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We compared the effects of high-fat and high-carbohydrate dietary conditions on metabolism and short- and ultra-endurance

cycling performance. Seven cyclists (V̇O2max 72 � 7 mL � kg-1 � min-1) underwent a 2-week adaptation to each of the following

3 diets: 14-day high carbohydrate with 70 � 9 percent energy (%E) carbohydrate, 16 � 5%E fat, and 14 � 2%E protein; 14-day

high fat with 66 � 10%E fat, 20 � 3%E protein, and 15 � 4%E carbohydrate; and 11.5-day high-fat diet followed by 2.5-day

carbohydrate-loading. The conditions included a pre-exercise meal of the same composition as the preceding diet. Each diet

condition was preceded by a 2-week standardizing normal diet. The exercise test lasted approximately 5 hours and comprised

a 15-minute trial, an incremental test to measure the peak fat-oxidation rate, and a 100-km trial. Sports bars and a 5%

carbohydrate solution were ingested during the tests. The diets had no statistically significant effect on 15-minute perfor-

mance, although the high-fat condition tended to reduce distance covered by -2.4% (95% confidence interval: -5.4% to �0.6%,

P � .11) relative to the fat with carbo-loading condition. In the 100-km time trial, the high-fat and the fat with carbohydrate-

loading conditions attenuated the decline in power output observed in the high-carbohydrate condition (P � .03 to .07),

although the corresponding improvement in performance time of 3% to 4% (-2% to 10%) was not statistically significant (P �
.16 to .22). Power output during the final 5 km of the time trial in the fat with carbo-loading condition was 1.3-fold (1.0 to 1.6,

P � .04) greater than in the high-carbohydrate condition. Overall, for every 10%E increase in dietary fat, 100-km mean power

increased by 2% (-0.0% to 4%, P � .06). Relative to the high-carbohydrate condition, the high-fat conditions resulted in the

following metabolic changes consistent with greater lipolysis and fuel availability: lower plasma insulin concentration before

exercise (P < .0001), and during exercise a 10% to 20% higher plasma-glucose concentration (P < .01), higher plasma glycerol

(P < .05), and a 2.5-fold to 2.9-fold increase in the peak fat-oxidation rate (P < .0001). In conclusion, high-fat dietary

conditioning increased fat oxidation, and although the main effects were not statistically significant, there was some evidence

for enhanced ultra-endurance cycling performance relative to high-carbohydrate.

Copyright 2002, Elsevier Science (USA). All rights reserved.

FATIGUE DURING ENDURANCE exercise is often re-
lated to the depletion of muscle-glycogen or a reduction

in blood glucose supply.1 Fatigue can be attenuated by elevat-
ing pre-exercise liver- and muscle-glycogen content with a
high-carbohydrate diet for 1 to 3 days prior to exercise2-4 and
by ingesting carbohydrates during exercise.1,5 Consequently,
most investigators advise endurance athletes to eat a diet of at
least 60 to 70 percent energy (%E) carbohydrate to maximize
pre-exercise glycogen stores to enhance competition and train-
ing performance.1,6 Despite evidence that short-term (1 to 3
days) high-carbohydrate diets improve endurance relative to
high-fat diets, few studies have found this effect applies to
longer-term (� 5 days) chronic high-carbohydrate diets com-
pared with moderate-carbohydrate or high-fat diets in well-
trained cyclists (for reviews, see Hawley et al7 and Helge8).

Chronic high-fat (� 50%E) diets are associated with meta-
bolic adaptations that enhance muscle-triglyceride storage and
the activities of enzymes involved in fat oxidation and fat
transport across plasma and mitochondrial membranes.9-11

Such adaptation appears to compensate for lower carbohydrate
availability and probably account for the enhanced perfor-
mance capacity observed after chronic high-fat diet exposure
relative to short-term high-fat diets.7 Evidence for muscle-
enzyme adaptation to a high-fat diet has been observed after as
little as 5 to 10 days in cyclists,9 and therefore, a 1- to 2-week
high-fat diet may be a practical intervention for endurance
athletes.

In well-trained cyclists, 2- to 4-week high-fat diets im-
proved12 or had no clear effect9,13 on 1- to 3-hour endurance
performance relative to carbohydrate-rich diets. In studies in
which well-trained cyclists ingested a high-carbohydrate diet
for 1 to 3 days following a 5- to 10-day high-fat diet, elevated
fat oxidation and apparent muscle-glycogen sparing14,15 was
related to enhanced performance in one study14 and to nonsig-
nificant trends for enhancement in one using a 2.5-hour endur-
ance model16 and in another using a 5-hour ultra-endurance
model.15 Despite some evidence for enhanced endurance per-
formance after high-fat dietary adaptation, the results remain
equivocal and largely untested in ultra-endurance (� 4 hours)
models.

It has been suggested that an increased maximal capacity to
generate power from fat oxidation following fat adaptation may
be of particular benefit to performance in longer duration
endurance events (ultra-endurance, � 4 hours).17 In such
events, the preformed muscle-glycogen store can be depleted
before completion necessitating an increased reliance on fats
and plasma glucose for energy production.18 With an elevated
fat-oxidation rate following fat adaptation, less carbohydrate is
required to maintain a given power output, which may enhance
prolonged endurance performance by increasing overall energy
availability.9,17

On the other hand, carbohydrate provides most of the energy
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for high-intensity endurance exercise (85% to 100% V̇O2max).
Consequently a high-carbohydrate diet could be more appro-
priate for athletes competing in endurance events because of
greater pre-exercise muscle-glycogen availability in the heavily
recruited muscle fibers and enhanced glycolytic metabolism
relative to a high-fat diet.17 Furthermore, the burning of carbo-
hydrate is marginally more oxygen efficient than the burning of
fat,19 which may provide benefits at intensities close to
V̇O2max.

An important issue in diet studies is the inclusion of energy-
rich meals and supplements in testing procedures because of
their effects on substrate availability and fuel utilization. High-
fat pre-exercise meals elevate circulating fat availability20,21

and should therefore complement the enhanced fat oxidation
following high-fat diet adaptation. High-carbohydrate meals,
on the other hand, increase carbohydrate availability, but sup-
press lipolysis and fat oxidation.22-24 Carbohydrate ingested
during exercise can help sustain plasma-glucose oxidation
rate,25 while supplemental protein and fat may also contribute
to energy metabolism.26,27 Furthermore, pre-exercise meals and
supplements are commonly used by endurance athletes during
training and competition.24

Accordingly, the aim of this study was to compare the effects
on cycling metabolism and performance of a 2-week high-fat
diet/pre-exercise meal condition, with and without carbohy-
drate loading, against a high-carbohydrate diet/pre-exercise
meal condition, as the control. The cyclists ingested a standard
caloric supplement during exercise. The effect of the diet
conditions on the peak capacity for fat oxidation was deter-
mined, and performance was measured using a 15-minute test
(short-endurance), and a 100-km time trial following 2.5 hours
of other riding (ultra-endurance).

MATERIALS AND METHODS

Design

Each subject performed metabolic and performance tests before and
after each of the three 2-week dietary treatment conditions (Fig 1). The
order of treatments was randomized. Each diet condition was preceded
by a 2-week standard normal diet (50%E carbohydrate, 35%E fat,
15%E protein) to act as a controlled lead in. Performance outcomes in

response to the treatment conditions were therefore compared relative
to a normal mixed diet. There were 2 exercise procedures in each
2-week treatment block: a short incremental test on day 11 to measure
peak power and V̇O2max, and the 5-hour testing procedure on day 14
to measure the effects of the diets on metabolism and performance
(Fig 1).

