 

Also, the need for CGM sensor algorithms used to calculate glucose from ISF may potentially 

need tuning or calibration for specific female populations. 

In the current study, the individual but not menstrual phase emerged as a statistically significant 

influence for why CGM glucose data was different than capillary measurements (p = 0.043), in 

FASTED. This observation may be attributed to a combination of inherent, yet undefined, 

biological differences among individuals and implies that glucose data from CGM seems to vary 

by person during fasted exercise. Differences of insulin action in muscle and liver among 

individuals during prolonged submaximal exercise274 may influence ISF levels in subcutaneous 

tissue which could impact ISF glucose concentrations. Varying levels of adiposity, either whole 

body or at sensor application site, may also explain the tendency for individual differences in 

glucose values.275 Lastly, other glucose modulating hormones such as insulin, cortisol and 

epinephrine associated with exercise276 may affect glucose diffusion across the ISF compartment. 
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During TREAD, Phase nested with Person was a significant contributor to the differences between 

glucose values from CGM and capillary blood glucose. This observation demonstrates that 

menstrual phase may also influence CGM measurements, the extent of the difference will vary 

from person to person, and that the influence is dependent on the availability of carbohydrates. A 

possible explanation for this observation could be multifactorial and include: 1) the variation of 

ovarian hormone ratios E2 and P4 between individuals at any given time point in the menstrual 

cycle258 and 2) the cyclic nature of glucose throughout the menstrual cycle characterized by lower 

daily levels of glucose in the mid FOL phase due to elevated E2 and subsequent elevated daily 

glucose levels in the ovulatory and luteal phases when E2 is lower.277 The exact mechanisms 

behind a hormonal influence of glucose in the ISF glucose compartment is unclear, however 

ovarian hormones may contribute to the difference between CGM and capillary glucose indirectly 

through actions associated with the metabolic rates of surrounding organ systems, interactions with 

insulin, glucose uptakes275 and brain mediated insulin sensitivity processes across the menstrual 

cycle.278 

In addition to the hypothesized biological differences and ovarian hormonal influences that may 

contribute to the differences between CGM and capillary glucose measures, there is potential for 

high training loads, independent of energy balance, to lower glucose levels during exercise, 

particularly when the athlete is overreached.279,280 This proposed alteration in CHO metabolism 

associated with impaired mitochondrial function could affect the concentration of glucose within 

ISF impacting the reliability of glucose data from CGM. Considering the high training volumes of 

ultra-endurance athletes and the variations in annual training plans among the study participants, 

it is plausible that some of the discrepancies in glucose measurements between CGM and capillary 

measurements can be attributed to the variability of individual training loads prior to testing.  

Caution is required when interpreting this data due to unanswered questions when trying to 

disseminate glucose data healthy athletes. Primarily, there are no established parameters for 

glucose ranges during physical activity and a lack of consensus on how transient episodes of 

hyperglycemia impact performance during exercise. There is also minimal empirical support 

linking a specific range of glucose exceeding 3.0 mmol·L-1, which is considered clinically 

significant and indicative of symptomatic hypoglycemia67,68 in healthy individuals, to aspects of 

performance refueling or recovery.161 The confounding nature of glucose on endurance 
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performance is evidenced in the findings of 70 who observed a positive correlation (p = 0.002) 

between higher running speeds and low to average overall changes in glucose from pre-race resting 

levels in men but not women (male 4; female 3), using CGM during a 160-km ultra-marathon. 

Concurrently, these authors observed no association between running speed and the highest levels 

of glucose. Perhaps, the most interesting observation made was the negative impact large changes 

in blood glucose variability (difference between highest and lowest glucose values from resting) 

had on running speed for male runners (p = 0.04) but not females (p = 0.6). This sex difference 

could be partly attributed to the lesser-understood physiological differences in females, such as 

intramyocellular lipid density and gene expressions highlighted by Devries et al.128 and Maher et 

al.281 Specifically, women have increased concentrations of the enzymes associated with long and 

medium chain fatty acid oxidation as well as increased intramuscular lipid in contact with 

mitochondria that may infer a performance benefit during prolonged endurance exercise.  

The present study and previous research by Ishihara and colleagues70 may imply that sexual 

dimorphisms exist in how glucose is managed during endurance sport and may also indicate that 

glucose and its variability can play a role in guiding nutritional strategies during endurance 

exercise. Future studies in larger populations to assess the impact of glucose variability in females 

during endurance exercise is indicated. Moreover, as evidenced previously,70 the importance of 

CGM accuracy during non-fasted exercise to report absolute glucose levels may be less important 

than its ability to reliably report changes in glucose variability if it is to be used as a performance 

tool. Collectively, this data suggests that the CGM device used in the current study may not 

presently offer an accurate depiction of blood glucose levels during ultra-endurance running in 

either the fasted or fed state and advise this be a consideration when using CGM to inform nutrition 

strategies for endurance sport. 

A limitation of this research includes the small sample size. Like numerous longitudinal 

intervention studies, limitations related to participant selection criteria and attrition rates were 

encountered. The primary challenge lay in identifying and retaining a cohort of eumenorrheic 

ultra-running athletes over an extended period. We do note, however, that the final sample size 

exceeded the entirety of all research in the area to date. As this was an applied, infield study, blood 

serum hormone testing was not feasible in the absence of low-cost detection methods; however, 

this study was thoughtfully constructed, upheld rigorous population controls and utilized a 
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combined method282 of menstrual cycle phase verification comprised of self-reported menstrual 

tracking and ovulation predictor urine dipsticks across three full menstrual cycles. Unfortunately, 

standardization of training load was unmanageable given the demands of the testing protocol, 

participant availability, and alignment of menstrual cycles. Standardization of diet prior to testing 

was limited to an 8-hour fast as well as controlled energy intakes when comparing exercise 

between phases. Lastly, limited resources prevented the use of multiple independent CGM sensors 

to collect multiple data sets simultaneously to assess inter-device reliability and any variability 

inherent to the sensor application site on the body. Future research could improve upon these 

limitations. 

Here, we report the first study to focus on and describe the glucose response across the menstrual 

cycle in a group of endurance-trained, eumenorrheic female athletes. Data from the present study 

demonstrated that the sport CGM device used in this study tends to, on average, underreport 

glucose levels by varying degrees during fasted and unfasted exercise when compared to capillary 

glucose. Furthermore, as glucose levels increased, during fasted or fed states, the tendency for the 

CGM to underreport lessened in the FOL phase but worsened in LUT. This study also 

demonstrated that individual physiological characteristics were significant for influencing glucose 

measurements of the CGM when compared to capillary glucose values during fasted and CHO 

supplemented ultra-endurance running. Of note, menstrual phase emerged as an influence on the 

glucose measures of the CGM, but only when exogenous CHO was available and not during fasted 

prolonged running. The extent of this difference between CGM and capillary measurements 

between menstrual phases was similarly dependent on differences of the individual, which may 

include ovarian hormone ratios, brain insulin sensitivity fluctuations or other glucose modulating 

hormones such as insulin, cortisol and epinephrine. It is possible that a combination of these factors 

is contributing to glucose concentrations in the ISF and indicates another area of future research. 

Consequently, athletes and practitioners should be aware of these accentuated differences in CGM 

glucose data when used as a tool to inform nutrition interventions during UE running. The sensor 

could provide useful snapshots into glucose variability and general trends if calibrated to the 

individual, however the application of this data to sport performance requires additional study. The 

CGM device used in this study is factory calibrated; however, a reversion to user calibration maybe 

more appropriate for the female athlete population. Further research is indicated to understand the 

role of glucose variability as a metric in female endurance performance as well as the impact of 
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female biological diversity on the accuracy of CGM across the menstrual cycle in both fasted and 

in present of supplemented CHO. 

The present study and previous research by Ishihara and colleagues70 may imply that sexual 

dimorphisms exist in how glucose is managed during endurance sport and may also indicate that 

glucose and its variability can play a role in guiding nutritional strategies during endurance 

exercise. Future studies in larger populations to assess the impact of glucose variability in females 

during endurance exercise is indicated. Moreover, as evidenced previously,70 the importance of 

CGM accuracy during non-fasted exercise to report absolute glucose levels may be less important 

than its ability to reliably report changes in glucose variability if it is to be used as a performance 

tool. Collectively, this data suggests that the CGM device used in the current study may not 

presently offer an accurate depiction of glucose levels during UE running in either the fasted or 

fed state and advise this be a consideration when using CGM to inform nutrition strategies for 

endurance sport. 

A limitation of this research includes the small sample size. Like numerous longitudinal 

intervention studies, limitations related to participant selection criteria and attrition rates were 

encountered. The primary challenge lay in identifying and retaining a cohort of eumenorrheic 

ultra-running athletes over an extended period. We do note, however, that the final sample size 

exceeded the entirety of all research in the area to date. As this was an applied, in-field study, 

blood serum hormone testing was not feasible; however, menstrual cycle phase verification was 

confirmed with self-reported menstrual tracking and ovulation predictor urine dipsticks across 

three full menstrual cycles. Lastly, limited resources prevented the use of multiple independent 

CGM sensors to collect multiple data sets simultaneously to assess inter-device reliability and any 

variability inherent to the sensor application site on the body. Future research could improve upon 

these limitations. 

Here, we report the first study to focus on and describe the glucose response across the menstrual 

cycle in a group of endurance-trained, eumenorrheic female athletes. Data from the present study 

demonstrated that the sport CGM device used in this study tends to, on average, underreport 

glucose levels by varying degrees during fasted and unfasted exercise when compared to capillary 

glucose. Furthermore, as glucose levels increased, during fasted or fed states, the tendency for the 

CGM to underreport lessened in the FOL phase but worsened in LUT. This study also 



 

82 
 

demonstrated that individual physiological characteristics were significant for influencing glucose 

measurements of the CGM when compared to capillary glucose values during fasted and fed UE 

running. Of note, menstrual phase emerged as an influence on the glucose measures of the CGM, 

but only when exogenous CHO were available and not during fasted prolonged running. The extent 

of this difference between CGM and capillary measurements between menstrual phases was 

dependent on unknown biological differences of the individual. Consequently, athletes and 

practitioners should be aware of these accentuated differences in CGM glucose data when used as 

a tool to inform nutrition interventions during UE running. The sensor could provide useful 

snapshots into glucose variability and general trends if calibrated to the individual, however the 

application of this data to sport performance requires additional study. The CGM device used in 

this study is factory calibrated; however, a reversion to user calibration maybe more appropriate 

for the female athlete population. Further research is indicated to understand the role of glucose 

variability as a metric in female endurance performance as well as the impact of female biological 

diversity on the accuracy of CGM across the menstrual cycle in both fasted and fed states. 

7.7 Supplementary Materials 

 

Supplemental Table 1. Summary of mean glucose. 

  

 Phase Capillary (mmol) CGM (mmol)  
Protocol     

(FASTED) Follicular 5.38 ± 0.58  5.16 ± 0.95   

  
  

 

 Luteal 5.62 ± 0.77 5.44 ± 0.89   

 Δ LUT 0.24 0.28  

  
  

 

(TREAD) Follicular 6.16 ± 1.08 5.16 ± 1.09  

  
  

 

 Luteal 6.56 ± 1.27 5.54 ± 1.16  

  Δ LUT 0.4 0.38   

Continuous glucose monitor (CGM); TREAD: a 60-minute treadmill run with standardized exogenous glucose 

supplementation (20 g oral glucose intervention provided at 10, 35, and 50 minutes); FASTED: a standardized 

outdoor 3-hour fasted depletion run. Data presented as mean and SD. 
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Supplemental Table 2. Summary of run data across the menstrual cycle. 

Run Summary Unit FOL Phase LUT Phase 

 
   

Distance completed FASTED km 23.8 ± 2.6 23.82 ± 2.90 

 
   

Vertical ascent FASTED m 628.18 ± 75.82 629.09 ± 180.23 

 
   

Distance completed TREAD km 7.75 ± 1.23 7.93 ± 1.19 

 
   

TREAD %VO2MAX % 57 ± 3.99 57.5 ± 4.65 

 
   

Distance completed total (4hrs) km 31.59 ± 3.62 31.76 ± 3.82 

 
   

Energy Contribution (RER)    

 
   

Fat % 64.4 ± 0.09 63.4 ± 0.12 

 
   

Carbohydrate % 35.9 ± 0.09 36.9 ± 0.12 

 
   

Urine Specific Gravity (USG)    

USG after completed trial (4hrs) USG 1.018 1.017 

TREAD: a 60-minute treadmill run with standardized exogenous glucose supplementation (20 g oral glucose 

intervention provided at 10, 35, and 50 minutes); FASTED: a standardized outdoor 3-hour fasted depletion run. 

