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Carbohydrate supplementation as an Ergogenic aid 
Daisy Williams, 2020 


This case study conducted by Webster, Swart, Noakes and Smith, (2018) documented the performance of an elite-level, exceptionally efficient fat-adapted endurance athlete as he was reintroduced to carbohydrate (CHO) ingestion during high-intensity training. The participant had previously followed a strict low-CHO high-fat (LCHF) diet for two years, which involved ingesting 80g of CHO per day, with only water being consumed during training and racing. Whilst following this diet, he achieved numerous podium finishes within various distance triathlons. However, he was eager to see if CHO supplementation during exercise would further increase his high-intensity performance without affecting his level of fat adaptation. He approached the authors of this case study test his theory. The study required 7 weeks of training with n=1 for the case study. 

The investigation included a 4 week habitual LCHF diet phase, during which he only drank water during both training and performance trials and a 3-week habitual diet plus CHO ingestion phase (LCHF + CHO) during which he followed his usual LCHF diet, however he ingested 60g/h CHO during 8 high-intensity training sessions and performance trials. Following each phase, rates of fat oxidation and 30 second sprint, 4-minute sprint, 20km time trial (TT), and 100km TT performances were measured. Compared with LCHF, 20km TT improved by 2.8% after LCHF + CHO, which is a significant increase. No change was reported in 30 second sprint power, a small improvement in 4-minute sprint power (1.6%), and a small reduction in 100km TT time (1.1%). As a result, the authors conclude that CHO ingestion during exercise was beneficial for this particular athlete who was well-fat-adapted; during high intensity endurance exercise ranging from 4-30 minutes, however the results suggest that CHO ingestion during exercise was not likely to benefit short-sprint or prolonged endurance performance. 
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Theory
In the early 1900’s, carbohydrate was found to be a source of fuel for exercise (Krogh and Lindhard, 1920). In 1939, an academic paper was produced stating that performance could be affected by dietary choices and that carbohydrates could improve exercise tolerance. In the 1960’s, the discussions surrounding the topic were expanding; it became clear that muscle glycogen played a significant role in exercise (Bergstrom and Hultman, 1966). In the 1980’s, the first studies showed that carbohydrate ingestion during exercise increased exercise capacity (Coyle and Coggan, 1984 and Coggan and Coyle, 1987). However, no significant advances were made within sports nutrition until the 2000’s; which brought about a new era in regard to carbohydrate feeling during and after exercise. As these breakthroughs continued and their effects on sports nutrition became accessible over time, recommendations for athletes also evolved. In current guidelines, it is generally accepted that carbohydrate intake is important to optimize during endurance performance, although the research surrounding this topic often differs in relation to the type of sport, the duration, the intensity and individual characteristics (Rodriquez, Di Marco and Langey, 2009).  

Research has shown that the most beneficial nutritional intervention is one that can increase and preserve carbohydrate fuel stores within the muscle and liver glycogen for high intensity racing and late races. One way of implementing this is to consume a meal in the hours preceding an event in order to maximise glycogen stores and directly influence the rate of utilisation during the exercise (Ormsbee, Bach and Baur, 2014). This is also known as carbohydrate loading, which can be achieved through high dietary CHO intake. Carbohydrate loading has been shown to promote skeletal muscle glycogen supercompensation and improve (>90 minute) endurance exercise and performance in both lab settings and practical field settings (Doering, Cox, Areta and Coffey, 2019). Endurance exercise can be stressful on the human body; depleting of both liver and muscle glycogen (endogenous energy stores).  Endurance exercise that is maintained at a moderate to high intensity and repeated submaximal efforts primarily rely on carbohydrates as the main source of energy/fuel. Muscle glycogen is the primary energy source during higher-intensity endurance exercise, which is due to the location of specific intramuscular pools of mitochondria and contractile muscular proteins, where immediate energy requirements are greatest during muscular contraction (Philp, Hargreaves and Baar, 2012). Research by Bergström, Hermansen, Hultman and Saltin, (1967) found that the rate of fatigue development was directly influenced by glycogen depletion. 