Subjects

Seven nationally competitive male cyclists and triathletes partici-
pated in the study during their competitive off-season. Subject charac-
teristics were: age, 27 � 5 years; height, 178 � 7 cm; mass, 74 � 9 kg;
sum of 7 skin folds, 57 � 18 mm; body fat, 8 � 3 percentage body
mass (%BM). Prestudy maximal oxygen uptake (V̇O2max) and peak
power were 5.2 � 0.5 L � min-1 (72 � 7 mL � kg-1 � min-1) and 378 �
41 W (5.2 � 0.8 W � kg-1), respectively. Training volumes in the week
before the study were 430 � 100 minutes of cycling and 410 � 190
minutes of other training, which comprised swimming, running, or gym
training. Subjects had been training in their sport for 7 � 4 years. The
research received ethical approval from the Otago Ethics Committee of
the Southern Regional Health Authority.

Diets

The diets were prescribed as: (1) high-fat, low-carbohydrate (high-
fat: 70%E fat, 15%E protein, 15%E carbohydrate); (2) high-carbohy-
drate, low-fat (high-carbohydrate: 70%E carbohydrate, 15%E protein,
15%E fat); and (3) 11.5-day high-fat, followed by 2.5-day on high-
carbohydrate (fat with carbo-loading). During the fat with carbo-load-
ing condition, subjects changed from the high-fat diet to the high-
carbohydrate diet from 3:00 PM on the 11th day of the 2-week
conditioning period.

The high-fat diet consisted of ad libitum consumption of high-fat
meats, eggs and dairy products, nuts and seeds, low-starch vegetable
products, and oils. The high-carbohydrate and carbo-loading diets
consisted of ad libitum consumption of standard high-carbohydrate
foods (cereals, pasta, bread, rice, and potatoes), vegetables with a
high-starch content, low-fat confectionery, lean meats, and fish.

Blinding the subjects and the investigators to the dietary treatment
conditions was not possible. To reduce bias, subjects were not informed
of their performances until the completion of the study. To assist in
adherence to the prescribed diets, subjects were provided with food
composition tables, measuring containers, and a large range of menus
specific for the dietary condition. Appropriate food items were pur-
chased for the subjects during the dietary treatments, and regular
contact between the investigators and the subjects was maintained to
encourage compliance.

Dietary Analysis

Dietary compliance was monitored with 4-day dietary diaries com-
pleted during the first 5 days of each 2-week diet block. These diaries
were processed rapidly using computer software based on the nutrient
composition of New Zealand foods (Diet Cruncher, NutriComp, Dun-
edin, New Zealand). Subjects were notified if any modifications to the
diet were required and asked to complete a second 4-day diary during
the second week, which was subsequently processed and taken as
representative of the dietary intake during the conditioning period.

Training

Subjects designed their own training programs based on a 14-day
cycle. Light training or rest was scheduled on the day before the 5-hour
test. Daily training volume and intensity were recorded in training
diaries that included 10-point Likert scales for psychological state
(mood, energy, dissatisfaction, limb pain).

Fig 1. Study design. Dashed lines before and after the dietary

conditioning periods represent time away from the study if required

by the subjects.
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Supplement and Fluid Replacement

Subjects consumed a 5.0% carbohydrate/electrolyte solution (PR
Nutrition, San Diego, CA) and sports bars (PR Nutrition) throughout
the 5-hour procedure at defined rates. The solution contained a 50:50
mix of fructose and maltodextrin (5 g � 100 mL-1). The carbohydrate
solution was ingested at approximately 12 mL � kg-1 � h-1 and the bar at
1 � h-1. Each sports bar contained 14 g protein, 19 g carbohydrate, and
6 g fat. The average rate of carbohydrate ingestion over the 5-hour
exercise period was 58 g � h-1.

Peak Power and Maximal Oxygen Uptake

The test of peak power output and V̇O2max was performed on an
electronically braked cycle ergometer (Rodby, Södertälje, Finland)
with drop handlebars and fitted with the subject’s own pedals, cycling
shoes, and seat. Peak power was determined using a procedure similar
to that of Kuipers et al.28 After a warm-up of 10 minutes at 100 W, the
work rate was increased by 50 W every 150 seconds until a heart rate
of 160 min-1 was surpassed, thereafter work rate increased by 25 W
every 150 seconds until the test was terminated at the point of voluntary
exhaustion, or when pedal cadence fell by greater than 20 revolutions/
minute. Peak power was defined as the last completed work rate plus
the fraction of time spent in the final noncompleted workload multi-
plied by 25. Peak power was used to set workloads in appropriate
stages of the 5-hour procedure.

Expired respiratory gas was collected continuously throughout the
test using an on-line gas analysis system for determination of oxygen
consumption (V̇O2) and carbon dioxide production (V̇CO2). Cyclists
wore a mouthpiece and nose clip (Hans Rudolph, Kansas City, MO).
Expired air passed down a 2-m flexible plastic tube into a 6-L mixing
chamber. Mixed-expired air samples were drawn from the mixing
chamber by vacuum through a sampling line for measurement of O2

(Applied Electrochemistry; oxygen sensor N-22 and oxygen analyzer
S-34, Sunnyvale, CA) and CO2 (Datex Normocap CD102, Helsinki,
Finland) fractions. Inspired minute volume was measured using a
pneumotachograph and flow transducer (Hewlett Packard, Waltham,
MA). Instrument outputs were passed through an analogue to digital
converter to a microcomputer where calculations were made of respi-
ratory variables. Immediately prior to sampling, gas analyzers were
calibrated with a 2-point calibration using room air and analytical grade
concentrations of O2 (� 16%) and CO2 (� 4%) verified against a beta
standard (BOC Gases, Auckland, New Zealand). The volume meter
was calibrated using a 3-L syringe. Calibration checks of the O2 and
CO2 analyzers and volume meter were performed after each sampling
block (eg, duration of the incremental test, see below) and corrections
made of gas fractions if necessary. Smith29 verified the validity of the
gas analysis system. V̇O2max was the V̇O2 measured during the final
fully completed 20-second gas-sampling period, which corresponds to
the oxygen utilization during the final work rate.

Blood samples were collected for measurement of blood-lactate
concentration during the final 30 seconds of each workload (YSI
1500-L; Yellow Springs Instruments, Yellow Springs, OH). Blood
lactate versus power output was modeled using a logarithmic function
(TableCurve; SPSS Science, Chicago, IL) for determination of the
effect of diet on the power output at blood-lactate concentrations of 2
and 4 mmol � L-1.

Five-Hour Exercise Procedure

The testing procedure is shown in Fig 2. The warm-up, the 15-
minute test, and the 100-km time trial were performed on a Kingcycle
ergometer (Kingcycle, High Wycombe, UK). The 45-minute ride and
the incremental test were performed on the Rodby ergometer. Anthro-
pometry and a pre-exercise meal preceded the exercise test.

Preparation and anthropometry. Cyclists reported to the labora-
tory between 7:30 AM and 9:00 AM with their bicycle and riding outfit
after an overnight fast. Report time was approximately 110 minutes
before the beginning of cycling. Skin-fold thickness was measured at 7
sites and converted to the percentage body fat (%BM) using standard
equations.

Pre-exercise meals. The cyclists ingested 1 of 3 pre-exercise meals
between 80 and 90 minutes before beginning exercise. Each meal was
designed to provide 42 kJ � kg-1 and 8 mL � kg-1 of water. The
percentage macronutrient compositions of the meals were the same as
the prescribed preceding diets. The meal for the normal condition
consisted of a muffin, a meal replacement drink (PR Nutrition), and a
carbohydrate drink (Horleys, Auckland, NZ). The meals for the high-
fat and fat with carbo-loading conditions consisted of a dairy-based
custard mixture: standard cream cheese, evaporated milk, fresh cream,
whey protein powder, artificially sweetened custard mix, and water.
The high-carbohydrate meal consisted of a sports bar (Sun Real Foods,
Moorabbin, Australia), banana, carbohydrate-electrolyte drink, and
canola oil. After eating, the cyclists rested in a chair until the beginning
of exercise.