Respiratory exchange ratio (RER). USG: Urine specific gravity. Data presented as mean and SD. 
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Supplemental Table 3. Marginal fitted equation summary for differences between CGM and Fingerstick glucose 

during FASTED 

Term Coefficient (mmol/L) SE Coef DF T-Value P-Value 

      

Constant (mmol/L) -0.431 0.191 10.04 -2.256 0.048 

 
     

Time (minutes')      

 
     

0' -0.089 0.126 46.82 -0.706 0.483 

extra effect diff -0.52 (-0.432 + -0.089 = -0.52) 

 
     

90' 0.413 0.13 46.72 3.16 0.003 

extra effect diff -0.018 (0.431 + 0.413 = -0.018)  

 
     

180' -0.324 n/a n/a n/a n/a 

extra effect diff -0.755 (-0.431 + -0.324 = -0.755) 
FASTED: a standardized outdoor 3-hour fasted depletion run. Data presented as estimated mean. 
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Supplemental Table 4. Marginal fitted equation summary for differences between CGM and Fingerstick glucose 

during TREAD 

Term Coefficient SE Coef DF T-Value P-Value 

      

Constant (mmol/L) -1.02 0.271 9.99 -3.755 0.004 

      

Time (minutes')      

      

0' -0.021 0.152 108.61 -0.137 0.891 

extra effect diff -1.04     

      

10' 0.843 0.148 110.7 5.687 <0.01 

extra effect diff -0.18     

      

20' -0.248 0.156 108.76 -1.595 0.114 

extra effect diff -1.27     

      

30' -0.045 0.149 108.61 -0.298 0.766 

extra effect diff -1.06     

      

40' -0.059 0.149 108.65 -0.396 0.693 

extra effect diff -1.07     

      

50' -0.129 0.156 108.76 -0.825 0.411 

extra effect diff -1.15     

      

60' -0.341 n/a n/a n/a n/a 

extra effect diff -1.36         
TREAD: a 60-minute treadmill run with standardized exogenous glucose supplementation (20 g oral glucose 

intervention provided at 10, 35, and 50 minutes). Data presented as estimated mean. 
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SECTION 8 

8.1 Fueling in Flux: Glucose Responses and Menstrual Phase Interactions in Female 

Runners During a Simulated Ultra Run – Manuscript 3 

Authors: Andrew Dole, Stacy Sims, Martyn Beaven 

Under initial review with Journal of Sports Sciences 

8.2 Abstract 

Blood glucose, a key metric in endurance sports, is underexplored in its dynamic interplay with 

the menstrual cycle. This cross-over study aimed to investigate the influence of menstrual cycle 

phase on blood glucose while fasted and when provided exogenous carbohydrate during a 4-hour 

simulated ultra-endurance run in twelve, experienced, eumenorrheic, female ultra-runners (age 39 

± 6 y). Participants completed the protocol, which consisted of a 3-hour fasted outdoor run 

(FASTED) followed by a one-hour treadmill run (TREAD) where three standardized oral glucose 

doses were provided, in the mid-follicular (FOL) and mid-luteal phases (LUT). Median glucose 

was higher in the LUT (Capillary 0.25-0.29 mmol·L-1, CGM 0.38-0.4 mmol·L-1) when fasted or 

provided carbohydrate. Menstrual phase was significant for differences (0.46 mmol·L-1) in 

capillary glucose at 180 minutes of fasted running (p = 0.046). Incidence of glucose < 3.9 mmol·L-

1 was greater in FOL among specific individuals. This is the first study to show that glucose is on 

average higher in the mid-luteal phase and to observe the avoidance of clinically significant non-

diabetic hypoglycemia (< 3.0 mmol·L-1) during 3-hours of fasted running following an 8-hour fast 

among female ultra-runners with higher individual responses of low blood sugar in the follicular 

phase.  
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8.3 Introduction 

Ultra-endurance events are defined as events lasting a minimum of 4-6 h1,2 and up to several 

consecutive days. The aerobic energy metabolism is regarded as the primary energy system during 

ultra-running, which is characteristically performed for extended periods below 70% maximal 

volume of oxygen uptake VO2max with brief but frequent need for higher intensity efforts.1,81 The 

energy demands associated with ultra running have been estimated in males and females to average 

8700-17000 kcal over varying distances of a 24-hour race period with no differences attributable 

to sex.19 To meet these energy demands a combination of exogenous and endogenous fuel sources, 

predominately carbohydrate (CHO) and fat, are utilized.82 At a modest 65% of VO2max, CHO is 

the primary source of energy;88,89  however, it is a limited resource and the human body’s capacity 

for CHO storage cannot meet the energetic demands of prolonged endurance exercise. The 

depletion of the approximately 2,000 kcal of available glycogen stores (liver 100 g and muscle 

glycogen 400 g)10,83, is widely recognized as a primary contributor to fatigue and performance 

decline.13 When compared to the estimated energy demands of a 100 mile ultra-run (13,000-16,000 

kcal)9,78 CHO is insufficient even with the contribution of fat oxidation; as fat oxidation is unable 

to entirely compensate for the energy demand deficit observed between CHO oxidation and energy 

utilization rates during requisite intensities for ultra-sport.11,77,283  

The recommended exogenous CHO intakes to meet the energy demands of ultra-sport are 90 g⸳h-

1 and up to 120 g⸳h-1 in males.16 These intakes are typically achieved through a combination of 

maltodextrin and fructose14,77 but tax the physiological limits of the gastrointestinal system’s 

ability to absorb and utilise this mixed energy source, especially under prolonged duress. The result 

is often gastrointestinal distress which is prevalent among runners186 with observed rates of 65-

82% in ultra-running events19,20 This distress is often associated with high CHO intakes22 as a 

result of blood being diverted away from the digestive system to working muscles284 as well as the 

current understanding that saturation of primary glucose (SLGT1) and fructose (GLUT5) 

absorption pathways in the intestine occur at 60 g⸳h-1 and 30 g⸳h-1 respectively.14,16,17  

Therefore, it is of interest within the sports performance industry to investigate CHO fueling 

strategies and inform individualized CHO recommendations for recovery, daily nutrition, and race 

day intakes.132 Near real-time glucose monitoring through interstitial fluid is now more achievable 

in a variety of sporting environments through the use of continuous glucose monitors (CGM).133  
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However, the blood glucose research data in ultra-endurance sports, to inform fueling strategies is 

limited and lacks well-controlled female studies. An observational study by Ishihara et al. (2020)70 

examined blood glucose levels in seven participants (female 3; male 4) during a 165 km ultra trail 

run. They found no relationship between running speed and the highest glucose levels with the 

difference between rested glucose and highest recorded levels during the event, impacting female 

running speed less than males.70An additional case study by the same researchers observed that 

running pace had no relationship with glucose level or variability in a single female ultra runner 

over a 438 km trail run.182   

Collectively, these studies included only 4 female participants, lacked an experimental component, 

and did not verify CGM data accuracy during the events. Furthermore, the four female participants 

were not assessed for hormonal contraceptive usage or menstrual phase to account for potential 

variations in ovarian hormone profiles. The impact of ovarian hormones, estrogen and 

progesterone, on blood glucose across the menstrual cycle during prolonged endurance has yet to 

be elucidated despite their well-known influences on carbohydrate metabolism. For example, E2 

has been observed to promote glucose uptake into type I fibers,26 while simultaneously reducing 

uptake of glucose into the bloodstream.27 Conversely, progesterone appears to reverse E2’s 

suppression of muscle glucose oxidation during submaximal exercise27 as well as complement 

E2’s glucose-sparing effect in the liver 39 Therefore, the present study aimed to investigate the 

influence of menstrual cycle phase on blood glucose while fasted and provided exogenous CHO 

during a simulated ultra-endurance run in regularly menstruating females. 

8.4 Methods 

8.4.1 Experimental Design 

A randomized, cross-over design with participants acting as their own control across menstrual 

cycle phases was used during an ultra-marathon simulation consisting of a standardized outdoor 

3-hour fasted depletion run (FASTED) followed by a 60-minute treadmill run (TREAD) with 

standardized exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 

35, and 50 minutes). Participants completed the run protocols (FASTED and TREAD) once during 

the mid-follicular (FOL: 4-8 days after the start of menses) and mid-luteal (LUT: 5-8 days post 

ovulation) phases of the menstrual cycle. Ethics approval was obtained from the University of 
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Waikato’s Human Research and Ethics Committee (HREC(Health)2021#73). Written informed 

consent was obtained from each participant. Recruitment and data collection occurred from 

December 2021 through November 2022. 

8.4.2 Participants 

Eighteen recreational female ultra-endurance runners, recruited from endurance sports clubs 

located in New Zealand, agreed to participate in this study. Six were excluded from the initial 

sample group due to injury or disruptions in hormone profile (pregnancy; hormone therapy). 

Twelve participants were included in the data analysis unless otherwise specified (age: 39.3 ± 6.3 

y, height: 165.3 ± 5.6 cm, body mass: 62 ± 8.0 kg, VO2MAX: 45.9 ± 5.1 mL·kg−1·min−1). An 

electronic questionnaire was administered to all participants to screen for established inclusion 

criteria: 1) eumenorrheic experiencing regular cycles (28-40 d), 2) not using hormonal 

contraception for at least 12 months except for Mirena IUDs implanted for a minimum of 9 months, 

3) at least one year of ultra-endurance experience, 4) and no current injuries that would impact 

performance. Additional exclusion criteria included 1) a history of cardiovascular, renal, or 

metabolic disease, 2) insulin or glycemic disorders, 3) the use of any exogenous hormones, or 4) 

confirmed anovulatory cycles. 

8.4.3 Hormone Control 

Prior to familiarization, participants were required to provide photo documentation to the lead 

researcher of menstrual tracking for three consecutive cycles using a commercial mobile menstrual 

tracking application (Garmin Connect, Olathe, KS, USA; FITRwoman, Encino, CA, USA; 

Wild.AI, San Francisco, CA, USA). In-home urine ovulation test strip predictor kits (Pregmate, 

Fort Lauderdale, FL USA) were then used to detect a luteinizing hormone surge, confirm ovulatory 

function for two consecutive months, and establish consistency in calendar tracking of MC length. 

Participants were instructed to begin strip testing for seven consecutive days prior to their predicted 

ovulation. A count forward method was used to predict the early follicular (days 4-8 from the start 

of menses) and mid-luteal phases (days 5-8 post-ovulation) for testing.  
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8.4.4 Metabolic Data 

Respiratory exchange ratio (RER) was obtained during the treadmill portions of the run protocol 

using a TrueOne 2400 metabolic cart (Parvo Medics, Salt Lake City, UT USA). A mouthpiece and 

nose covering were worn by participants to collect expired gases for most of the time trial; being 

removed for carbohydrate and fluid intake which was recorded and time-stamped for data 

collection integrity. Heart rate was obtained using a telemetry system (Polar Electro, Inc., Lake 

Success, NY, USA). Capillary blood glucose samples were taken using a CareSens lancing device, 

lancets, and testing strips (i-SENS Global, Gordon NSW, AU) three times during the 3-h depletion 

run: prior to start, after 90 minutes of exercise, and at the completion of the three-hour fasted run. 

During the 1-h treadmill run, capillary samples were taken just before start, and then at 10-min 

intervals (7-time points). Interstitial glucose was measured during the entire 4-h run protocol at 1-

min intervals using the Abbott Libre Sense continuous glucose monitor (Abbott Laboratories, 

Abbott Park, IL USA) worn on the back of the upper arm for a minimum of 24 hours and a 

maximum of 13 days before run protocol testing. Interstitial glucose data was collected by the 

CGM via a thin, flexible amperometric sensor filament inserted subcutaneously. The stored data 

from the CGM was uploaded by pairing the sensor to a mobile device which wirelessly transmitted 

to cloud-based storage and was retrieved onto PC using the cloud-based coach dashboard features 

(Supersapiens, Atlanta, GA USA). When necessary, glucose in mg·dL-1 was converted to mmol·L-

1 by multiplying by 0.0555. 