Research 
It is well-known that athletes competing maximally during high-intensity endurance sports must ensure that the amount of carbohydrate stored is optimised before and during exercise to perform at their best (Moore, 2015). Pre-competition management of carbohydrate intake and strategies to super-compensate glycogen stores (carbo-loading or glycogen loading) prior to performance are vital for an endurance athlete (Burke, Hawley, Wong and Jeukendrup, 2011). In addition, carbohydrate intake during exercise used for a source of fuel for events exceeding 90 minutes and/or for mental energy such as a carbohydrate mouth rinse can be useful dietary strategies to improve endurance performance (Jeukendrup, 2014).

Table. 1 below shows the effects of various carbohydrate dietary interventions on performance. The studies included in Table. 1 represent several different sports and the effect of carbohydrate supplementation on anaerobic, aerobic performance and individual outcomes relative to the study. 


Table. 1 Research showing the effects of carbohydrate supplementation on performance.


	Study design
	Author
	Number of participants (n)
	Age in years (Mean ± SD)
	V02 max (mean) ml•min•kg
	Intervention
	Outcome

	IRS
	Marquet et al., 2016

	21
	31.2 ± 7.1
	64.2 ± 6.0 
	After 2 wk familiarization + habitual training prog, P’s were split into 2 groups. CHO & SL group, both had to ingest 6g•kg•day in addition to food diary. CON= high CHO availability + even spread of CHO intake over the day & between training sessions. SL= no CHO consumed between the HIIT in evening and throughout night until end of LIT training session in morning. 3 x LIT for 1hr @ 65% MAP p/wk and 3 x HIIT, 8 x 5 min @ 85% MAP, rest for 1min.
	SL improved performance +3.2%; p> 0.05 (20km cycling TT) compared to CON after the week of CHO supplementation. 

	CS
	Maffetone and Laursen, 2017

	1
	38
	Not stated. Professional, elite triathlete (ironman)
	Due to GI distress, DEC performance, fatigue and day-time hunger.  Training load DEC from 30h to 18h before gradual INC to 24h. Dietary recommendations include DEC CHO and INC dietary fat intake. Over 6 wk period, daily CHO was DEC 73%. (475g) to 12% (78g) of total calories. Fat content INC from 14% (40g) to 75% (217g) and protein remained @ 13% (85g). 
	Within 2 months, athlete reported INC perception of daily energy during % between training sessions, DEC perceived hunger and fatigue, DEC need for daytime naps. Cycling PO INC by 20W and run pace INC 12-15km-1. Nutrition no longer needed during long (-4hr) training, only water. GI stress DEC, 2/3 performances were PB’s.

	IRS
	Michalczyk et al., 2019

	15
	23.5 ± 2.2
	Not stated. 
	Wingate test on 3 different occasions; after the conventional diet, after 4 wks of LCD and after the 1 wk of Carbo-L. Measured PP, TW, TTP, blood lactate concentration (LA), blood pH and bicarbonate. 
	After LCD, TW DEC, resting values of pH DEC, blood LA DEC. After LCD, testosterone and growth hormone INC, insulin DEC. After Carbo-L, TW, resting values of pH, bicarbonate and lactate significantly INC compared with LCD. 4 wks of LCD DEC TW capacity. Neither LCD or Carbo-L affected PP. 

	ERS
	Doering, Cox, Areta and Coffey, 2019

	7
	37 ± 6
	V02 peak: 56.8 ± 3.7 ml•kg-1•min
	9 d experimental period; 3 x intermittent exhaustive cycling trials on days 1 (trial 1), day 5 (trial 2) and 9 (trial 3). After trial 1, cyclists were fed a high CHO diet (10g• kg-1•day-1) for 8 days. Each 72hr period between trials included days of LVOL cycling and a RD. 
	Baseline muscle glycogen on day 1 (583.6 ± 111.0 mmol•kg-1 dry mass) was super compensated on day 5 (835.1 ± 112.8 mmol•kg-1 p=0.04) and on day 9 (848.3±111.4 mmol•kg-1. TCW capacity INC from trial to trial 2 (+8.7 ± 5.4 kJ kg-1 p= 0.01). A large effect was observed in trial 3 compared to trial 1 (+6.4 ± 6.8 kJ kg-1, p=0.10. 