Fifteen-minute test. The cyclists warmed up for 15 minutes at 35%
peak power. After a 2-minute rest, cyclists were asked to ride as far as
possible in 15 minutes.

Forty-five–minute steady ride. The 45-minute steady-state ride at
50% of peak power was used as a part of the preload to the 100-km
time trial and for recovery from the 15-minute test.

Incremental test. The purpose of the incremental test was to mea-
sure the effect of diet on fuel utilization at different exercise intensities,
in particular, peak fat oxidation. The test consisted of 10-minute stages
at 37.5%, 48.75%, 60%, 67.5%, 75%, and 82.5% of peak power (Fig
2). During each stage, expired gas was sampled continuously for
determination of V̇O2 and V̇CO2. Gas from the final 3 minutes of each
10-minute stage was used to calculate fuel utilization.

One hundred–kilometer time trial. The cyclists were asked to ride
the time trial as fast as possible. Expired respiratory gas was collected
for 5 to 7 minutes for measurement of V̇O2 and V̇CO2 as the rider passed
the 10-, 30-, 70-, and 90-km marks. Mean power was calculated for
each 5-km split from the Kingcycle data stream.

Environmental conditions. Temperature and humidity in the labo-
ratory during the course of the experiments were 19°C to 21°C and
45% to 55%, respectively. A fan was positioned approximately 80 cm
in front of the head of the cyclist with the airflow set at approximately
2 m � s-1.

Blood Sampling and Urine Collection

A cannula with a 30-cm extension line was placed in a forearm
antecubital vein for blood sampling before and during the exercise
procedure. Blood was drawn into 10-mL syringes for analysis of

Fig 2. Testing procedure. Shown are the timings of the pre-exer-

cise meal and the components of the 5-hour exercise test.
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plasma insulin, glucagon, glucose, urea, free fatty acid, and glycerol
concentration. The sample points were: 5 minutes before exercise, at
the end of the 45-minute steady ride, at the end of the 1-hour incre-
mental test, and as the riders passed the 30-, 70-, and 100-km points
during the 100-km time trial. Blood was drawn into heparinized cap-
illary tubes for measurement of blood lactate concentration (1) imme-
diately before and as the rider passed the 5th, 10th, and 15th minute of
the 15-minute test, (2) during the final minute in each stage of the
incremental test, and (3) as the riders passed the 10-, 30-, 70-, 90-, and
100-km marks of 100-km time trial. Between sampling, the line and
cannula were flushed with sterile heparinized saline (5 IU � mL-1) to
prevent clotting. Urine was collected for analysis of renal urea clear-
ance immediately before exercise, before and after the incremental test,
and at the end of the 100-km time trial.

Treatment of Blood Samples and Analysis

Blood samples were transferred from 10-mL syringe into 7-mL
EDTA vaccutainers and spun immediately at 3,000 � g, 2°C for 12
minutes. Separated plasma was then aliquoted into Eppendorf tubes and
frozen (-80°C) for later analysis. Eppendorf tubes designated for glu-
cagon assay contained protease inhibitor (Trasylol, Bayer, Pymble,
Australia), and were silicon coated to prevent binding of the peptide
hormone to the polyurethane tubes. Plasma glucagon and insulin con-
centrations were determined by radioimmunoassay (Diagnostic Prod-
ucts, Los Angeles, CA). The within-assay error for the insulin and
glucagon assays was 7.0% and 9.3%, respectively. Enzymatic colori-
metric assay was used to determine plasma free fatty acid (Boehringer,
Mannheim, Germany), glycerol (Sigma Diagnostics, St Louis, MO),
and glucose (Roche Diagnostics, Auckland, New Zealand) concentra-
tions. Plasma and urinary urea concentrations were determined using
the urease/GLDH method (Roche Diagnostics, Auckland, New Zea-
land). The errors for free fatty acid, glycerol, glucose, and urea assays
were 3.5%, 6.1%, 3.0%, and 6.7%, respectively. Owing to budgetary
limitation, the effect of the 3 treatment diets on metabolic variables
(plasma glucose, glycerol, free fatty acid, urea, insulin, and glucagon
concentrations, and fuel utilization) was analyzed against the third
normal diet trial only.

Metabolism

Protein oxidation. The total mass (g) of protein oxidized (Ptot)
during the incremental test and during the 100-km time trial was 6.26
times nitrogen appearance.30 Nitrogen appearance was the product of
the increase in whole body urea store calculated from the change in
plasma urea concentration, the urinary urea excretion rate, and an
estimate of sweat urea loss.

The whole body urea store was calculated as the plasma urea
concentration divided by 0.93 (to account for the water fraction of
plasma) multiplied by the urea distribution volume (whole body water).
Sweat nitrogen losses were not measured during the study. Literature
estimates for sweat-urea loss during moderate exercise under normal
dietary conditions range from 80% to 120% of the urinary excretion
rate.31,32 Taking a middle value of 100%, urinary urea excretion was
therefore multiplied by a factor of 2 to account for the urea lost in
sweat.

The total volumes of O2 utilized and CO2 produced in protein
metabolism for the duration of the incremental test and for the duration
of the 100-km time trial were calculated from the equations of Livesey
and Elia30: V̇O2protein � Ptot � 1.01, V̇CO2protein � Ptot � 0.843. The
gas equivalents were then used to compute the protein fraction of the
measured V̇O2 and V̇CO2. The protein fraction was subtracted from the
measured V̇O2 and V̇CO2 to generate a protein-corrected V̇O2 and V̇CO2

for each gas-sampling point during the incremental test and 100-km
time trial. The V̇CO2 during the latter 3 stages of the incremental test

was corrected for buffer CO2 production (see below) before the protein
correction.

Carbohydrate, fat, and protein oxidation rate. Carbohydrate and
fat oxidation rates during exercise were calculated from protein-cor-
rected V̇O2 and V̇CO2 using the equations of Peronnet and Massicotte.33

The equations for the calculation of the oxidation rate and the oxygen
equivalent for glucose (G) and fat (F) were: G (g � min-1) � (4.5850 �

V̇CO2) - (3.2255 � V̇O2), F (g � min-1) � (-1.7012 � V̇O2) � (1.6946 �

V̇CO2); V̇O2G (L � min-1) � G � 0.7455, V̇O2F (L � min-1) � F � 2.0092.33

The protein oxygen equivalent and protein oxidation (P) for each
sample point were calculated by difference: V̇O2protein (L � min-1) �
V̇O2total - (V̇O2G � V̇O2F); P (g � min-1) � V̇O2protein/0.996. Energy
equivalents (kJ � g-1) were 17.14, 16.18, and 40.76 for protein,19

carbohydrate,33 and fat,33 respectively.
Correction for nonoxidative CO2 production during the incremental

test. Estimates of fuel utilization based on indirect calorimetry during
heavy exercise (greater than 70% V̇O2max) may overestimate the
contribution of carbohydrate due to the evolution of CO2 from declin-
ing body HCO3

- stores (buffer CO2).19,34 To correct for this problem,
buffer CO2 was subtracted from the V̇CO2 to derive the V̇CO2 attribut-
able in the oxidation of fuel substrates. Buffer CO2 production was
calculated from the decline in blood standard HCO3