8.4.5 Familiarization 

Participants reported to the laboratory to complete VO2MAX testing, receive study instructions, and 

familiarize participants with testing procedures and equipment. An instructional video and walk-

through of the continuous glucose sensor (CGM) application were provided. Depletion run 

instructions and outdoor route were reviewed. A combination ramp and graded VO2MAX test 

protocol was conducted on a motorized treadmill with a stiffness of 365 kN·m-1 (Steelflex PT10 

Fitness, Steelflex Fitness, Taipei, Taiwan) with the collection of pulmonary gas exchange using a 

TrueOne 2400 metabolic cart.273 Each participant was instructed to begin with a self-paced 5-min 

warm-up. Following warm-up, the testing began with an initial stage running on a 0% grade at 8.5 

km·h-1 for two minutes. This stage was followed by increases in speed of 1.4 km·h-1 every 30 

seconds until 14.1 km·h-1 was reached. After 30 seconds at 14.1 km·h-1 the grade was increased 
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from 0% to 2% for two minutes followed by a 2% increase in grade every two minutes to volitional 

exhaustion. Maximum effort was determined when both conditions were met: 1) failure to continue 

test and 2) RER > 1.1. 

8.4.6 Outdoor Depletion Run 

Participants were instructed to apply the CGM sensor 24-48 h before their scheduled run day, 

arrive at the lab in a fasted state of 8 hours, and have avoided caffeine, alcohol, and strenuous 

activity for 24 hours preceding the run. Upon arriving at the lab on the morning of the protocol, a 

urine sample was taken, and urine specific gravity was measured using a hand-held refractometer 

(Atago CO LTD, Tokyo Japan). Body weight was documented using a Wedderburn WM202 

patient scale (Wedderburn, Ingleburn, NSW, Australia). Capillary blood glucose was recorded 

immediately (< 1 min) before the start of the depletion run. Participants ran at a self-selected pace 

along a pre-determined, two loop, outdoor route, chosen to simulate an ultra-endurance run course 

for 3-hours. Starting from the laboratory participants ran a flat 2.6 km stretch to the offroad course 

where they directly began the first loop of 2.65 km consisting of 133 m of elevation gain/loss 

followed by the second loop of 3.47 km and 48 m of elevation gain/loss (Figure 13). These loops 

were repeated for three consecutive hours. Participants checked in with the researcher at an aid 

station located along the route after the completion of each loop to receive, ad libitum, a 

standardized non-caloric electrolyte solution containing 600 mg sodium (Na+) and 100 mg K 

potassium (K+) per Litre. Participants were instructed to drink no other fluids than those provided 

by the researcher and to eat nothing during the duration of the depletion run. Intake of all fluid was 

measured and documented. Capillary glucose was recorded two additional times at 90- and 180-

minutes (Figure 14). Upon completion of the depletion run, a rest aid station was simulated where 

the runner was allowed to sit and hydrate while being driven back to the lab to begin the 1-h 

treadmill trial. The average transition time from the depletion run's end to the treadmill trial's start 

was 10 ± 3 min. Run data (distance, elevation, pace) was tracked using a runner-provided watch 

with global positioning (GPS) and documented with screenshots of Strava (Strava, San Francisco, 

CA, USA) or Garmin Connect (Garmin Connect, Olathe, KS, USA) mobile applications. Outdoor 

runs were completed between 4 a.m. and 12 noon to minimize variations in weather and 

temperature (13.5 ± 6.6 °C).  
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Figure 13. Overview of outdoor FASTED run course. FASTED, a standardized outdoor 3-hour fasted depletion run. 

 

Figure 14. Schematic of study design. 
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8.4.7 Indoor Treadmill Trial 

Following the FASTED protocol and the brief transition described above, participants were 

instructed to run at a self-selected pace for an additional 60 minutes on the motorized treadmill at 

0% grade while having expiratory gases and heart rate continuously monitored with a TrueOne 

2400 metabolic cart in a temperature-controlled environment (19 °C). Blood glucose was taken 

via capillary seven times, starting at 0 minutes and again every 10 minutes until completion. A 20 

g bolus of glucose was provided at three time points (15, 35 and 50 minutes; Figure 14). A 

standardized non-caloric electrolyte solution containing 600 mg Na and 100 mg K per Litre was 

provided ad libitum with intakes recorded. Interruptions to the expiratory gas collection were time 

stamped. 

8.5 Statistical Analysis 

8.5.1 Depletion 

A linear mixed model was used to assess the main effects of Time and menstrual cycle Phase with 

the biological variability of the Person as a random effect on blood glucose levels collected with 

capillary fingerstick at three points (0 min, 90 min, 180 min) and simultaneously using a CGM 

over the FASTED protocol for all participants (n = 12). Statistical significance was set at P ≤ 0.05. 

Data are presented as estimated coefficient averages of blood glucose measures (mmol·L-1). 

Normality was tested using Shapiro Wilk’s. Capillary data was normally distributed, however, 

CGM data was non-normally distributed and response variables were log transformed with a post-

hoc Bonferroni analysis was applied to capillary and CGM data. 

8.5.2 Treadmill 

A similar linear mixed model was for fit for Time and Phase with Person as a random effect to 

examine repeated measures of blood glucose data collected via capillary fingerstick during the 

TREAD protocol every 10 minutes and continuously with CGM. Due to sensor malfunction one 

participant’s data was excluded from this analysis (n = 11).  Normality of the residuals was not 

met for the response variables; therefore, a model with the same explanatory terms using the log 

transformation of the response variables was fitted. A Bonferroni post-hoc analysis was applied. 
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8.6 Results 

8.6.1 Outdoor Depletion Run (FASTED) 

Capillary Blood Glucose 

Mean glucose for capillary samples over the three hours were FOL 5.38 ± 0.58 mmol·L-1 and LUT 

5.63 ± 0.77 mmol·L-1 (Table 6). Independently, Phase (p = 0.046) was statistically significant for 

the 0.46 mmol·L-1 difference in glucose during LUT as compared to FOL at 180 min when sampled 

from capillary blood, (Figure 15). Within phase, Time was also independently significant for the 

difference in capillary glucose between 90-180 min; FOL 0.49 mmol·L-1 (p = 0.0475) and LUT 

0.73 mmol·L-1 (p = 0.002). 

Table 6. Comparison of Mean Glucose 

 

Data presented in means and SD. 
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Figure 15. Comparison of the estimated means of capillary glucose during follicular and luteal phases in FASTED 

protocol. FASTED, a standardized outdoor 3-hour fasted depletion run. * Statistically significant differences in 

glucose between phases at specific time point. ** Statistically significant differences in glucose between time points 

within phase. Values are means ± SD. 

 

CGM Blood Glucose 

Mean glucose from CGM measures were FOL 5.16 ± 0.95 mmol·L-1 and LUT 5.44 ± 0.89 mmol·L-

1 (Table 6). Similar differences and interactions were not observed in CGM measurements when 

matched for capillary time points. Measurements from CGM (Figure 16), assessed at 5 min 

intervals, indicated that glucose was significantly different between the FOL and LUT phases at 

only two time points: 5 min (p = 0.0147) and 35 min (p = 0.028). Within phase, CGM measures 

of glucose between consecutive time points were significantly different only between 0 min and 5 

min in both the FOL (p = 0.042) and LUT (p = < 0.01) phases. 
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Figure 16. Comparison of the estimated means of continuous glucose monitor (CGM) glucose at 5-minute intervals 

during follicular and luteal phases in FASTED protocol.FASTED, a standardized outdoor 3-hour fasted depletion run. 

* Statistically significant differences in glucose between phases at specific time point. ** Statistically significant 

differences in glucose between time points within phase. Values are means ± SD. 

Glycemia 

Across the FASTED protocol, for both capillary and CGM measures, no clinically relevant 

hypoglycemic episodes (< 3.0 mmol·L-1)67,68 were observed for any of the participants despite 3-

hour of fasted running. The minimum recorded glucose measures for capillary were 4.4 mmol·L-1 

FOL, 3.9 mmol·L-1 LUT, and for CGM were 3.1 mmol·L-1 FOL phase and 3.94 mmol·L-1 LUT, 

respectively. The incidence of glucose from CGM data below 3.9 mmol·L-1, the lowest desirable 

level of normoglycemia in diabetics67 often used as indicator of hypoglycemia in healthy adults, 

occurred 36 times in FOL (FOL: 36; LUT: 0) as compared none in capillary (FOL: 0; LUT: 0). Of 

these low CGM glucose values, < 3.9 mmol·L-1, 88% were attributable to two participants. 
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8.6.2 Indoor Treadmill Trial (TREAD) 

Capillary Blood Glucose 

Mean glucose for capillary samples over the 1-hour TREAD were FOL 6.16 ± 1.00 mmol·L-1 and 

LUT 6.56 ± 1.27 mmol·L-1. During TREAD, glucose was not significantly different between FOL 

and LUT phases at any of the seven capillary measurements. Within phase, Time was statistically 

significant for the changes in capillary glucose (p < 0.001) over the 1-hour. Additionally, glucose 

between 10 and 20 min in both the FOL (1.18 mmol·L-1 (t(120) = 5.48, < 0.001)) and LUT (0.71 

mmol·L-1 (t(120) = 3.28, 0.008)) phases were significantly different.  

CGM Blood Glucose 

Mean glucose from CGM measures were FOL 5.16 ± 1.09 mmol·L-1 and LUT 5.54 ± 1.16 mmol·L-

1. Menstrual phase was significant for differences in glucose at time points 45 min (p = 0.0436) 

and 55 min (p = 0.0391) (Figure 17). Within each phase, Time was significant for changes in 

glucose over the hour (p < 0.001) but was not statistically different between any of the consecutive 

time points. 

 

Figure 17. Comparison of the estimated means of capillary and continuous glucose monitor (CGM) glucose at 

matched time points during follicular and luteal phases in TREAD protocol.TREAD, a 60-minute treadmill run with 

standardized exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 35, and 50 

minutes). * Statistically significant differences in glucose between phases at specific time point. ** Statistically 

significant differences in glucose between time points within phase. Values are means. 
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Glycemia 

No incidents of clinically relevant hypoglycemic episodes (< 3.0 mmol·L-1)67,68 were detected in 

the FOL (capillary 3.9 mmol·L-1; CGM 3.28 mmol·L-1) or LUT (capillary 4.7 mmol·L-1; CGM 

3.28 mmol·L-1) phases during TREAD. No glucose values below 3.9 mmol·L-1 were reported in 

capillary blood samples. However, the incidence from CGM data was 2.29 times greater in FOL 

(FOL: 16; LUT: 7). Of these CGM values, < 3.9 mmol·L-1, 86% were attributable to a single 

participant. 

8.7 Discussion 

The aim of the present study was to observe the impact of menstrual cycle on blood glucose when 

fasted or supplemented with CHO during a simulated ultra-run. There were two key observations 

made. First, glucose was consistently higher in the LUT phase over 4-hours of prolonged running 

in both fasted and CHO supplemented states. Second, clinically significant levels of hypoglycemia 

in non-diabetics (< 3.0 mmol·L-1)67,68 were not observed during a 3-hour fasted run preceded by 

an 8-hour fast. 

Whether fasted or provided with 60 g exogenous CHO within the recommended range of 60-90 g 

per hour 16, glucose was higher in the LUT phase at almost all time points. This difference is 

reflected in the mean glucose values for capillary and CGM during both FASTED and TREAD 

(Table 6) and may be explained by the cyclic nature of blood glucose throughout the menstrual 

cycle caused by the inverse relationship between estrogen and glucose as well as progesterone’s 

increase in insulin resistance.285 This inverse relationship is characterized by lower daily levels of 

glucose in the FOL phase when estrogen levels are highest and progesterone is lowest.  

Subsequently, this is followed by elevated daily glucose levels in the ovulatory and luteal phases 

when estrogen levels dip and progesterone peaks.277 No guidelines have been established for blood 

glucose levels > 3.0 mmol·L-1 during exercise making clinical significance of this difference 

difficult to ascertain, but there are unlikely to be any relevant performance or health implications 

from such small variances.  

Furthermore, despite differences in reported mean glucose values and visual variances in graphed 

glucose data between the phases, for both FASTED and TREAD, statistical analysis indicated 

statistical significance was isolated to specific time points within FASTED (capillary 180 min; 
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CGM 5 min & 35 min). While the mean glucose difference of 0.46 mmol·L-1 between FOL (5.57 

mmol·L-1) and LUT (6.03 mmol·L-1) at 180 min, measured by capillary sampling, was not 

surprising, the contrasting nature of where significance was observed in CGM was unexpected 

(early in CGM versus late in capillary). The FASTED protocol, designed to capture glucose 

patterns under fasted, prolonged running conditions, using both capillary and CGM methods, 

surprisingly yielded inconsistent glucose patterns between the two sampling methods, thus raising 

concerns about the reliability of CGM in endurance sport settings. 