	ERS
	Routledge et al., 2019

	2
	24.5 ± 2.5
	Not stated
	After 24hr CHO loading protocol of 8 and 2g/kg in pre-match meal, 2 elite AF players had biopsies taken from m vastus lateralis before & after playing in SA football league.
	Muscle glycogen DEC by 66% in player A (pre: 656mmol/kg dw, post: 223 mmol/kg dw) and 24% in player B (pre: 554mmol/kg dw, post: 416mol/kg dw). 

	ERS
	Bishop et al., 2001

	7
	13.5 ± 0.7 
	Not stated
	Performed 2x trials separated by 3-7d. In each trial, they completed 4 x 15min periods of part A of the LIST test, followed by an intermittent run to exhaustion (part B). 5 min pre-exercise, P’s consumed 0.818ml kg-1 BM of CHO or a non-CHO placebo gel + a further 0.327 mL kg-1 BM every 15 min during part A of the list (38.0 ± 5.5g CHO h-1 in the CHO trial. 
	Intermittent endurance capacity INC by 21.1% during part B, when the CHO gel was ingested (4.6 + 2.0 vs 3.8 + 2.4min) p=0.05. Ingestion of CHO gel significantly INC intermittent endurance capacity. 

	
	
	
	
	
	
	


P’s: participants, SL: sleep low, CHO: carbohydrate, CON: carbohydrate over the day, HIIT: high intensity interval training, LIT: low-moderate intensity, MAP: maximal aerobic power, hr: hour, GI: gastrointestinal, DEC: decrease, INC: increase, PO: power output, LVOL: low volume, LCD: low-carbohydrate diet, Carbo-L: carbohydrate loading, PP: peak power, TW: total work, TTP: time to peak power, TCW: total cycling work, RD: rest day, AF: Australian football, SA: south African, ERD: experimental study design, CS: case study, IRS: investigational research study. 

The results in table. 1 show the outcomes on several variables after ingesting carbohydrates as an intervention during several sports and activities. Overall, an increase in carbohydrate after a prolonged period of restricted carbohydrates appears to reduce fatigue and tiredness, improves attention and perception of daily energy whilst also increasing intermittent performance. Team sports may only require an energy gel containing carbohydrate to aid performance during competition <90 minutes, whereas during endurance sports, a structured dietary intervention should be planned in order to accurately time feeding to avoid glycogen depletion and to maintain physical and mental alertness. 

Application 

Carbohydrate amount requirements can vary dependent on the sport, level of performance, body weight, height, gender and individual requirements. For example, aerobic endurance exercise is often classified as relatively long-duration, constant-load exercise that demands large amounts of oxygen and although it entails shorter repeated intensities, high-intensity short efforts often are rely on the aerobic systems for optimal performance (Bogdanis, Nevill, Boobis and Lakomy, 1996). Athletes who have limited time between exercise bouts (<8h) such as stage race cyclists; olympic sports athletes, tennis players, who are required to perform at their highest level in each bout of exercise should consume protein and CHO immediately after the first bout of exercise to initiate the recovery process (Ivy et al., 1988). Athletes should target 0.25 g•kg-1 of high-quality protein such as whey or leucine-enriched) in order to stimulate muscle protein synthesis (MPS) combined with at least 0.75 g•kg-1 of carbohydrate. Carbohydrate will enhance glycogen resynthesis and greater amounts will ensure glycogen synthetic rates are maximised; however, if amounts are excessive, congestion will hinder glycogen synthesis below maximal carbohydrate ingestion rates of 1.0 to 1.2 g•kg-1•h-1. Nutritional sports drinks such as recovery drinks, bars and gels can be consumed during the first post-exercise meal to enable convenient sources of multiple carbohydrates (glucose, fructose, sucrose) within the liver and muscle glycogen. Following the immediate post-exercise recovery window, athletes should aim to consume carbohydrate-rich foods at a similar rate as previously mentioned; 0.25 g•kg-1 of protein and 0.75 g•kg-1 every 2 hours (Moore, 2015). 