- concentration
(SBC, the HCO3

- concentration of the sample at a standard PCO2 of 40
mm Hg) during the latter stages of the incremental test. Venous blood
samples were drawn into capillary tubes from the forearm cannula at 1-
to 2-minute intervals over the duration of the incremental test. The
capillary tubes were sealed using rubber caps and stored on ice for 80
to 90 minutes before being assayed for SBC using a blood-gas analyzer
(ABL50; Radiometer, Copenhagen, Denmark). The SBC provided a
direct index for the effect of electrochemical changes in the body fluid
during exercise relative to the resting condition, and without the com-
plication of changes in PCO2 involved with the anaerobic sampling of
the actual HCO3

- concentration.
The rate of decline in SBC was determined by fitting a first-order

monoexponential equation to data from the 1st to 10th minute of each
workload: y � a � be-ct, where y is the SBC (mmol � L-1) at time t, a
is the asymptotic concentration, e is the standard exponential term, and
b and c are constants. The SBC at the beginning and end of the
respiratory-gas sampling period (the 7th and 10th minute of each stage)
were determined from the equation. The prediction error for standard
HCO3

- using this method was calculated from standard error of the
estimate for each curve: the range was 0.15 to 0.9 mmol � L-1.

The fractional change in SBC was assumed to equal the fractional
change in the labile whole body CO2 store over the 3-minute gas-
sampling period. The assumption was based on the observations that
exercise-induced changes in strong ion concentrations (La-, Na�, K�,
Cl-) and CO2 are distributed rapidly and relatively evenly across the
extracellular fluid compartment, and most intracellular fluid compart-
ments with the exception of the active muscle, which behaves differ-
ently.34 The labile whole body CO2 store was taken as the whole body
water volume minus the intracellular fluid volume of the active muscle
(� 10.6% total body mass), because the HCO3

- concentration in the
active tissue compartment changes little during sustained heavy exer-
cise.34 Assuming no substantial change of the fluid volumes of the body
fluid compartments between rest and exercise, a change in the molar
SBC, therefore, represents a calculable mass of CO2 expired at the
lung: buffer CO2 production (mL � min-1) � ([SBCb � SBCe]/SBCr) �

CO2r � kg � (0.894 � SBCr/24.5) � 22.26/3, where CO2r is a literature
estimate of the labile body CO2 store at rest (9.2 mmol � kg-1),35 SBCr

is the SBC at rest, SBCb and SBCe are the SBC at the beginning and
end of the expired gas sampling period for each workload, respectively,
0.894 is the correction for the active muscle compartment, 24.5 is the
standard resting SBC, and 22.26 is the gas constant for CO2.

681DIET, METABOLISM, AND CYCLING PERFORMANCE



Statistical Analysis

The effects of the diets were estimated using a repeated-measures
analysis provided by Proc Mixed in the Statistical Analysis System
(SAS Institute, Cary, NC). For measures of performance, the dependent
variable in the analyses was performance on the treatment diet minus
performance on the standard normal diet. A term was included in the
model to account for any practice effect between consecutive trials. For
measures of metabolism, the dependent variable was the metabolic
measure in the 3 treatment diets and the third normal diet.

Measures of centrality and spread for subject descriptive and dietary
variables are means and standard deviations. Most variables were
analyzed after log transformation to reduce or eliminate effects of
nonuniformity of error.36 Spread for these variables was therefore
represented by a factor (�/�) standard deviation generated from the
repeated-measures analyses. For example, for a hormone concentration
of 40 mmol � L-1 with a between-subject standard deviation of 20%, the
typical variation is 40 � 1.20 to 40 � 1.20, or 33 to 48 mmol � L-1.
Performance and metabolic data in graphs and text are shown as
least-squares means to eliminate the artefactual variation that would
otherwise be apparent with raw means when there are missing values
for some levels of a repeated measure. Precision of the estimates is
shown as 95% confidence limits (CL) with corresponding P values.
Reliability of performance is expressed as the within-subject error
(coefficient of variation, CV) derived from the repeated-measures anal-
yses.

Analysis of power output during the 100-km time trial. The trends
in power output during the 100-km time trial were compared using
within-subject modeling. For each subject and each dietary condition,
a polynomial with linear, quadratic, and cubic components was fitted to
the natural log of power for each 5-km split using Proc Reg in SAS;
power output for the 3 normal diets was averaged and analyzed as one
dietary condition. The coefficients of the linear-slope component of the
polynomial for the power response were compared using an appropriate
repeated-measures analysis in Proc Mixed.37

Analysis of percentage energy contribution of fat and carbohydrate.
Proc Mixed was used to fit a repeated-measures quadratic polynomial
model to the percentage energy from fat (dependent variable) versus
exercise intensity for the incremental test, and versus distance for the
100-km time trial.

Analysis of blood lactate. Polynomial expressions containing lin-
ear and quadratic components were fitted to blood-lactate concentration
for the 15-minute and incremental tests. The mean y-axis position and
the linear and quadratic coefficients were compared between treat-
ments.

Mechanisms analysis. Percent dietary fat and peak fat-oxidation
rate were included as covariates in separate repeated-measures analyses
with the treatment effect. Reduction of the treatment effect by the
covariate indicates the extent to which changes in performance in the
100-km time trial were attributable to changes in diet or peak fat-
oxidation rate.

RESULTS

Diet Composition

Percent macronutrient composition of the reported diets was
similar to that of the prescribed diets (Table 1). Fat intake
decreased by 20%E (95% CL: 12 to 27%E, P 	 .0001) on the
high-carbohydrate diet and increased by 31%E (24 to 39%E,
P 	 .0001) relative to the preceding normal diets.

Exercise Performance

Fifteen-minute test. The effect of diet on 15-minute perfor-
mance is shown in Table 2. Although there was a reducing
effect in the high-fat condition, there was no statistically sig-
nificant effect of diet on 15-minute performance: change to the
high-fat condition decreased mean distance covered by -2.4%
(95% CL: -5.4% to �0.6%, P � .11) relative to the fat with
carbo-loading condition and by -0.9% (-3.8% to �2.0%, P �
.51) relative to the high-carbohydrate condition; corresponding
reductions in mean power were -4.5% (-11.2% to �1.9%, P �
.16) and -2.9% (-8.8% to �3.4%, P � .34), respectively. The
within-subject errors were 1.9% and 4.0% for distance and
power, respectively.

One hundred–kilometer time trial. The effect of diet on
power output during the 100-km time trial is shown in Fig 3.
There was a statistically significant decline in power output in
the high-carbohydrate condition (change in linear slope as
mean � SD: -5.2% � 2.6% � 10 km-1, P � .003) and in the
normal condition (-2.2% � 1.8% � 10 km-1, P � .03). The
decline was not significant in the high-fat condition (-1.3% �
2.6% � 10 km-1, P � .44) or in the fat with carbo-loading
condition (-0.8% � 2.6% � 10 km-1, P � .58). The slope was
greater by -4.4% � 10 km-1 (95% CL: -8.3% to -0.05% � 10
km-1, P � .03) and -3.8% � 10 km-1 (95% CL: -8.2% to �0.4% �
10 km-1, P � .07) in the high-carbohydrate condition compared
with the fat with carbo-loading and the high-fat conditions,
respectively.