During TREAD, menstrual cycle did not influence the differences in glucose values between the 

FOL and LUT phases when capillary data was examined. Post-hoc analysis of CGM glucose data 

detected statistically significant differences in glucose between FOL and LUT at time points 45 

min (p = 0.0436) and 55 min (p = 0.0391) (Figure 17). The inconsistency of statistical significance 

in the later stages of TREAD, evidenced by significance of the time stamps at 45 min and 55 min 

but not 50 min and 60 min, likely points to accuracy concerns of the CGM related to fluctuating 

glucose levels which has been observed by others56 and seems to be exacerbated by prolonged 

exercise.55 Additionally, when TREAD capillary data is compared directly to CGM it appears the 

CGM consistently underreports glucose (Figure 17). Nevertheless, our data suggests that 

menstrual phase likely had no impact on blood glucose in the presence of exogenous carbohydrate 

because glucose values were not significantly different between FOL and LUT phases at any of 

the seven capillary measurements. However, further investigation with larger sample sizes is 

warranted as this conflicts with the observation of the present study that mean glucose levels were 

consistently higher in the LUT phase across all phases and interventions, (Table 6). A possible 

explanation may lie in the variability of hormone ratios that could be statistically significant within 

the individual but is reduced in significance viewed as an average. Therefore, perhaps it is not how 

much glucose varies between the phases on average, but the difference between the individual and 

biological variability. 

Accuracy of CGM sensors in sport among healthy participants is not well documented and has 

been questioned in existing literature.54,66 More specifically, the reliability and accuracy of glucose 

readings taken from ISF can be impacted by frequent changes in variables that affect glucose 

sensor reliability, such as pH level, physiological lag time of glucose changes from blood to ISF, 

and lower concentrations of glucose in ISF than blood.50–52 Additionally, consensus among  a 
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collection of studies focused on the comparison of CGM accuracy at rest and during exercise DM1 

and non-diabetic populations 55,57,59–63 is that accuracy is significantly worse during exercise when 

compared to rest. Of the two sampling methods used in this study, capillary glucose is the standard 

to which CGM sensor accuracy has been compared.168 

Of note, no episodes of clinically significant non-diabetic hypoglycemia (< 3.0 mmol·L-1)67,68 were 

detected in either capillary or CGM measures during FASTED despite participants fasting for a 

minimum of 8 hours before the fasted running protocol that lasted for 3 hours over undulating 

terrain with a repeated sustained climb of 136 m over 1.14 m distance at 4.2 to 11.2% gradient. 

During FASTED, the lowest observed glucose levels from capillary were FOL 4.4 mmol·L-1; LUT 

3.9 mmol·L-1 and for the CGM measures were FOL 3.1 mmol·L-1; LUT 3.9. The avoidance of 

clinically significant non-diabetic hypoglycemia (< 3.0 mmol·L-1)67,68 during FASTED is 

noteworthy; however, observances of less than 3.2 mmol·L-1 (3.16, 3.16, 3.11 mmol·L-1) were 

recorded with CGM of which two were attributed to a single participant in consecutive 

measurements and all occurred between 155-160 minutes in the FOL phase. Likewise, clinically 

significant non-diabetic hypoglycemia was also avoided during TREAD and the lowest recorded 

measures were not remarkable with two incidents of 3.28 mmol·L-1 occurring in different 

participants at different menstrual phases. However, although we didn’t make any direct 

observations of a protective effect of the LUT phase against low blood glucose, the likelihood of 

glucose reaching below 3.9 mmol·L-1, the lowest desirable level of normoglycemia in diabetics67 

as no standard is in place for healthy persons, is greater in the FOL phase and risk was largely 

attributed to the individual.  

The mechanisms behind the maintenance of normoglycemia during prolonged running under 

fasted conditions may be multifactorial. There is evidence indicating a generalized difference in 

the make-up of muscle between males and females represented by the gradient of contribution 

from each fiber type (female type 1 > IIA > IIX compared to male type IIA > IIX > I) with type I 

representing “slow twitch” oxidative fibers and type II considered “fast twitch” or highly 

glycolytic driven fibers.123 The assumption that type I muscle fibers are more dominant in trained 

and untrained females irrespective of sport discipline is a possible explanation for the preference 

to oxidize fat over CHO in addition to expressing greater resistance to fatigue.125 There are, 

however, caveats to this broad belief as sex comparisons of muscle fatigability may be more 
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dependent on the muscle groups tested than a generalized sex dimorphism.126 Also, there is 

evidence showing higher concentrations of intramyocellular lipid (IMCL) in females, stored 

predominately as triglyceride within the muscle for use during excecise.127,128 This observation 

alludes to greater availability or accessibility to alternate fuel sources resulting in greater 

contributions to energy needs and a sparing of endogenous CHO stores. Lastly, in combination 

with increased IMCL, differences in female gene expressions that increase concentrations of the 

enzymes associated with long and medium-chain fatty acid oxidation may suggest a performance 

benefit during prolonged endurance exercise.281  

An ability to delay the onset of hypoglycemia during prolonged running without exogenous fueling 

preceded by an extended fast would be advantageous in the sport of ultra-endurance and may 

explain the capacity of female ultra-runners to narrow the gap between their male counterparts. 

For instance, men tend to complete a standard marathon 10% faster than women, but the difference 

decreases to 9% in 50-mile ultra marathons and 4% in 100-mile distances.6 While this is not an 

endorsement for fasted or keto-adapted fueling strategies, in combination with the female tendency 

to perform at greater submaximal efforts at maximal fat oxidation rates286, it may provide 

additional insights into the resilience of females in longer distance races when CHO fueling 

strategies are incapable of feasibly and physiologically maintaining energy requirements. No 

fasted running studies with comparable distance or duration were available, even among Ramadan 

research, however, Zinker and colleagues287 observed the maintenance of normoglycemia in seven 

untrained males cycling to exhaustion (~90 min) at 50% of VO2MAX after a 36 hour fast. They 

concluded that while blood glucose played a role, other factors contributed more significantly to 

fatigue during submaximal exercise. 

Future studies should include a subjective diagnostic to allow participants to self-report signs and 

symptoms of hypoglycemia based on their interpretation of biofeedback or performance and 

possibly male participants acting as a control for comparison of outcomes by sex. Additional 

research should also be directed into assessing the accuracy of CGM as comparted to capillary 

during exercise. Limitations of this study, like many longitudinal intervention studies, were related 

to participant selection criteria and attrition rates. A major challenge was the recruitment and 

retention of eumenorrheic ultra-running athletes over an extended period who were able to commit 

to the repeat nature of the demanding testing protocols. Also, limited resources prevented the 
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repeated testing of capillary blood glucose, access to multiple independent CGM sensors to collect 

data sets simultaneously, and blood serum hormone testing to assess menstrual phase. However, 

menstrual cycle phase verification was confirmed with self-reported menstrual tracking and 

ovulation predictor urine dipsticks across three full menstrual cycles. 

8.8 Conclusion 

This applied field study is the first to observe the dynamics of blood glucose in a cohort of 

eumenorrheic ultra-running athletes during a simulated 4-hour ultra-run, replicating real-world 

conditions when fasted and or supplemented with exogenous CHO, while accounting for the 

interactions of menstrual phase. Data from the present study demonstrated that glucose in the mid-

luteal phase is consistently higher than the mid-follicular under fasted or CHO supplemented 

conditions. The difference (Capillary 0.25-0.29 mmol·L-1, CGM 0.38-0.4 mmol·L-1) is unlikely to 

impact performance or inform carbohydrate fueling practices when blood glucose is above 

clinically significant levels (> 3.0 mmol·L-1)67,68 in healthy adults and the data does not imply the 

LUT phase infers a protective effect against hypoglycemia. Furthermore, under normal prolonged 

running conditions with consistent carbohydrate availability, menstrual phase does not appear to 

influence blood glucose and would imply that no unique carbohydrate fueling interventions are 

indicated for long duration, submaximal, exercise across the menstrual cycle. Yet, during 

prolonged running under fasted conditions, the influence of menstrual phase is unclear as 

evidenced by the conflicting observations from capillary and CGM methods indicating the need 

for future research. Unexpected observations from this study were the confounding nature of the 

glucose data derived from the CGM sensor when used in an ultra-endurance environment and the 

absence of clinically significant non-diabetic hypoglycemic levels despite 3-hours of fasted 

running preceded by an 8+ hour fast. Also, the lack of statistical significance in glucose levels 

between phases, despite being consistently elevated in the LUT phase is confounding but may 

imply the influence of ovarian hormones on glucose is present, but the extent of the influence is 

largely based on individual hormone levels and responses that become homogenized in aggregated 

analysis. Future testing of CGM sensors is recommended before relying on them as a tool to inform 

fueling strategies in real-time and is supported by previous research questioning their accuracy in 

field settings. Regarding the absence of hypoglycemia, without male controls for direct sex 

comparisons, it is premature to assert that regularly menstruating females definitively have a 
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performance advantage during prolonged fasted running; however, this study indicates, regardless 

of menstrual phase, that regularly menstruating females are capable of avoiding clinically 

significant non-diabetic hypoglycemia when performing prolonged running without exogenous 

CHO fueling. 
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SECTION 9 

9.1 No Main Effect of RER on Glucose in Eumenorrheic Female Ultra-Runners 

Authors: Andrew Dole, Stacy Sims, Martyn Beaven 

Under initital review Journal of Sports and Health Sciences 

9.2 Abstract 

The interest in ultra endurance running, female physiology and sport performance indicators has 

grown rapidly. Sexual dimorphism has been a focus of human performance research of late, within 

which carbohydrate (CHO) and fat metabolism has been emphasized. However, the effects of 

female sex hormones across a natural menstrual cycle and any impact they may exert on exercise 

metabolism, especially during ultra endurance exercise, has yet to be elucidated. The purpose of 

this study was to observe the influence of menstrual cycle on CHO and fat utilization, as well as 

blood glucose, in eumenorrheic female ultra endurance runners in a performance context. In this 

randomized design, 11 experienced and regularly menstruating female ultra-endurance runners 

participated in an ultra-marathon simulation consisting of a standardized outdoor 3-hour fasted 

depletion run followed by a 60 min treadmill run with standardized exogenous glucose 

supplementation in both the mid-follicular (FOL) and mid-luteal phase (LUT) of their menstrual 

cycle. During the treadmill run, blood glucose (BG) was measured simultaneously using capillary 

blood sampling at 10 min intervals. Respiratory exchange ratio (RER) was monitored throughout 

the treadmill run with fat and CHO oxidation rates calculated from gas exchange. A paired-samples 

t-test was conducted to assess the differences in respiratory exchange ratio RER between the FOL 

and LUT phases. There was no significant difference in RER between the FOL the FOL (0.805, 

± .028) and LUT phases (0.809, ± .035); t (10) -.401, p = .697 during comparable submaximal 

running intensity (57% ± 7.3% and 57.3% ±7.9% VO2MAX respectively). Post-hoc analysis 

observed no significant main effect of RER on glucose levels; however, on average, levels of 

glucose were 0.43 mmol∙L-1 higher in LUT (p <.001). Menstrual cycle does not appear to influence 

substrate oxidation or BG in the presence of exogenous CHO over time, nor does there seem to be 

an association between BG levels and RER. 
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9.3 Introduction 

Research on energy metabolism in females indicates a tendency for prioritizing fat utilization over 

carbohydrates during submaximal exercise.29,35,36 This preferential utilization may contribute to 

inherent advantages over males in ultra-endurance sports. Mechanisms for this difference are 

thought to relate to the female ovarian hormones 17B estradiol (E2) and progesterone which act 

on CHO and fat metabolism.26,28,39  as well as sexual dimorphisms in mitochondrial density and 

gene expressions281 influencing glucose metabolism.128,288 However, it is possible that muscle fiber 

type distribution123 or other genetic expressions and physiological differentiations between males 

and females, such as fluid balance, thermoregulation, recovery, fatigue, biomechanics, 

mitochondrial function, and energy metabolism115 could be responsible for differences in 

metabolism impacting sport performance.25,28–35,117  

Unique to the female athlete, differences on substrate metabolism may also exist within a spectrum 

across the menstrual among regularly menstruating females themselves. Nicklas et al.31 observed 

the respiratory exchange ratio (RER) to be higher in the follicular (FOL) phase among 6 

eumenorrheic females while cycling to exhaustion at 70% of VO2MAX. In contrast, Devries and 

colleagues found no difference in RER between menstrual phases, but utilized 65% of VO2peak 

as their intensity making absolute comparisons difficult.30 The importance of exercise intensity 

when evaluating RER across the menstrual cycle can be evidenced by Hackney and colleagues 

who observed that carbohydrate (CHO) utilization was significantly lower and fat higher in the 

mid-LUT as compared to mid-FOL phase in low and moderate intensities (VO2MAX of 35% and 

60% respectively) while fasted, but were comparable with no significant differences at 75% of 

VO2MAX.29 Williams et al. compared fasted RER of regularly menstruating women to those using 

second-generation hormonal contraceptives during eight-minute bouts of submaximal cycling 

(40% and 65% of VO2PEAK) across the menstrual phase and found no difference among them.  