Athletes who have the ability of a longer intersession of recovery window (8 to 24 hours) such as shorter duration sports; team sports or athletics, require less urgency when consuming carbohydrates after training. The timing and amount of carbohydrate intake have little influence on the restoration of this endogenous energy store after early period exceeding 8 hours have passed (Moore, 2015). However, consuming carbohydrates immediately after exercise regardless of the time after exercise would be beneficial for recovery as it would encourage early muscle glycogen resynthesis. Following the initial meal after training, athletes should continue to consume adequate carbohydrate intake through carbohydrate-rich food sources to fuel their training loads. In addition, frequent meal feedings (5 to 6 meals over a 12-15h wake period) would be similar to that of an elite athlete (Burke et al., 2003) and gives the opportunity to meet the high daily carbohydrate needs and elicit an insulin response that would efficiently attenuate any exercise-induced increase in muscle protein breakdown (MPB). Each of the meals should contain an adequate amount of protein and carbohydrate (0.25 g•kg-1 protein) including a pre-bed-time snack in order to sustain maximal rates of MPS and obtain the increased daily protein requirements (1.2-1.7 g•kg-1•d-1) (Res et al., 2012).

Resistance training is less likely to initiate complete depletion of glycogen stores. Current literature suggests a moderately high carbohydrate intake of 3-7 g/kg per day for resistance training which is thought to facilitate performance, adaption and avoid depletion of glycogen stores. However, modern investigation in addition to an emerging understanding of the minute, molecular principles of resistance training adaption, means that such an intake may not be necessary. As previously stated, due to the nature of resistance training; short, often anaerobic, glycogen depletion is a low risk (Escobar, VanDusseldorp and Kerksick, 2016). 

Doering, Cox, Areta and Coffey, (2019) state that current recommendations suggest a 36h-48h period of high carbohydrate feeding at ~8-12 g/kg-1/day-1 in order to supercompensate muscle glycogen stores during a taper period. Taper periods relate to the decrease of intensity, duration or frequency of training prior to competition (Burke, Hawley, Wong and Jeukendrup, 2011, Burke, van Loon and Hawley, 2017). The time restricted nature of competition schedules of professional athletes of many team sports and cycling include one-day classics, which often have limited time between stages and removes the opportunity for an efficient taper. Similarly, research by suggests that for sustain or intermittent exercise lasting longer than 90 minutes, athletes should aim to consume 10-12 g of carbohydrate per kg of body mass per day, throughout the 26-48 hours before competition or training. It is reported that there is no advantage to increasing pre-exercise muscle glycogen content for moderate intensity cycling or running of up to 90 minutes; as significant amounts of glycogen remain in the muscle following exercise (Hawley, Schabort, Noakes and Dennis, 1997). For athletes competing or training for less than 90 minutes, 7-12g of carbohydrate/kg of body mass should be consumed during the 24 hours preceding (Burke, van Loon and Hawley, 2017). 

Contraindications 
When glucose is used as the carbohydrate source during exercise, the concentration should be limited to <2.5%, as higher concentrations can delay gastric emptying (GE) and fluid absorption. Generally, the combination of different carbohydrate sources should be >5% to provide sufficient fuel for the maintenance of muscular demands during performance. However, total carbohydrate concentrations should be limited to <10%, as higher carbohydrate content is associated with an increased risk of gastro-intestinal (GI) distress; abdominal cramping, diarrhea and nausea due to the high osmolar load (Wittbrodt, 2003). In addition, the rate of fluid absorption through sports drinks is closely related to the carbohydrate content of drinks with high carbohydrate concentrations, which can compromise fluid delivery during exercise. Thus, requiring a balance between the goal of maintain optimum hydration and proving carbohydrate to the working muscles (Burke, van Loon and Hawley, 2017). Decreased gastric emptying associated with high-intensity exercise is further compromised by the ingestion of hypertonic carbohydrate beverages, often used in running performance (Sawka et al., 2007). 
Summary 

In summary, the research surrounding carbohydrates and carbo-loading is varied and specific when relating to particular sports. It is clear that all people require energy from a carbohydrate source, however amongst athletic populations there is an increased need for such energy. Depending upon the sport, type of activity and body weight, there is a range of carbohydrate suitable for an individual’s needs. Overall, adequate carbohydrate ingestion can sustain and improve performance whilst reducing the development of fatigue, in addition to increasing mental focus and accelerating the rate of recovery following intense exercise. 
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