The effect of diet on 100-km performance is shown in Table
2. Although performance was improved in the high-fat condi-
tions and impaired in the high-carbohydrate condition, the
differences were not statistically significant. The enhancement
following change to the high-fat condition was 4.0% (-1.9% to
�9.6%, P � .16) for time and 11.4% (-4.2% to �29.6%, P �
.15) for mean power relative to the high-carbohydrate condi-
tion. Similarly, the fat with carbo-loading condition reduced
time by 3.3% (-2.2% to �8.5%, P � .22) and increased mean
power by 8.4% (-5.8% to �24.6%, P � .24) relative to the

Table 1. Composition of Diets

Diet

NORMAL CHO FAT

FATCHO

FAT CHO

Protein (%E) 16 � 5 14 � 2 20 � 3 20 � 3 13 � 4
Carbohydrate (%E) 49 � 13 70 � 9 15 � 4 15 � 3 63 � 22
Fat (%E) 36 � 17 16 � 5 66 � 10 65 � 9 24 � 10
Total energy (MJ � d�1) 16.1 � 4.1 15.5 � 2.4 19.9 � 5.7 18.8 � 2.4 13.6 � 3.0

NOTE. Data are macronutrient composition of the experimental diets calculated from the 4-day dietary diaries as raw mean � SD.
Abbreviations: NORMAL, mean of all 3 normal diets; CHO, high-carbohydrate; FAT, high-fat; FATCHO, fat with carbo-loading (day 1 to 11.5 FAT,

day 11.5 to 13 CHO).
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high-carbohydrate condition. There was no difference in time
(�0.8%, -5.1% to �7.0%, P � .77) or mean power (-2.7%,
-16.4% to �13.1%, P � .70) in the fat with carbo-loading
condition relative to the high-fat condition.

Power output during the final 5 km of the time trial in the fat
with carbo-loading condition was enhanced by a factor of 1.3
(1.1 to 1.6, P � .04) and 1.2 (1.0 to 1.5, P � .02) relative to that
in the high-carbohydrate and the combined-normal conditions,
respectively; there was also a trend for an enhancement of final
5-km power by a factor of 1.1 (-1.1 to 1.5) relative to the
high-fat condition, but the effect was not significant (P � .29).
There was no clear difference in final 5 km power between the
remaining treatment comparisons. The within-subject errors for
100-km time and mean power were 3.5% and 9.1%, respec-
tively.

The analysis of mechanisms revealed a positive relationship
between fat in the diet and 100-km mean power: for every
10%E increase in dietary fat, mean power increased by 2%
(-0.0% to 4%, P � .06). With percentage dietary fat as the
covariate in the full repeated-measures analysis, the increase in
mean power during the high-fat and the fat with carbo-loading
conditions was made unclear at 3% (95% CL: -27% to 46%)
and 0% (-30% to 42%), respectively, relative to the high-
carbohydrate condition. Therefore, percentage energy from fat
in the diet had a strong influence on the mean 100-km power
response.

General Responses to Diet

In general, the subjects reported the high-fat diet to be of
acceptable palatability, although 4 subjects experienced epi-
sodes of minor gastric discomfort (constipation, diarrhea), and
2 had bad breath. There were few palatability and no gastric
problems with the high-carbohydrate diet, but most subjects
reported reduced meal satiety and frequent hunger sensations
during training and daily activities compared with the high-fat
and normal diets.

Psychological Response During Training

In Likert units, the fat with carbo-loading diet decreased
energy rating by 0.77 (0.04 to 1.50, P � .03), while on the
high-fat diet energy rating tended to decrease by 0.54 (-0.19 to
1.27, P � .14) relative to the high-carbohydrate condition,
respectively. There was no clear effect of diet condition on
ratings of leg pain, dissatisfaction, or mood (data not shown).

Body Mass and Body Fat

Body mass after fat with carbo-loading was 2.5% (0.0% to
5.0%, P � .05) and 2.4% (0.0% to 4.9%, P � .05) greater than
after the high-carbohydrate and the high-fat conditions, respec-
tively. Relative to baseline, skin-fold thickness decreased by
(mean � SD) 5% � 6%, 4% � 8%, and 2% � 7% after the
high-fat, the fat with carbo-loading, and the high-carbohydrate
diets, respectively. There was no clear difference between the
diets in skin-fold thickness or derived body fat.

Maximal Oxygen Uptake and Peak Power

There was no clear effect of diet on V̇O2max or peak power
(Table 3). The within-subject error for peak power was 2.4%.

Blood Lactate During the Peak Power Test

The high-fat conditions (combined) tended to elevate power
output at a blood lactate concentration of 2 mmol � L-1 by 22%
(-1% to 44%, P � .06) and at 4 mmol � L-1 by 12% (-2% to
27%, P � .08) relative to the high-carbohydrate condition
(Table 3).

Fuel Utilization

Protein, carbohydrate, and fat oxidation rates during the
incremental test and the 100-km time trial are presented graph-
ically as contributions to oxygen consumption in Fig 4. The
percentage of energy from fat and carbohydrate during the
incremental test and the 100-km time trial are shown in Fig 5.

Protein oxidation. Total protein oxidation for the incre-
mental test was 16 to 22 g (0.27 to 0.37 g.min-1), which
represented 6% to 10% of total oxygen consumption, whereas,

Fig 3. Power output during 100-km time trial. Data points are

mean power for each 5-km split. Vertical bars are means of the

between-subject standard deviations for each 5-km sample point.

The sharp increase in power during the last 5 km of the time trial

represents the final surge to complete the time trial.

Table 2. Performance on the Three Diets

CHO FAT FATCHO

15-min test
Distance

Baseline (km) 11.0 � 0.5 11.0 � 0.4 11.0 � 0.5
Treatment effect (%) �0.9 � 2.0 �1.8 � 2.0 0.5 � 2.1

Power
Baseline (W) 305 � 40 310 � 30 308 � 38
Treatment effect (%) �2.1 � 4.3 �5.0 � 4.1 �0.7 � 4.3

100-km time trial
Time

Baseline (min) 156 � 12 156 � 13 155 � 9
Treatment effect (%) 1.6 � 4.1 �2.5 � 4.3 �1.8 � 3.7

Power
Baseline (W) 217 � 44 212 � 40 223 � 27
Treatment effect (%) �4.5 � 9.0 6.3 � 12.9 3.4 � 10.8

NOTE. Baseline data are raw mean � SD, whereas treatment effect
data are least-squares mean � 95% CI. The treatment effect is the
change in performance after the treatment diet relative to the normal
baseline diet.

Abbreviations: CHO, high-carbohydrate; FAT, high-fat; FATCHO, fat
with carbo-loading.
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protein oxidation over the 100-km time trial was 34 to 41 g
(0.23 to 0.27 g.min-1), contributing 6% to 9% of total oxygen
consumption.

Fat and Carbohydrate Oxidation

The mean peak fat-oxidation rates (with the corresponding
energy contribution from fat as percentage of total energy)
were 0.93 g � min-1 (49%E) in the high-fat condition, 0.79 g �
min-1 (38%E) in the fat with carbo-loading condition, 0.64 g �
min-1 (33%E) in the combined normal conditions, and 0.32 g �
min-1 (19%E) in the high-carbohydrate condition (between-
subject SD for peak fat-oxidation rate: �/� 1.47; for percent-
age energy, � 10). The respective mean intensity at which
these rates occurred was 75, 84, 82, and 68% V̇O2max (be-
tween-subject SD: � 11%). Relative to the high-carbohydrate
condition, the peak fat-oxidation rate was elevated 2.9-fold (2.0
to 4.3, P � .00001) in the high-fat condition, and 2.5-fold (1.7
to 3.6, P � .0001) relative to the fat with carbo-loading
condition; the corresponding higher percentage contributions
from fat were 30%E (21 to 39%E, P � .00001) and 19%E (11
to 28%E, P � .0002), respectively.