The previously mentioned research was conducted while participants were fasted; however there 

is evidence that the presence of exogenous CHO is key in determining female macronutrient 

utilization with the potential to mitigate differences in CHO utilization rates between sexes and 

possibly within menstrual phases during exercise.33,36 Additionally, blood glucose (BG) is known 

to play a role in  sport performance10,70 but it’s relationship with RER or how the menstrual cycle 

may influence levels is not well known. Riddell and colleagues compared RER, BG, and 
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exogenous CHO utilization over 90 min of cycling at 60% of VO2PEAK between males and females 

in the mid-FOL phase of their menstrual cycle. They found women had the capacity to oxidize a 

larger percentage of the exogenous CHO than males at the later stages of prolonged running which 

reduced the reliance upon endogenous stores of CHO. When CHO was provided BG was higher 

in females than men, but similar when fasted. No comparison was made across the menstrual cycle 

and no verification of MC phase was documented.33 Similarly, in a comparison of male (n =6) to 

female (n = 6) elite cross-country skiers, Petterson et al. observed that sex differences in RER and 

substrate preference were mitigated when exogenous CHO was provided during exercise. 

However, this study did not control for MC phase among the naturally menstruating participants 

and included a mix of hormonal profiles with the inclusion of hormonal contraceptive users (2 

monophasic, 1 hormonal coil, 3 regularly menstruating).36  

Thus, to build upon these existing works and provide a direct comparison of females across the 

menstrual cycle, this present study aimed to provide novel insight into substrate utilization and BG 

in female endurance athletes across the menstrual phases when CHO was provided. Specifically, 

RER and BG were assessed in eumenorrheic trained ultra-endurance athletes during the follicular 

and luteal phases of the menstrual cycle. We hypothesized that glucose levels would be influenced 

by the contribution of energy substrates during prolonged running. 

9.4 Methods 

9.4.1 Experimental Design 

A randomized, cross-over design with participants acting as their own control across menstrual 

cycle phases was used during an ultra-marathon simulation consisting of a standardized outdoor 

3-hour fasted depletion run (FASTED) followed by a 60-minute treadmill run (TREAD) with 

standardized exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 

35, and 50 min). Participants completed the run protocols (FASTED and TREAD) once during the 

mid-follicular (4-8 days after the start of menses) and mid-luteal (5-8 days post ovulation) phases 

of the menstrual cycle. Ethics approval was obtained from the University of Waikato’s Human 

Research and Ethics Committee (HREC(Health)2021#73). Written informed consent was obtained 

from each participant. Recruitment and data collection occurred from December 2021 through 

November 2022. 
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9.4.2 Participants 

Eighteen recreational female ultra-endurance runners, recruited from endurance sports clubs 

located in New Zealand, agreed to participate in this study. Six were excluded from the initial 

sample group due to injury or disruptions in hormone profile (pregnancy; hormone therapy). 

Twelve participants were included in the data analysis unless otherwise specified (mean ± (SD), 

age: 39.3 ± 6.3 y, height: 165.3 ± 5.6 cm, body mass: 62 ± 8.0 kg, VO2MAX: 45.9 ± 5.1 

mL·kg−1·min−1).  

An electronic questionnaire was administered to all participants to screen for established inclusion 

criteria: 1) eumenorrheic experiencing regular cycles (28-40 d), 2) not using hormonal 

contraception for at least 12 months except for Mirena IUDs implanted for a minimum of 9 months, 

3) at least one year of ultra-endurance experience, 4) and no current injuries that would impact 

performance. Additional exclusion criteria included 1) a history of cardiovascular, renal, or 

metabolic disease, 2) insulin or glycemic disorders, 3) the use of any exogenous hormones, or 4) 

confirmed anovulatory cycles. 

9.4.3 Hormone Control 

Prior to familiarization, participants were required to provide photo documentation to the lead 

researcher of menstrual tracking for three consecutive cycles using a commercial mobile menstrual 

tracking application (Garmin Connect, Olathe, KS, USA; FITRwoman, Encino, CA, USA; 

Wild.AI, San Francisco, CA, USA). In-home urine ovulation test strip predictor kits (Pregmate, 

Fort Lauderdale, FL USA) were then used to detect a luteinizing hormone surge, confirm ovulatory 

function for two consecutive months, and establish consistency in calendar tracking of MC length. 

Participants were instructed to begin strip testing for seven consecutive days prior to their predicted 

ovulation. A count forward method was used to predict the early follicular (days 4-8 from the start 

of menses) and mid-luteal phases (days 5-8 post-ovulation) for testing. 

9.4.4 Metabolic Data 

Respiratory exchange ratio (RER) was obtained during the treadmill portions of the run protocol 

using a TrueOne 2400 metabolic cart (Parvo Medics, Salt Lake City, UT USA). A mouthpiece and 

nose covering were worn by participants to collect expired gases for most of the time trial; being 
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removed only for carbohydrate and fluid intake which was recorded and time-stamped for data 

collection integrity. Heart rate was obtained using a telemetry system (Polar Electro, Inc., Lake 

Success, NY, USA). Fingerstick capillary blood glucose (Capillary) samples were taken using a 

CareSens lancing device, lancets, and testing strips (i-SENS Global, Gordon NSW, AU) three 

times during the 3-h depletion run: prior to start, after 90 minutes of exercise, and at the completion 

of the three-hour fasted run. During the 1-h treadmill run, capillary samples were taken just before 

the start, and then at 10-min intervals (7-time points; Figure 18). Continuous blood glucose was 

measured during the entire 4-h run protocol at 1-min intervals using the Abbott Libre Sense 

continuous glucose monitor (Abbott Laboratories, Abbott Park, IL USA) worn on the back of the 

upper arm for a minimum of 24 hours and a maximum of 13 days before run protocol testing. 

Interstitial glucose data was collected by the CGM via a thin, flexible amperometric sensor 

filament inserted subcutaneously. The stored data from the CGM was uploaded by pairing the 

sensor to a mobile device which wirelessly transmitted to cloud-based storage and was retrieved 

onto PC using the cloud-based coach dashboard features (Supersapiens, Atlanta, GA USA). When 

necessary, glucose in mg·dL-1 was converted to mmol·L-1 by multiplying by 0.0555. 

9.4.5 Familiarization 

Participants reported to the laboratory to complete VO2MAX testing, receive study instructions, and 

familiarize participants with testing procedures/equipment. An instructional video and walk-

through of the continuous glucose sensor (CGM) application were provided. Depletion run 

instructions and outdoor route were reviewed. A combination ramp and graded VO2MAX test 

protocol was conducted on a motorized treadmill with a stiffness of 365 kN·m-1 (Steelflex PT10 

Fitness, Steelflex Fitness, Taipei, Taiwan) with the collection of pulmonary gas exchange using a 

TrueOne 2400 metabolic cart273. Each participant was instructed to begin with a self-paced 5-min 

warm-up. Following the warm-up, the testing began with an initial stage running on a 0% grade at 

8.5 km·h-1 for two minutes. This stage was followed by increases in speed of 1.4 km·h-1 every 30 

seconds until 14.1 km·h-1 was reached. After 30 seconds at 14.1 km·h-1 the grade was increased 

from 0% to 2% for two minutes followed by a 2% increase in grade every two minutes to volitional 

exhaustion. Maximum effort was determined when both conditions were met: 1) failure to continue 

test and 2) respiratory exchange ratio (RER) > 1.1. 
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9.4.6 Outdoor Depletion Run 

Participants were instructed to apply the CGM sensor 24-48 h before their scheduled run day, 

arrive at the lab in a fasted state of 8 hours, and have avoided caffeine, alcohol, and strenuous 

activity for 24 hours preceding the run. Upon arriving at the lab on the morning of the (FASTED) 

protocol, a urine sample was taken and urine specific gravity was measured using a hand-held 

refractometer (Atago CO LTD, Tokyo Japan). Body weight was documented using a Wedderburn 

WM202 patient scale (Wedderburn, Ingleburn, NSW, Australia). Capillary blood glucose was 

recorded immediately (< 1 min) before the start of the depletion run. Participants ran at a self-

selected pace along a pre-determined, two loop, outdoor route, chosen to simulate an ultra-

endurance run course for 3-hours. Starting from the laboratory participants ran a flat 2.6 km stretch 

to the offroad course where they directly began the first loop of 2.65 km consisting of 133 m of 

elevation gain/loss followed by the second loop of 3.47 km and 48 m of elevation gain/loss. These 

loops were repeated for three consecutive hours. Participants checked in with the researcher at an 

aid station located along the route after the completion of each loop to receive, ad libitum, a 

standardized non-caloric electrolyte solution containing 600 mg sodium (Na+) and 100 mg K 

potassium (K+) per Litre. Participants were instructed to drink no other fluids than those provided 

by the researcher and to eat nothing during the duration of the depletion run. Intake of all fluid was 

measured and documented. Capillary glucose was recorded two additional times at 90- and 180-

min (Figure 18). Upon completion of the depletion run, a rest aid station was simulated where the 

runner was allowed to sit and hydrate while being driven back to the lab to begin the 1-h treadmill 

trial. The average transition time from the depletion run's end to the treadmill trial's start was 10 ± 

3 min. Run data (distance, elevation, pace) was tracked using a runner-provided watch with global 

positioning (GPS) and documented with screenshots of Strava (Strava, San Francisco, CA, USA) 

or Garmin Connect (Garmin Connect, Olathe, KS, USA) mobile applications. Outdoor runs were 

completed between 4 a.m. and 12 noon to minimize variations in weather and temperature (13.5 ± 

6.6 °C). 
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9.4.7 Indoor Treadmill Trial 

Following FASTED and the brief transition described above, participants were instructed to run at 

a self-selected pace for an additional 60 minutes on the motorized treadmill at 0% grade while 

having expiratory gases and heart rate continuously monitored with a TrueOne 2400 metabolic 

cart in a temperature-controlled environment (19 °C). Blood glucose was taken via capillary seven 

times, starting at 0 minutes and again every 10 minutes until completion. A 20 g bolus of glucose 

was provided at three time points (15, 35 and 50 minutes; Figure 18). A standardized non-caloric 

electrolyte solution containing 600 mg Na and 100 mg K per Litre was provided ad libitum with 

intakes recorded. Interruptions to the expiratory gas collection were time stamped. 

9.4.8 Statistical Analysis 

A paired samples t-test was performed to compare RER between the FOL and LUT phases in 

regularly menstruating females during the last hour of a 4-hour ultra-run simulation when CHO 

was provided following 3 hours of fasted running. Data are presented as mean values with SD and 

were checked for normality using the Shapiro-Wilk test. Post-hoc analysis for interactions of RER 

and glucose was completed using a linear mixed model fit with Time, RER, and Phase as fixed 

variables with Person as a random effect. 

9.5 Results 

Due to complications with testing equipment during one participant’s test they could not be 

included in the final analysis, resulting in 11 participants being included in the final analyses. 

Results indicate RER was not significantly different (-0.004 ± 0.316) between the LUT and FOL 

phases of the menstrual cycle in regularly menstruating female runners FOL (0.805, ± .028) and 

LUT phases (0.809, ± .035); t(10) -.401, p = .697, Figure 18. Participants completed the fourth 

hour of running at a mean submaximal running intensity of 57% ± 7.3% and 57.3% ±7.9% VO2MAX 

for the LUT and FOL phases respectively. The %VO2MAX during TREAD varied by participant 

and ranged from 44% to 70% in FOL and 44% to 72% in LUT. Fat and CHO contributed similarly 

to the total energy utilized during the fourth hour of running in the phases of the menstrual cycle, 

Figure 19. Post-hoc analysis observed no significant main effect of RER on capillary glucose 

levels, Figure 20. On average, the levels of glucose were observed to be 0.40 mmol∙L-1 higher in 

LUT 6.56 ± 0.98 than FOL 6.16 ± 0.82 (p <.001), Figure 21. 
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Figure 18. Comparison of RER in the mid-follicular and mid-luteal phases during TREAD.  TREAD, a 60-minute 

treadmill run with standardized exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 

35, and 50 minutes ). 

 

 

Figure 19. Contribution of fat and carbohydrate toward total energy during TREAD in the mid-follicular and mid-

luteal phases.  TREAD, a 60-minute treadmill run with standardized exogenous glucose supplementation (20 g oral 

glucose intervention provided at 10, 35, and 50 minutes). 
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Figure 20. A) Relationship of capillary glucose to RER during TREAD in mid-follicular phase.  B) Relationship of 

capillary glucose to RER during TREAD in mid-luteal phase. TREAD, a 60-minute treadmill run with standardized 

exogenous glucose supplementation (20 g oral glucose intervention provided at 10, 35, and 50 minutes). 

 

 

Figure 21. Mean capillary blood sugar comparison between mid-follicular and mid-luteal phases of the menstrual 

cycle during TREAD. TREAD, a 60-minute treadmill run with standardized exogenous glucose supplementation (20 

g oral glucose intervention provided at 10, 35, and 50 minutes). 

9.6 Discussion 

To date, this is the first study to investigate the relationship of BG and RER during prolonged 

running in eumenorrheic females. The findings of this study suggest that RER is not different 

between phases when exogenous CHO is provided among regularly menstruating females at 

running intensities between 44-72% of VO2MAX. Devries and colleagues found similar results in a 

mixed cohort of females, regularly menstruating or using oral contraceptives, during 90-min of 

fasted cycling at 65% of VO2PEAK.30 These similarities, could indicate that that differences in RER 

are isolated to male vs female comparisons33,35 and that the spectrum of hormone changes across 
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the FOL and LUT phases do not impact energy preferences within the female population regardless 

of fasted states or availability of exogenous CHO. 

The underlying cause of these sex differences in energy metabolism are evolving beyond the 

influence of just ovarian hormones. The assumption that type I muscle fibers are more dominant 

in trained and untrained females irrespective of sport discipline is a possible explanation for the 

preference to oxidize fat over CHO when compared to men. Additionally, there is evidence 

showing higher concentrations of intramyocellular lipid (IMCL), stored predominately as 

triglyceride within the muscle for use during excecise,127 in female muscle before and after 

endurance exercise.128 This availability alludes to greater accessibility resulting in greater 

contributions of IMCL to energy needs. Furthermore, emerging differences in skeletal muscle at 

the cellular level such as a greater quantity of mRNA and fatty acid transporters implicated in lipid 

metabolism and mitochondrial function have been observed between in females; suggesting they 

are capable of enhanced fatty acid transport in working muscle.281  

In contrast, are findings by Nicklas et al.31, who reported that RER was higher in the FOL phase 

during fasted cycling at 70% of VO2MAX, which was attributed to low levels of E2, and a reduction 

in that hormone’s mobilization of fatty free acids in combination with a down regulation of muscle 

glycogenolysis.131 Hackney and colleagues also observed differences in RER across the menstrual 

phase, but their data suggests the potential of exercise intensity as a primary driver of substrate 

preference. These authors reported that during the mid-LUT phase a high percentage of fat, and 

not CHO, was utilized at moderate intensities (35% and 60% of VO2MAX) during fasted cycling. 

However, at 75% of VO2MAX, there were no differences in RER between the FOL and LUT 

phases.29 Possible mechanisms for this difference could be that high intensity exercise, acting as a 

larger influence on metabolism238 increases hepatic glucose output to meet activity demands, 

which may mitigate the combined hepatic glucose-sparing effect39,131 associated with E2 and 

progesterone. The difference in observed outcomes is attributable to the fasting protocol followed 

by Hackey et al.29 and Nicklas et al.31 and contrasts the provision of CHO in the present study. 

When exogenous CHO is available the difference in CHO utilization at low to moderate intensities 

between males and females is negated.33,35 These observations also appear to occur when 

comparing females across the menstrual phase and are supported by the findings of the current 

study. It is probable that, in contrast to fasted states, the mechanisms of exercise metabolism 
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override the hormonal influences of substrate metabolism and are largely responsible for the 

increased CHO utilization. Exogenous CHO during exercise may simply be providing an 

alternative to endogenous CHO stores, which are rate limited by the presence of E2.131 

Additionally, data indicates no relationship between RER and BG across the menstrual cycle in 

regularly menstruating females over the final hour of a 4-hour simulated ultra-endurance run when 

CHO is available. This observation may be a result of exercise intensity, fat adaptation of the 

athlete, availability of CHO, the prior 3 h of running following an 8-hour fast, or a combination of 

these factors. In males, during low energy availability exercise, RER was reduced and exogenous 

CHO utilization, while not enhanced, was not negatively impacted.289 The authors postulated that 

exogenous CHO uptake may be directed to glycogen resynthesis and not utilized during exercise. 

Future research using substrate tracing methods to assess female glucose kinetics are indicated, as 

this would directly inform fueling goals to avoid low energy states and maximize exogenous CHO 

for performance. 

In the present study we observed that BG in LUT was consistently higher than FOL. During 

physical activity, pain, and stress epinephrine can mediate insulin resistance and subsequently 

increase BG levels.155 Also, the cyclic nature of BG throughout the menstrual cycle is caused by 

the inverse relationship between estrogen and BG, as well as progesterone’s increase in insulin 

resistance.285 This inverse relationship is characterized by lower daily levels of BG in the FOL 

phase when estrogen levels are highest and progesterone is lowest. Subsequently, this is followed 

by elevated daily BG levels in the ovulatory and luteal phases when estrogen levels dip and 

progesterone peaks.277 The magnitude of the difference observed in the current study is unlikely to 

impact sport performance; however, follow-up studies should explore the possibility of a 

protective effect against symptoms of low blood sugar such as dizziness, nausea, headache, fatigue, 

and associated performance declines. 

A limitation of the present study, like many longitudinal intervention studies, was a small sample 

size resulting from inclusion and exclusion criteria for the targeting population. This study may 

also have benefited from controlling the participants’ %VO2MAX over the course of the treadmill 

run. Additionally, the standardized 60 g of total exogenous CHO provided in three 20 g boluses 

was chosen to replicate current ultra-endurance fueling recommendations, to avoid GI distress 

associated with excess CHO intakes related to body weight calculations and minimize the 
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influence of CHO rate on BG readings; however, an alternative method could have been the 

individualization by using a g/kg of body weight protocol.  

Based on the results of this study and the findings of others we conclude that menstrual phase does 

not influence energy metabolism when exogenous CHO are available during submaximal running 

intensities (~ 57% of VO2MAX) following 3-hours of fasted running. A relevant consideration for 

female athletes would be the timing and availability of CHO around periods of exercise to enhance 

the contribution of CHO to total energy needs throughout the menstrual cycle. We observed no 

relationship between RER and BG within the study conditions and assert that BG reacts 

independently from energy preferences during exercise. Future research with access to a larger 

sample size as well as blood hormone data to assess hormone ratios are necessary to advance our 

understanding of the mechanisms behind the influence exogenous CHO on energy metabolism. 

Additionally, future studies should explore the influence of low energy availability on exogenous 

CHO utilization in female athletes.  
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Part 4 PhD Summation 

SECTION 10 

10.1 Summary 

The purpose of this PhD study was to collect metabolic data such as glucose and energy 

metabolism in regularly menstruating female ultra runners within the complex sporting 

environment of ultra-running in hopes of bridging the gap between science and practice. This 

research aimed to provide new insights into female metabolism during ultra-endurance running, 

addressing gaps in the existing literature. A combination of literature reviews covered a wide scope 

of relevant topics such as: energy demands of ultra-running, metabolism of energy substrates, 

current carbohydrate fueling practices for endurance sport, key aspects of female physiology 

impacting energy metabolism, research methodologies affecting female sport research, and 

technical aspects of CGM sensors which frame the multifactorial study environment. The three 

precise questions this study investigated were: 

A) Does CGM reliably report blood glucose during a 4-hour simulated ultra run? 

B) How does menstrual phase impact blood glucose fasted and fed during a 4-hour 

simulated ultra run? 

C) Is energy metabolism different between menstrual phases at the end of a 4-hour 

simulated ultra run? 

The investigation of these questions began with an analysis of menstrual cycle tracking 

considerations for study design in female performance research, presented in a narrative review. 

This was followed by a randomized, cross-over study design with participants acting as their own 

control across the menstrual cycle phases. This methodological approach aimed to evaluate the 

efficacy of the CGM sensor in an applied setting, while simultaneously collecting both glucose 

data and metabolic data to assess the influence of menstrual cycle on glucose levels. 
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10.1.1 Menstrual Tracking in Sports Research 

Across the menstrual cycle ovarian hormone profiles change; these fluctuations in estrogen and 

progesterone influence aspects of sports performance such as energy metabolism.122 Therefore, to 

effectively conduct research in female athletes the perturbation of sex hormones inherent in the 

menstrual phase should be accounted for in study design.211,212,233 To achieve this, menstrual phase 

tracking is necessary to align target hormone profiles with study interventions. Yet, a lack of 

standardization in menstrual cycle tracking practices exists. In Section 6 a narrative review was 

used to evaluate the current practices and obstacles of menstrual cycle tracking in sports research. 

From this assessment key challenges to menstrual phase detection were identified and attributed 

to the lack of standardization of terminology, hormone phases, and reference values, as well as the 

absence of low-cost, point-of-care hormone detection methods. These challenges in study design 

and validation methodologies when conducting female performance research are in agreement 

with the existing literature which suggests that future research would benefit from a universal 

structure and improve the validity of study comparisons.  

Separating this narrative review from existing publications was the compilation of the various 

menstrual phase taxonomies highlighting the confusion created by the variable length and/or 

overlapping phase classifications.207,212,253 Additionally, building on the existing literature it was 

possible to suggest a framework for the standardization of menstrual phase terminology by 

integrating the concepts of hormone rhythmicity207, hormone variability258, and phase 

classification211. The goal of this structure was to aid researchers in navigating the hormone 

variability throughout an individual’s entire menstrual phase, including intra-phase durations as 

well as improve the reliability of research outcomes and cross-study comparisons. This attempt at 

best practices also aims to address three fundamental criticisms of existing female research: 1) that 

most have been limited to comparisons of two distinct, but broad hormonal phases, follicular and 

luteal, without taking into consideration of peak hormone levels and intra-phase hormonal 

fluctuations found in the late follicular or mid-luteal phases,290 2) the ambiguous nature of 

menstrual phase nomenclature, which is often associated with indistinct or undefined ovarian 

hormone profiles211, and 3) varying interpretations of the distinctly different hormonal profiles by 

researchers. 
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Contributions of previous authors have also provided valuable guidance on best practices when 

considering appropriate study design in female performance research. Unfortunately, it is this 

author’s opinion, that these guidelines and recommendations for high quality female sport 

research, predominately based on blood hormone collection, minimize the already fleeting 

windows of testing availability, and would rely heavily on the obtainability of low-cost detection 

methods to expand research opportunities to large cohort and field studies. Nevertheless, the 

necessity for continued female-focused research remains paramount; particularly in field studies 

which are underrepresented in the literature and pose logistical as well as safety concerns due to 

blood hormone testing. To continue meaningful contributions to female sport research in the 

absence of affordable, point-of-care hormone testing solutions, researchers should employ a 

combined-methods approach, utilizing a mixture of high to moderate accuracy techniques, as 

catalogued in our review, to ensure quality data is collected. As an example, this PhD study 

employed urine luteinizing hormone strips, calendar/mobile application monitoring, and rigorous 

participant inclusion/exclusion parameters to target the desired windows of menstrual testing. 