The peak fat-oxidation rate was positively related to 100-km
performance, but the relationship was not statistically signifi-
cant for the overall analysis (P � .33): for every 10 mg fat �
kg-1 increase in the peak fat-oxidation rate, mean power im-
proved by 6% (-6% to 18%). The magnitude of the effect was
greater and the relationship somewhat clearer when comparing
only the 3 treatment conditions at 11% (-5% to 29%, P � .16).
With peak fat-oxidation rate as the covariate in the analysis of
mechanisms, the increase in mean power relative to the high-
carbohydrate was reduced to 8% (95% CL: -11% to 32%)
during the high-fat condition and to 6% (-10% to 25%) in the
fat with carbo-loading condition, respectively. Therefore, the

peak fat-oxidation rate had a small to moderate influence on the
mean 100-km power response.

The overall relative contribution of fat to total energy pro-
duction during the incremental test was 49, 38, and 14%E (�
6%E) during the high-fat, the fat with carbo-loading, and the
high-carbohydrate conditions, respectively, and 32 � 12%E
during the normal condition. The corresponding respiratory
exchange ratios (RERs) were 0.85, 0.88, and 0.95 for the 3
respective treatment diet conditions, and 0.90 for the normal
condition. The contribution of fat during the high-fat condition
was 38%E (28 to 48%E, P � .0001), 21%E (11 to 30%E, P �
.001), and 15%E (5 to 25%E, P � .01) greater than the
high-carbohydrate, normal, and fat with carbo-loading condi-
tions, respectively. During fat with carbo-loading, fat oxidation
was 23%E (13 to 33%E, P � .0002) greater than during the
high-carbohydrate condition.

The contribution of fat to total energy remained relatively
stable during light to moderate work (37.5% to 60% peak

Fig 4. Effect of diet on fuel utilization during the incremental test

and the 100-km time trial. Between-subject factor standard devia-

tions (�/�) for stages 1 to 6 of the incremental test averaged 1.7 for

protein, 1.5 (stages 1 to 5) and 2.4 (stage 6) for fat, and 1.2 for

carbohydrate. Corresponding standard deviations averaged for the 4

sampling points (10, 30, 70, and 90-km) during the 100-km time trial

were 1.7, 1.4, and 1.6 for protein, fat, and carbohydrate, respectively.

Dashed lines on the incremental test plots represent the dividing line

between fat and carbohydrate oxidation calculated without the

buffer CO2 correction.

Table 3. VO2max, Peak Power, and Blood Lactate During the Peak

Power Test

Baseline
Treatment
Effect (%)

VO2max (L � min�1)
CHO 5.2 � 0.5 �3 � 6
FATS 5.2 � 0.5 0 � 6

Peak power (W)
CHO 381 � 32 1 � 3
FATS 378 � 39 �1 � 3

Peak lactate (mmol/L)
CHO 7 � 2 �5 � 41
FATS 8 � 2 �12 � 41

Power at 2 mmol/L (W)
CHO 309 � 45 �6 � 17
FATS 274 � 50 16 � 17

Power at 4 mmol/L (W)
CHO 350 � 40 �1 � 13
FATS 312 � 43 11 � 13

NOTE. Baseline data are raw mean � SD, whereas treatment effect
data are least-squares mean � 95% CI. The treatment effect is the
change in performance after the treatment diet relative to the normal
baseline diet.

Abbreviations: CHO, high-carbohydrate condition; FATS, high-fat
and fat with carbo-loading combined.
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power), but declined when moving to heavy work (82.5% peak
power). This decline was compensated for by an increase in the
contribution of carbohydrate to total energy (Fig 5). The aver-
age effect of the buffer CO2 correction factor was to increase fat
oxidation (with a reciprocal decrease in carbohydrate oxida-
tion) by 1 � 2%E, 3 � 4%E, and 10 � 7%E at the 67.5%, 75%,
and 82.5% peak-power stages, respectively.

The contribution to total energy from carbohydrate tended
to decline, while the contribution from fat tended to increase
as the 100-km time trial proceeded (Fig 5). The decline in
carbohydrate oxidation and the increase in fat oxidation was
greatest after the high-carbohydrate condition (
 liner slope:
1.1%E � 10 km-1), followed by the normal (0.6%E � 10 km-1),
the high-fat (0.5%E � 10 km-1), and the fat with carbo-
loading (0.2%E � 10 km-1) conditions. The change in slope
for fat and carbohydrate oxidation during the high-carbohy-
drate condition was greater by 0.9%E � 10 km-1 (0.3 to
1.4%E � 10 km-1, P � .003) relative to the fat with carbo-
loading condition, by 0.6%E � 10 km-1 (0.0 to 1.2%E � 10
km-1, P � .07) relative to the high-fat condition, and by
0.5%E � 10 km-1 (0.7 to 1.0%E � 10 km-1, P � .01) relative
to the normal condition.

For the high-fat, the fat with carbo-loading, and the high-
carbohydrate conditions, respectively, the mean contribution of
carbohydrate and fat during the 100-km time trial was 38, 48,
and 58%E (� 12%E) for carbohydrate and 57, 44, and 33%E
(� 12 %E) for fat, representing respective RER of 0.82, 0.86,
and 0.90. For the normal condition, the contribution of carbo-
hydrate and fat was 54 � 17%E and 39 � 15%E, respectively,
and the RER 0.88.

Circulating Substrates, Metabolites, and Hormones

Urea. The high-carbohydrate condition tended to decrease,
whereas the high-fat condition tended to increase plasma-urea
concentration relative to the normal and the fat with carbo-
loading conditions (Fig 6A). However the only statistically
significant difference was a decrease in urea by a factor of 0.79
(0.67 to 0.95, P � .01) in the high-carbohydrate condition
relative to the high-fat condition.

Glucose. There was little difference in plasma-glucose
concentration at rest before exercise between diet conditions
(Fig 6B). During exercise, however, the high-carbohydrate
condition lowered the overall glucose concentration by a factor
of 0.88 (0.81 to 0.96, P � .006) and 0.88 (0.80 to 0.96, P �
.007) relative to the fat with carbo-loading and the high-fat
conditions, respectively.

Free fatty acids and glycerol. During the first approxi-
mately 3 hours of exercise, plasma free fatty-acid concentration
was elevated during the high-fat condition relative to the other
3 conditions (Fig 6C and D). At the end of the 45-minute steady
ride, fatty acids during the high-fat condition were increased by
a factor of 2.8 (1.3 to 5.8, P � .01) and 1.8 (0.9 to 3.8, P � .1)
relative to the high-carbohydrate and the fat with carbo-loading
conditions, respectively; by 30 km into the 100-km time trial,
the respective increases were still evident at 1.4 (0.8 to 2.4) and
1.7 (1.0 to 2.9), but not statistically significant (P � .23 and .07,
respectively). Although the differences were not statistically
significant, the free fatty acid concentration during the final 30
km of the 100-km time trial were increased in the high-carbo-
hydrate condition relative to the other 3 conditions by factors of
1.2 to 1.5 (0.6 to 2.9, P � .06 to .4). Overall, the high-fat and
the fat with carbo-loading conditions elevated plasma-glycerol
concentration by factors of 1.39 (1.07 to 1.80, P � .02) and
1.29 (1.01 to 1.63, P � .04) relative to the high-carbohydrate
condition.

Insulin. The high-carbohydrate condition raised pre-exer-
cise plasma-insulin concentration by factors of 5.5 (3.6 to 8.5,
P � .0001) relative to the fat with carbo-loading condition and
3.9 (2.5 to 6.2, P � .0001) relative to the high-fat condition
(Fig 6E). Insulin declined during the first approximately 75
minutes of exercise to the point where there was little differ-
ence between any of the conditions by the end of the 45-minute
steady ride.