Although, it should be noted that the concept of ‘menstrual phases’ may be beyond usefulness in 

research. The menstrual phases themselves have been characterized as ambiguous even when 

dissected into distinct subphases due to their inability to accurately describe hormone ratios of an 

individual at any specific time. Thus, adopting hormone profiles that reflect predetermined 

hormone levels or ratios may represent the next progressive step. However, the introduction of 

such best practices could potentially lead to unintended consequences, particularly regarding 

budget and logistical considerations, resulting in prohibitive research constraints. For example, the 

present study was designed to observe sensor function and menstrual cycle influence on glucose 

during the specific 4-hour ultra-endurance stimulus. When considering the time commitment, 

physical impact of the 4-hour trials, and alignments of menstrual cycle with participant availability 

(work, travel, recovery, annual training/racing), it is understandable that data collection occurred 

over a two-year period. Therefore, targeting a very specific hormone window without a participant 

administered POC hormone testing method, which currently does not exist, would have been 

unmanageable. 

As a whole, this narrative review aimed to highlight the significance of female sex hormones on 

athlete research outcomes and advocate for standardized terminology regarding menstrual cycle 

phases. Additionally, the review aided in the identification of gaps in study design and validation 
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methodologies within female performance research. The results of this effort were the publication 

of a narrative review to be used as a tool for selecting suitable study methods to effectively track 

menstrual phases in female sports research and a suggestive framework for standardizing 

terminology. 

10.1.2 Efficacy of CGM in Ultra-Endurance 

The existing body of literature exploring CGM devices in ultra-running is limited and lacks well-

controlled studies involving females. This study, presented in Section 7, aimed to explore how 

factors such as menstrual phase, extended running duration, and carbohydrates affect CGM sensor 

outcomes among eumenorrheic females in a simulated ultra-endurance run. To our knowledge this 

study is the first to observe and report on glucose responses across the menstrual cycle in 

endurance-trained eumenorrheic female athletes. The principal finding, which addressed the 

primary objective, was that the CGM sensor used in this study tends to, on average, underreport 

glucose levels by varying degrees during fasted and unfasted exercise when compared to capillary 

glucose controls. Analysis of the data identified two additional novel findings. First, it was 

observed that menstrual phase was an influence on the glucose measures of the CGM, but only 

when exogenous CHO were available and not during fasted prolonged running. Bland-Altman 

analysis revealed a bias in glucose trends and indicates that menstrual phase can influence the 

validity of CGM glucose measures. Consequently, prior research into the validity of CGMs in 

female participants that has not accounted for menstrual phase should be interpreted cautiously. 

Second, that individual physiological characteristics were statistically significant for influencing 

glucose measurements of the CGM when fasted and provided exogenous carbohydrate. 

Collectively, the existing literature using CGM in ultra-running settings with female athletes 

consists of only two studies70,182 with a combined total of four female participants. The purpose of 

these studies was to evaluate the effectiveness of CGM to report blood glucose levels with intent 

to inform carbohydrate intakes and observe potential relationships between food intakes and 

glucose variability during ultra-endurance running. When reviewing these studies, two 

observations can be made regarding study design. First, no supplementary control method of 

glucose monitoring was implemented to verify CGM glucose data accuracy. Second, neither study 

controlled for the menstrual cycle or hormone profiles of the female participants. 



 

120 
 

It is understandable that the above-mentioned studies would not have implemented a second form 

of glucose collection because they were conducted in race settings. However, it is interesting that 

verifying the accuracy or reliability of the device used to collect the primary data set (glucose) was 

not a study design consideration. It is likely that the authors made assumptions regarding the 

device’s reliability based upon their use in healthcare settings to make medical decisions related 

to glucose management. Nonetheless, prior studies demonstrated accuracy concerns of CGM 

devices during exercise and when carbohydrate intakes rapidly increase or decrease glucose 

levels.55,56 The lack of secondary glucose collection methods in the existing ultra-running literature 

however, is reasonably important, because the present study implemented both CGM sensors and 

capillary glucose collection methods which resulted in the observation that the CGM sensor 

consistently reported lower glucose levels than corresponding capillary glucose samples. 

Furthermore, the extent of CGM underreporting, when compared to capillary glucose samples 

varied noticeably between fasted (-0.43 mmol·L-1) and carbohydrate supplemented conditions (-

1.02 mmol·L-1). These data suggest that study design can directly influence the interpretation of 

glucose data from CGM in female populations.  

Moreover, with no baselines for comparison, there is no clinical significance of underreporting by 

1 mmol·L-1 so long as glucose stays within the range. For example, there is no evidence to support 

managing glucose above 5.5 mmol·L-1 during exercise. Similarly, there is no indication for 

intervention with glucose levels of 4 to 4.5 mmol·L-1, which sit between a rested maintenance 

range. However, if during exercise the CGM underreports consistently by 1.0 mmol·L-1 and relays 

glucose data of 3.6 mmol·L-1 when the actual glucose level is 4.6 mmol·L-1, we can begin to see 

where a problem may develop. Interestingly, there does not seem to be an issue where the sensor 

reports BG less than 3.0 mmol·L-1, potentially due to the sensor’s inability to accurately detect low 

glucose levels as evidenced in existing literature. However, the lack of glucose reported below 3.1 

mmol·L-1 in our data appears to be consistent across all the participants and sensors used; 

suggesting a hardware or algorithm function outside of the scope of this thesis to assess. 

Based on this key finding from the present study, which agrees with previous literature suggesting 

CGM accuracy suffers in the presence of just one of these variables: high rates of glucose change, 

low glucose concentrations, prolonged use, and in the presence of commonly used NSAIDs or 

supplements56,65  all which can occur frequently and in combination during ultra-endurance 
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running, it would be advisable to not assume CGM sensor accuracy and study design should 

incorporate a second form of non-CGM glucose sampling. 

When addressing the lack of menstrual phase controls and considerations for ovarian hormone 

influences on glucose in previous studies the present study is also the first to observe two novel 

considerations, specific to female athletes, when implementing CGM in endurance running. To 

begin, the present study observed that the individual and menstrual phase were statistically 

significant for differences in CGM glucose data when exogenous carbohydrate was provided but 

not when fasted. This was unexpected because existing literature has repeatedly shown that 

exogenous carbohydrate mitigates the differences in energy metabolism between sexes.34–36 An 

expected result would have been a closer alignment of CGM and capillary glucose data. Data 

suggests that menstrual phase may influence CGM measurements, and the extent of that influence 

will be dependent on the individual’s physiological response to carbohydrate. Piecing together the 

emerging knowledge of female physiology leads to the hypothesis that a confluence of factors such 

as: 1) the variation in ovarian hormone ratios of estrogen and progesterone between individuals at 

any given time point in the menstrual cycle;258 and 2) the cyclic nature of glucose throughout the 

menstrual cycle. This pattern in ovarian hormones, which is responsible for the observed 

differences in glucose levels across the menstrual cycle, can be characterized by lower daily levels 

of glucose in the mid-follicular phase due to elevated estrogen and subsequent elevated daily 

glucose levels in the ovulatory and luteal phases when estrogen is lower.277 

However, capillary glucose data did not present a similar interaction with menstrual phase and was 

observed to be influenced by the individual only. We can speculate that under fasted conditions 

the glucose concentration within interstitial fluid, from which the CGM obtains glucose data, may 

be impacted by individual insulin responses to prolonged submaximal exercise.274 An additional 

consideration for fasted scenarios is this difference between levels of adiposity, either whole body 

or at sensor application site, affecting sensor interaction with the interstitial compartment and 

would explain the tendency for individual differences in glucose values.275   

Finally, building on the interactions introduced above, the data supports the need to consider 

individual physiological responses to when implementing CGM to collect and interpret glucose in 

female athletes due to the consistent influence on glucose measurements across the menstrual cycle 

when fasted and provided exogenous carbohydrate. 
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10.1.3 Menstrual Phase Interaction on Glucose Responses 

This applied field study, presented in Section 8, is the first to observe the dynamics of blood 

glucose in a cohort of eumenorrheic ultra-running athletes during a simulated 4-hour ultra-run, 

replicating real-world conditions when fasted and or supplemented with exogenous CHO, while 

accounting for the interactions of menstrual phase. This was achieved through a randomized, cross-

over design with participants acting as their own control across menstrual cycle phases was used 

during an ultra-marathon simulation consisting of a standardized outdoor 3-hour fasted depletion 

run (FASTED) followed by a 60-minute treadmill run (TREAD) with standardized exogenous 

glucose supplementation (20 g oral glucose intervention provided at 10, 35, and 50 minutes). 

Participants completed the run protocols (FASTED and TREAD) once during the mid-follicular 

(FOL: 4-8 days after the start of menses) and mid-luteal (LUT: 5-8 days post-ovulation) phases of 

the menstrual cycle. The main findings of this study were that during prolonged running, there 

were consistently higher glucose levels in the mid-luteal phase compared to the mid-follicular 

phase under both fasted and carbohydrate-supplemented conditions. Also, despite a minimum 8-

hour fast followed by a 3-hour fasted outdoor run, there were no observed incidents of clinically 

significant non-diabetic hypoglycemia during the fasted running protocol. 

Previous research has established the effects of menstrual cycle on glucose utilization and 

carbohydrate metabolism in variety of exercise and non-exercise settings. For example, our current 

understanding is that estrogen promotes glucose uptake into type I fibers,26 while simultaneously 

reducing uptake of glucose into the bloodstream.27 On the other hand, progesterone works 

antagonistically to reverse the suppression effect of estrogen on muscle glucose oxidation during 

submaximal exercise27 as well as complement estrogen’s glucose-sparing effect in the liver.39  

However, the influence of these functions on female endurance running performance, as they relate 

to glucose management, prior to this study have not been explored. Therefore, our observation that 

regardless of glucose collection method (CGM or capillary) and whether fasted or provided 

carbohydrate, glucose levels were higher in the mid-luteal phase by approximately 0.24 to 0.40 

mmol·L-1 potentially contributes to our understanding of the inverse relationship between estrogen 

and glucose as well as progesterone’s increase in insulin resistance285  under prolonged running 

conditions.  
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More specifically, it appears that while a nominal average difference in glucose existed between 

the menstrual phases in this study, which can be explained by established mechanisms, the 

difference was only statistically significant at select time points within the study; 180 min during 

FASTED in capillary samples and inconsistently from CGM samples appearing at 45 min and 55 

min during TREAD. At face value, the presence of consistently elevated average glucose level in 

LUT across the study without any statistical significance of menstrual phase being detected to 

account for differences in glucose in either the fasted or carbohydrate intervention, appear to be in 

conflict. Intuitively, the analysis and underlying statistical method used would present as a likely 

cause for this disagreement. However, the linear-mixed model chosen was capable of being fit for 

random effects of the individual to account for biological variability. Using this model, an 

alternative interpretation of the data could be that the variability of hormone ratios within the 

individual are statistically significant, but the effect is reduced when viewed as an average. 

Therefore, perhaps it is not how much glucose varies between the phases on average, but the 

difference between the individual and biological variability. This perspective highlights the 

importance of incorporating menstrual phase considerations, particularly the statistical methods 

used, when conducting future female endurance research and possibly across all domains.  

The final observation from the Section 8 was the absence of any clinically significant non-diabetic 

hypoglycemia during the fasted running protocol despite a minimum 8-hour fast followed by a 3-

hour fasted outdoor run. The terminology used to describe hypoglycemia is specific: “clinically 

significant non-diabetic hypoglycemia”. This was chosen because the ubiquitous term 

hypoglycemia found in sports performance research describes a state of low blood sugar, < 3.9 

mmol·L-1, indicating blood sugar low enough to cause performance decline. However, the 

significance of blood sugar < 3.9 mmol·L-1 is derived from the lowest level of acceptable blood 

sugar in diabetics and represents a blood sugar trend associated with undesirable symptoms and 

informs the need for corrective interventions.67 Conversely, in non-diabetics, blood sugar levels 

below 3.9 mmol·L-1 are often asymptomatic and hypoglycemia is characterized differently using 

Whipple’s Triad; a cluster of symptoms which include: 1) anxiety, dizziness, rapid heartbeat, 2) 

blood glucose < 3.0 mmol∙L-1, and 3) resolution of those symptoms when blood glucose levels are 

restored.67,68 The effort to make this distinction is not pedantic and was rooted in this researcher’s 

interaction with the participants who independently reported the surprising absence of 

hypoglycemic symptoms following trials despite verbal concerns on the initial run. 
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Interestingly, based on the non-diabetic assessment of hypoglycemia the avoidance of glucose 

levels below 3.0 mmol·L-1 during FASTED is noteworthy. Additionally, the three observances of 

glucose less than 3.2 mmol·L-1 (3.16, 3.16, 3.11 mmol·L-1), recorded using CGM, were attributed 

to two participants and occurred between 155-160 minutes in the FOL phase. Likewise, the lowest 

recorded measures during TREAD were limited to two incidents of 3.28 mmol·L-1 occurring in 

different participants in different menstrual phases. While no direct claims can be made for a 

protective effect in either menstrual phase, the potential to delay the onset of symptomatic low 

glucose levels during prolonged running would be valuable. Furthermore, existing insights into 

female physiology, beyond ovarian hormones, such as increased intramyocellular lipid 

concentrations near muscle providing greater access to non-glucose energy sources 127,128 and 

female gene expressions that facilitate fat oxidation through increased concentrations of fatty acid 

enzymes 281, lend support for how this could occur. 

10.1.4 Associations of Energy Metabolism and Glucose Response 

Section 9 concluded the study portion of this PhD and utilized glucose as well as respiratory 

exchange ratio data, collected during the fourth hour of the study protocol, to investigate whether 

either energy substrate preferences or glucose levels differ between menstrual phases at the end of 

a 4-hour simulated ultra run. Results from this study indicated that, while a difference between 

males and females can exist under fasted conditions, among regularly menstruating female runners 

themselves, RER was not significantly different between the LUT and FOL phases when 

exogenous CHO are available. Furthermore, no appreciable difference in running intensity was 

observed between the menstrual phases. Most notably, and to our knowledge, this is the first study 

to report that RER had no main effect capillary glucose levels. 

These findings contribute to the existing body of literature because historically, respiratory 

exchange ratio data has been used to define differences in energy metabolism during exercise 

between sexes. Current consensus is that preferential oxidation of fat over carbohydrate expressed 

in lower resting expiratory ratios, occurs among eumenorrheic females, relative to lean body mass, 

when fasted during submaximal endurance exercise, as compared to males and has been observed 

in several studies.28–35 However, the difference in energy preference is mitigated when exogenous 

carbohydrate is provided.30,33–36 Thus, the presence of differences in energy metabolism between 

females themselves across the menstrual cycle when fasted or provided exogenous carbohydrate 



 

125 
 

during a prolonged ultra-endurance running environment was an unexplored question. 

Additionally, no existing studies had investigated glucose levels in female athletes in relationship 

to RER with an appropriate study design controlling for menstrual phase profiles.  

Based on the outcomes of this study, it is reasonable to assert that RER and blood glucose are not 

associated. Therefore, practitioners attempting to use blood glucose to inform nutrition related 

performance interventions should not be concerned with energy substrate preferences of the athlete 

when exogenous CHO are available. 

10.2 Key Outcomes 

1) The lack of standardization in terminology, distinct hormone phases, and reference 

hormone values, as well as the absence of low-cost, point-of-care hormone detection 

methods contribute to the challenges in female sport research design and study 

comparisons. 

2) Publication of a narrative review to be used as a tool for selecting suitable study methods 

to effectively track menstrual phases in female sports research. 

3) Synthesis of a suggestive framework for standardization of terminology and hormone 

phase from existing authors contributions. 

4) First to observe and report on glucose responses across the menstrual cycle in endurance-

trained eumenorrheic female athletes.  

5) Observation that the CGM sensor used in this study tends to, on average, underreport 

glucose levels by varying degrees during fasted and unfasted ultra-endurance exercise 

when compared to capillary glucose controls. 

6) Among eumenorrheic female runners the LUT phase was observed to have a significant 

influence on how closely CGM-derived glucose corresponded with benchmark capillary 

glucose samples. This observation brings into question the validity of CGM in female 

populations when menstrual phase is not accounted for. 

7) Observation that individual physiological characteristics need to be considered when 

implementing and interpreting CGM glucose data in female athlete populations. 
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8) During prolonged running, there were consistently higher glucose levels in the mid-luteal 

phase compared to the mid-follicular phase, under both fasted and carbohydrate-

supplemented conditions. 

9) Observation that trained female ultra-runners, despite a minimum 8-hour fast, were able to 

avoid non-diabetic hypoglycemic glucose levels during a 3-hour fasted outdoor run. 

10) Confirmatory observation that energy preferences in eumenorrheic female ultra-runners is 

similar across the menstrual during prolonged running when carbohydrate is available, 

which agrees with the existing literature conducted during shorter exercise durations.  

11) Novel finding that there is no relationship between respiratory exchange ratio and glucose 

levels across the menstrual cycle in regularly menstruating females over 4-hours of running 

when CHO is available. 

10.3 Practical Applications 

The landscape of athletic performance is in a constant state of evolution, driven by the pursuit of 

human potential through advancements in research and technology. However, this progress isn't 

always balanced, as evidenced by scenarios where the rapid advancement of wearable technology, 

such as CGM, outpaces research, particularly in underrepresented demographics like female 

athletes in sports such as ultra-running. This discrepancy highlights the necessity for further 

research on female athletes, leading to evidence-based interventions. It also serves as the 

foundation for the current PhD project, along with subsequent recommendations for applying the 

key findings. 

First, the importance of menstrual phase tracking in study design to accurately describe hormone 

variability within female cohorts is well established. However, the suggested best practices, such 

as hormone blood testing, the progression away from menstrual phase to standardized hormone 

levels, or both, could represent gold standards of practices. Yet, in the absence of reliable, 

inexpensive, point-of-care, blood hormone testing methods, these guidelines present obstacles to 

future female sport research. The aphorism, “Better is the enemy of good”, embodies this current 

situation in female sport research. Therefore, until such hormone testing methods are available 

researchers need to employ a reliable arsenal of testing methods, appropriate to their study design 
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needs, that can be utilized in a combined method of menstrual phase tracking to achieve the closest 

approximation to a desired hormone profile.  

Second, practitioners and athletes should not assume the accuracy of CGM data during exercise, 

regardless of the sensor’s application in a medical setting and that the use of near-real time glucose 

data to inform sport fueling practices during endurance running is questionable. Data presented in 

Section 7 demonstrated that the sport CGM device used in this study tends to, on average, 

underreport glucose levels by varying degrees during fasted and unfasted exercise when compared 

to capillary glucose controls. Additionally, this variability was also influenced by the menstrual 

phase and by individual biological differences. Also, the accuracy of CGM will vary based on 

whether the athlete is fasted or has access to carbohydrates. Consequently, the results of CGM 

glucose data should be interpreted cautiously to minimize improper judgements in carbohydrate 

intake leading to gastrointestinal distress or the athlete anticipating or psychosomatically 

experiencing undesirable symptoms, commonly associated with low blood sugar, leading to 

negative performance outcomes, when those symptoms would otherwise not be indicated. 

Third, there are no guidelines for blood sugar levels above 3.0 mmol·L-1 in healthy athletes during 

exercise. Thus, any glucose data derived from CGM during exercise seems limited to glucose trend 

identification. Perhaps most intriguing was the ubiquitous use of glucose < 3.9 mmol·L-1 

throughout the existing body of sports research to designate low blood glucose leading to 

decreased performance and adverse symptoms. However, observations from study data in Section 

8, that blood sugar levels between 3.1 mmol·L-1 and 3.9 mmol·L-1 were asymptomatic among the 

cohort of trained, eumenorrheic, female, ultra-runners who participated in this PhD project, 

prompted a more detailed review of the < 3.9 mmol·L-1 practice in endurance sport. The result of 

this was the identification of < 3.9 mmol·L-1 as the lowest level of desirable blood glucose in 

diabetics and suggests corrective interventions. However, in healthy individuals’ non-diabetic 

hypoglycemia is characterized by glucose < 3.0 mmol·L-1 and accompanied by symptoms of 

hypoglycemia. This suggests that practitioners and athletes choosing to use CGM should assess 

the individual’s response to glucose levels before assuming corrective actions are required. It may 

also suggest that ultra-runners are desensitized to the effects of low blood sugar from frequent 

exposure related to under-fueling during prolonged training session, which has negative 

consequences if the physiological warning mechanisms are ineffective. 
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10.4 Limitations 

Each manuscript presented in Chapter 3 recognized constraints specific to the individual studies. 

Nonetheless, throughout the entire project, there are underlying limitations. To begin with, this 

study was unable to verify hormone status using blood samples. As an alternative verification 

process, a combined method was used to predict the target menstrual phases, but any method 

outside of blood sampling is incapable of detecting luteal phase deficiency or exact hormonal 

phase, both of which can impact the interpretation of female research data. Next, the running 

durations (4+ hours) required to recreate an ultra-running environment were difficult to align with 

exact menstrual phases, participant availability, training plans, and race calendars. This led to a 

variable length of time, 6 weeks to 8 months, between FASTED and TREAD protocols among the 

participants. Such differences in time could have positively or negatively impacted the training or 

underlying hormone status of the participants and impacted the results.  

Furthermore, while the specificity of the study population, comprised of trained eumenorrheic 

female ultra-runners, stands as a notable strength of the project, it also presents a limitation by 

restricting the generalizability of menstrual phase findings to the broader subset of female athletes, 

particularly those utilizing hormonal contraception. Moreover, an opportunity to track perceived 

blood sugar symptoms and compare them to actual glucose data was not incorporated into the 

study design and could have provided additional insight. The inclusion of this process would have 

allowed for a more robust interpretation of the glucose data and interactions with ultra-endurance 

performance. Similarly, the primary study did not implement multiple or redundant CGM sensors 

during data collection to mitigate technological failures or as a secondary method of CGM 

validation. In hindsight the implementation of redundant CGM sensors in any study, as well as 

capillary of venous benchmarks, cannot be over-stated. The 25% error rate in during specific time-

stamped collection periods combined with the sporadic nature of sensor failure across an entire 

span of time was unexpected from devices approved for use in the management of diabetes. 
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10.5 Future Research 

Future investigations into glucose as a performance metric in ultra-running, stemming from this 

thesis, should consider the findings of our CGM feasibility study. The consensus within the 

existing literature is that CGM becomes less accurate in times of rapid glucose changes associated 

with glucose availability or lack thereof. Our glucose data from CGM, when compared to capillary 

glucose controls, supports this. Also, the consistent underreporting of the CGM device by ~1.0 

mmol·L-1 compared to capillary control measures with as little as 60 g of carbohydrate per hour 

were provided in 20 g boluses, a common occurrence in endurance sport, is concerning. All of 

which indicates that additional work is needed to successfully validate the devices under prolonged 

running conditions. 

Larger sample sizes to confirm the consistently elevated glucose levels within the mid-luteal phase 

are also indicated. These follow up studies could specifically aim to elucidate whether there is a 

generalized protective effect of female physiology against hypoglycemia or, if such an effect 

exists, is that effect isolated to the distinct hormone phase found within the mid-luteal phase. The 

introduction of male participants for comparison is also indicated for this area of study. 

Lastly, our data suggests that the biological differences observed among individuals are partly 

responsible for the differences between CGM and capillary glucose data. These biological 

differences also appear to influence the magnitude of the variability in glucose between the 

menstrual phases when fasted or provided glucose. Consequently, future research should aim to 

fully investigate individual metabolic diversity as it relates to glucose fluctuations across menstrual 

cycle. These observations also emphasize the need for a standardization in menstrual phase 

terminology, clinical based hormone guidelines, and the advancement of hormone detection 

methods for use in future study design. For example, additional research into hormone ratios to 

determine what ratios are sufficient to elicit changes in metabolism as well as the development of 

an accessible point-of-care hormone testing method would both allow for a more consistent 

application of best-practices in female performance research. 
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10.6 Conclusion 

This study set out to investigate metabolic data such as glucose and energy metabolism in regularly 

menstruating female ultra runners. This aim was achieved through a randomized, cross-over design 

with participants acting as their own control across menstrual cycle phases during an ultra-

marathon simulation. Individually, female athletes, ultra-running, and the use of continuous 

glucose sensors in endurance sport, are underrepresented in the existing literature. When 

combined, a significant gap in knowledge is apparent as highlighted throughout this thesis. 

However, as interest in all three aspects grows the contributions of this thesis will hopefully act as 

a foundation for future study or field application by athletes and practitioners. Specifically, the 

awareness of how CGM glucose data is influenced during prolonged running within the female 

population, as well as the reporting of elevated glucose in mid-luteal phase, identifies an area of 

consideration when interpreting glucose levels and future research. Also, the lack of observed 

hypoglycemia in female ultra-runners did not fall within the current understanding or guidelines, 

and suggests more clarity is needed. Moreover, researchers choosing to utilize female participants 

should be aware of the current methodological landscape, including challenges and solutions. 
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