Glucagon. There was no clear effect of diet condition on
plasma glucagon concentration (Fig 6F).

Lactate. For the duration of the 15-minute test, blood-
lactate concentration in the high-fat condition was lower than in
the normal and high-carbohydrate conditions by factors of 0.59
(0.43 to 0.83, P � .003) and 0.71 (0.5 to 1.0, P � .05),
respectively; lactate was also lower by a factor of 0.81 (0.62 to
1.11) in the fat with carbo-loading condition, but the effect was
not significant (P � .17) (Fig 7). During the incremental test,
there was no difference in the position of the lactate curve
between the diet conditions. Overall, there was no difference in
lactate between the diet conditions during the 100-km time
trial. At the completion of the time trial, however, lactate in the
fat with carbo-loading condition was elevated by a factor of 1.7
(1.1 to 2.5, P � .03) relative to the normal condition; the effect
was similar at 2.0 (0.9 to 4.1) and 1.7 (0.9 to 3.1) relative to the

Fig 5. Effect of diet on %E contribution of carbohydrate (A) and fat

(B) during the incremental test and the 100-km time trial. Data are

derived from the polynomial analysis. Between-subject standard de-

viations for the position of the polynomial are represented by a solid

vertical line for the 3 treatment conditions and by a dashed vertical

line for the normal condition.
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high-fat and the high-carbohydrate conditions, respectively, but
not statistically significant (P � .08 and .07, respectively).

DISCUSSION

The principle aim of this study was to investigate if enhanced
fat oxidation after 2-week high-fat dietary conditioning could
improve ultra-endurance performance relative to the recom-
mended high-carbohydrate diet. Pre-exercise meals were in-
gested to elevate circulating fat availability in the high-fat
conditions and to increase carbohydrate availability in the
high-carbohydrate condition. A carbohydrate-rich supplement
was ingested during exercise in all conditions to help maintain
blood-glucose availability. We found a clear increase in fat
oxidation, and although the differences were not statistically
significant, there was some evidence for enhanced performance
following high-fat conditioning. There was no apparent addi-
tional performance benefit arising from carbohydrate loading
following the high-fat diet. We also investigated the effect of
diet on short-duration high-intensity performance. Consistent

Fig 6. Effect of diet on concentrations of plasma urea (A), glucose

(B), free fatty acids (C), glycerol (D), insulin (E), and glucagon (F). Bars

are between-subject standard deviations.

Fig 7. Blood lactate concentration during the 15-minute test, the

incremental test, and the 100-km time trial. Bars are between-subject

standard deviations.
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with the ultra-endurance outcome, there also was no statisti-
cally significant effect of diet on 15-minute performance, al-
though there was a tendency toward impairment following the
high-fat condition, which was attenuated with carbohydrate
loading.

One likely reason for the lack of a statistically significant
effect on 100-km performance was that the precision of the
estimate was relatively low. The low precision was due to
the high test error and the limited sample size. The error for
mean power in a 100-km time trial is 3.6% to 4.6%.38

Several factors may have accounted for our relatively high
test error. First, the error was derived from experimental
data, which means it included extra variation associated with
response to the treatments. Second, the long duration of the
entire exercise procedure could have compounded technical
(calibration drift) or subject factors (eg, poor pace judg-
ment). Third, preload exercise can increase the apparent
error by 1.7 (1.3 to 2.3) times that for a time trial without a
preload.38 Another possible reason was individual responses
to the dietary treatments, but there is an insufficient sample
size to speculate any further.

Testing more subjects would probably have narrowed the
confidence interval and resulted in statistical significance for
the main performance outcome measures and provided some
evidence for individual responses. Doubling the sample size,
for example, would have likely reduced the confidence interval
by a factor approximately 1/�2. Unfortunately, low sample
sizes are a reality for studies of this type because highly-trained
ultra-endurance cyclists are difficult to recruit.

In the mechanisms analysis, we found some evidence for a
positive relationship between the peak fat-oxidation rate and
100-km mean power. There is some other data to support a
relationship between the capacity for fat oxidation and pro-
longed exercise performance in trained cyclists. During 3 hours
of cycling at 55% V̇O2max in the fasting (placebo) condition,
Rauch et al39 found that the mean fat-oxidation rate in 2 cyclists
who fatigued at 2.5 hours was about half that of the cyclists
who could complete the 3-hour task (� 0.75 g � min-1). When
given carbohydrate during exercise to increase blood-glucose
availability, these 2 subjects were able to complete the exercise
task.39 In a 6-hour ride at 55% V̇O2max with carbohydrate
supplementation, the fat-oxidation rate in 1 cyclist who ex-
hausted at 4.5 hours was about half that of the remaining 10
cyclists who completed the ride.40 The fat-oxidation rate in the
cyclists who fatigued in these 2 studies appeared insufficient to
compensate for the declining carbohydrate-oxidation rate, sec-
ondary to glycogen depletion.39,40

Similarly, the limited capacity for fat oxidation in the
high-carbohydrate condition appeared unable to compensate
for the declining carbohydrate-oxidation rate during the
100-km time trial, as reflected in the greater decline in power
output in the high-carbohydrate condition relative to the
other dietary conditions (Fig 3). A greater rate of carbohy-
drate supplementation might have attenuated this decline in
power output by providing an exogenous source of carbo-
hydrate to compensate for depleted muscle glycogen. The
maximal rate for exogenous carbohydrate oxidation, how-
ever, is unlikely to be much greater than approximately 1.0
g � min-1.5 Since the carbohydrate-ingestion rate in the

current study was near 1.0 g � min-1, extra carbohydrate
ingestion would probably have made little difference to the
oxidation rate of exogenous carbohydrate in the muscle,
particularly when considering that strenuous ultra-endurance
exercise can impair gut function.41 Nevertheless, the possi-
bility exists that additional carbohydrate could increase gly-
cogen stores in the liver and other tissues,25,42 which might
then be available for mobilization and utilization later in
exercise. Even so, the maximal blood-glucose delivery from
exogenous plus hepatic sources is limited (at best � 1.1 g �
min-1)5 and therefore probably unable to provide sufficient
carbohydrate to the working muscle during prolonged-stren-
uous exercise when glycogen is depleted. (To the best of our
knowledge, carbohydrate derived from other tissue sources
has not been accurately quantified.) To illustrate, we calcu-
lated that a total carbohydrate-oxidation rate of approxi-
mately 2.7 g � min-1 was required to maintain the initial
power output over the duration of the 100-km time trial in
the high-carbohydrate condition. By the final 30-km, the rate
had reduced to 1.8 to 2.0 g � min-1, and although fat oxida-
tion was increasing, it apparently could not make up the
energy deficit. We speculate that in athletes adapted to a
high-carbohydrate diet, carbohydrate supplementation is un-
likely to be able to compensate for a lower capacity for fat
oxidation when muscle-glycogen stores are depleted during
strenuous ultra-endurance exercise.

Relative to the high-carbohydrate condition, power output
over the 100-km time trial declined less in the high-fat
conditions, despite the likelihood of lower pre-exercise mus-
cle-glycogen content.13 Both Lambert et al12 and Phinney et
al13 also reported that pre-exercise muscle-glycogen content
did not relate to performance after high-fat diet adaptation.
In the former study, mean fatigue time at 60% V̇O2max was
increased from 43 to 80 minutes following a 2-week high-fat
diet.12 The endurance test was performed after a Wingate
test and a 90% V̇O2max ride to exhaustion, which reduced
muscle-glycogen and may have accounted for the relatively
short submaximal endurance times (fatigue time at an inten-
sity of 60% V̇O2max should be at least 5 hours in well-
trained athletes18). Because these tests were performed
fasted and no carbohydrate supplement was provided, re-
duced blood-glucose availability to the muscle secondary to
liver-glycogen depletion25 may have accounted for the pre-
mature fatigue time in the study by Lambert et al.12 These
data provide evidence to suggest that the often reported
positive relationship between pre-exercise muscle-glycogen
content and submaximal endurance performance observed
following acute (1 to 3 days) high-fat versus high-carbohy-
drate dietary interventions2-4 does not hold following a
chronic high-fat diet; the increase in fat oxidation seen in
this and in other studies9,12-16,43 seems adequate to compen-
sate for the lower pre-exercise glycogen stores. Even so,
there appears to be an obligatory requirement for carbohy-
drate to support oxidative metabolism in the muscle.44 This
requirement was probably met in the present high-fat con-
dition with carbohydrate derived from the supplement and
any glycogen. (Any high-fat diet-induced increase in hepatic
gluconeogenesis45 was probably suppressed with the carbo-
hydrate supplementation.5)
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In the only other ultra-endurance study, Carey et al15

compared the effect of a 6-day high-fat diet (68%E fat)
followed by 1-day carbohydrate loading versus a 7-day
high-carbohydrate diet (68%E carbohydrate) on perfor-
mance in a 1-hour cycling test, which followed a 4-hour
preload at 63% V̇O2max. In both conditions a high-carbohy-
drate pre-exercise meal and exercise supplement were in-
gested. Fat oxidation was increased, and mean power was
enhanced in the 1-hour test by 11% (-7% to 24%, P � .11)
following the high-fat conditioning. Despite increased fat
oxidation, there is currently no clear consensus on perfor-
mance from the other high-fat dietary adaptation studies in
well-trained cyclists, which employed exercise tests of 3.5
hours or less.9,12-14,16,43 The equivocal status of the perfor-
mance outcome of these shorter endurance-performance
studies is difficult to explain. One possibility is that suffi-
cient carbohydrate was available in the carbohydrate-rich
dietary conditions in the form of glycogen or supplemental
glucose to off-set any benefit to fuel availability derived
from increased fat oxidation in the high-fat condition. For
example, Goedecke et al9 found no clear difference between
high-fat and high-carbohydrate diets in the performance of a
40-km time trial that followed 150 minutes of cycling at
70% V̇O2max, despite an average 40% enhancement in the
fat oxidation rate during exercise. The cyclists ingested a
drink containing carbohydrate and medium-chain triglycer-
ides before and during exercise. If we extrapolate from the
present study, a 100-km time trial in the Goedecke study9

might have depleted carbohydrate stores and resulted in a
similar divergence of power output between the high-fat and
high-carbohydrate conditions (Fig 3). Burke et al16 found
that time to complete a 7 kJ � kg-1 cycle test was 8% less
(95% CI: -6% to 21%, P � .21) after a 5-day fat-rich diet
followed by 1-day carbohydrate-loading, relative to a 6-day
carbohydrate-rich diet. The work test was preceded by 2
hours of cycling at 70% V̇O2max. (Note the similar poor
precision of the estimate in this study relative to the present
study, arising at least partly from the use of a time trial after
a preload36 and the small sample size.) Despite increased fat
oxidation, this performance effect was absent when the
cyclists consumed a high-carbohydrate pre-exercise meal
and exercise supplement,43 suggesting sufficient carbohy-
drate was available in the control condition to offset any
benefit to performance from enhanced fat oxidation.

It is interesting that during the high-fat and the fat with
carbo-loading conditions, the fat-oxidation rate during the
100-km time trial was not substantially greater than during the
incremental test, whereas during the high-carbohydrate condi-
tion, the rate increased somewhat (Fig 4). These observations
suggest that, first, the power derived from fat oxidation was
limited by a treatment-specific maximal physiologic capacity to
oxidize fat, and second, the increased fat oxidation during the
high-carbohydrate condition may have been due to a lifting of
the suppressive effects of elevated pre-exercise insulin on ad-
ipose lipolysis and muscle fat metabolism.22,23 Other factors
may have limited the fat-oxidation rate in the high-carbohy-
drate condition: lower pre-exercise intramuscular-triglyceride
content10; lower activity of enzymes involved in the transport
and oxidation of fatty acids in the mitochondria9-11; and a lower

capacity for sarcolemmal fatty-acid transport relative to the
high-fat condition.46 The elevated plasma fatty-acid concentra-
tion coupled with a lower rate of fat oxidation during the latter
stages of the 100-km time trial in the high-carbohydrate con-
dition does suggest impaired sarcolemmal fatty-acid transport
relative to the 2 high-fat diet conditions.

The only other study to compare the effect of chronic high-
fat versus high-carbohydrate diets on short-duration high-inten-
sity performance (greater than 85% V̇O2max) also reported no
significant difference, although there was also a trend toward
impairment in the high-fat condition.12 In the current study,
blood lactate in the high-fat condition was lower during the
15-minute test relative to the other 3 conditions. A reduction in
glycolytic flux secondary to low muscle-glycogen stores, there-
fore, is a possible explanation for the tendency towards im-
paired high-intensity performance relative to conditions with
greater pre-exercise muscle glycogen stores. Interestingly, we
found that the higher power output over the final 5-km of the
100-km time trial in the fat with carbo-loading condition (Fig
3) was related to a higher blood-lactate concentration (Fig 7)
relative to the other conditions. This relationship between
power output and lactate concentration might be due to greater
availability of muscle glycogen for anaerobic energy produc-
tion at the end of the time trial, which could be advantageous
in a final sprint to the finish. Further research is required on the
effect of chronic high-fat diets on high-intensity endurance
performance.

Protein Metabolism

Our estimate of the contribution of protein to total energy
was similar to the 7.1 to 9.5%E calculated by Brouns et al47

during Tour de France simulation rides. Stein et al48 reported a
protein breakdown rate of 16 g � h-1 in well-trained triathletes
during 8 hours of cycling and running at 53% V̇O2max, which
is equivalent to 12%E as protein. Although the present venous-
blood measurements provide only limited insight, elevated
plasma-urea concentration during the high-fat condition sug-
gests that increased amino acid catabolism was present in this
condition relative to the high-carbohydrate condition. This ef-
fect might be related to low pre-exercise liver-glycogen content
and higher rates of hepatic amino acid gluconeogenesis, and a
low muscle-glycogen content, which promotes higher rates of
amino acid metabolism in the muscle.49 Alternatively, the
higher urea concentration may be a consequence of the higher
proportion of protein in the high-fat diet (Table 1), since
high-protein diets increase protein metabolism and the activity
of mitochondrial enzymes involved in amino acid metabo-
lism.50 We are unaware of any other estimates of protein
oxidation in well-trained athletes during ultra-endurance exer-
cise, and there is only sparse information on the metabolic role
of protein in the high-fat condition.

Conclusion

The 2-week high-fat diet conditions increased fat availability
and substantially enhanced the peak fat-oxidation rate during
exercise. Despite these effects on metabolism, the main ultra-
endurance performance outcomes were not statistically signif-
icant. Nevertheless, there was evidence for a substantial

688 ROWLANDS AND HOPKINS



enhancement of ultra-endurance cycling performance in the
high-fat conditions relative to high-carbohydrate. It was not
clear whether carbohydrate loading provides an additional ben-
efit to ultra-endurance performance following high-fat condi-
tioning. Diet had no significant effect on short-duration high-
intensity performance, although a trend for impaired
performance in the high-fat condition was attenuated with
carbohydrate loading. Further research is required to clarify if

the trend for enhancement of ultra-endurance performance fol-
lowing high-fat diet conditioning is real.
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