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ABSTRACT

BURKE,L.M., J.WHITFIELD,M.L.R.ROSS,N. TEE,A. P. SHARMA,A. J.KING, I. A.HEIKURA,A.MORABITO, andA.K.A.MCKAY.

Short Severe Energy Restriction with Refueling Reduces Body Mass without Altering Training-Associated Performance Improvement. Med. Sci.

Sports Exerc., Vol. 55, No. 8, pp. 1487-1498, 2023. Purpose:We investigated short-term (9 d) exposure to low energy availability (LEA) in

elite endurance athletes during a block of intensified training on self-reported well-being, body composition, and performance. Methods:

Twenty-three highly trained race walkers undertook an ~3-wk research-embedded training camp duringwhich they undertook baseline testing

and 6 d of high energy/carbohydrate (HCHO) availability (40 kcal·kg FFM−1·d−1) before being allocated to 9 d continuation of this diet (n = 10

M, 2 F) or a significant decrease in energy availability to 15 kcal·kg FFM−1·d−1 (LEA: n = 10 M, 1 F). A real-world 10,000-m race walking

event was undertaken before (baseline) and after (adaptation) these phases, with races being preceded by standardized carbohydrate fueling

(8 g·kg body mass [BM]−1 for 24 h and 2 g·kg BM−1 prerace meal). Results: Dual-energy x-ray absorptiometry–assessed body composition

showed BM loss (2.0 kg, P < 0.001), primarily due to a 1.6-kg fat mass reduction (P < 0.001) in LEA, with smaller losses (BM = 0.9 kg,

P = 0.008; fat mass = 0.9 kg, P < 0.001) in HCHO. The 76-item Recovery–Stress Questionnaire for Athletes, undertaken at the end of each

dietary phase, showed significant diet–trial effects for overall stress (P = 0.021), overall recovery (P = 0.024), sport-specific stress (P = 0.003),

and sport-specific recovery (P = 0.012). However, improvements in race performance were similar: 4.5%± 4.1% and 3.5% ± 1.8% for HCHO

and LEA, respectively (P < 0.001). The relationship between changes in performance and prerace BM was not significant (r = −0.08 [−0.49 to
0.35], P = 0.717). Conclusions: A series of strategically timed but brief phases of substantially restricted energy availability might achieve ideal

race weight as part of a long-term periodization of physique by high-performance athletes, but the relationship between BM, training quality, and

performance in weight-dependent endurance sports is complicated. Key Words: RED-S, PHYSIQUE MANAGEMENT, ENDURANCE

ATHLETE, LOW ENERGY AVAILABILITY, LEA
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Low energy availability (LEA) is the exposure variable
that underpins the impairment of the health and perfor-
mance in athletes via the syndromes variously described

as relative energy deficiency in sport (RED-S) (1), and female
and male athlete triad (Triad) (2–4) energy availability (EA) is
defined as the amount of dietary energy remaining to support
resting physiological function after subtracting the energy cost
of exercise (5). A mismatch between energy intake and energy
committed to training and competition, resulting in insufficient
energy to maintain normal hormonal and metabolic function,
can arise from a number of psychological, biological, and be-
havioral factors (6). The expert opinion that exposure to LEA
can be associated with a variety of health and performance con-
cerns is supported by narrative reviews (7,8), prospective data
from interventions undertaken in metabolic ward (9,10), or more
free-living (11–13) scenarios, longitudinal observational studies
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 on 11/17/2023
(14), and cross-sectional data (for a review, see [15,16]). Nev-
ertheless, there is an apparent inconsistency between individ-
uals with regard to the type, prevalence, and severity of the
impairments of different body systems associated with periods
of LEA (15,16). In addition, some of the scenarios in which
LEA occurs or is deliberately implemented, such as manipula-
tion of body mass (BM)/composition or blocks of intensified
training, are an integral part of endurance sport in terms of ex-
pert models of periodization (17) and observed athlete practices
(for a review, see [18]). Indeed, although harmful practices re-
lated to physique management or weight making are seen in
some sports (19), there is also observational evidence that ath-
letes can successfully periodize their body composition within
a narrow range, across and between the annual training pro-
gram, according to their exercise characteristics and competi-
tion goals (20–22).

One scenario in which LEA often occurs is during periods
of intensified training in the base phase of the annual training
plan of the endurance athletes. At the commencement of the
training season, the athlete may have reduced aerobic capacity
and suboptimal body composition, with goals to address these
issues and improve their “power-to-weight/BM” ratio during
the first training block. Nevertheless, they may also be sched-
uled to compete in early season racing with expectations of
reasonable performance. Chronic exposure to LEA may impair
endurance performance via a reduction in training capacity and
adaptation (14) as well as an acute depletion of muscle fuel re-
serves (23). Perturbations to markers of body function such as
the reproductive system (9), iron and immune function (13),
bone turnover (24), and muscle fuel stores (23) appear within
~6 d of LEA exposure and merit the investigation of the poten-
tial to be restored in a similar timeframe. Nevertheless, it is pos-
sible that the periodization of short-duration high-magnitude
energy restriction followed by restoration of fuel stores might
offer a practical strategy to manipulate small but poten-
tially important shifts in body mass/body fat with short-term
but reversible effects on physiological and psychological
parameters.

Accordingly, the aim of this study was to investigate the ef-
fect of a short-term (9 d) exposure to a substantial reduction in
EA, from an EA of ~40 kcal (189 kJ)·kg fat-free mass (FFM)−1·d
to 15 kcal (63 kJ)·kg·FFM−1·d−1 in elite endurance athletes dur-
ing a block of intensified training on race performance after acute
restoration of energy and carbohydrate (CHO) intake. We hy-
pothesized that the LEAwould be associated with small but tran-
sient changes in metabolism (i.e., substrate utilization) training
capacity and well-being (e.g., mental stress, perceptions of re-
covery, and fatigue), while achieving a detectable change in
body fat and body mass. However, acute restoration of CHO
availability and EA for 24 h, as undertaken according to sports
nutrition guidelines and included in the baseline and control
group practices (25), would restore exercise capacity while
maintaining body composition changes, allowing athletes to
achieve similar (or even superior) benefits to race performance
as athletes undertaking the same training program supported
by HCHO.
1488 Official Journal of the American College of Sports Medicine
METHODS
Participants and overall design. Twenty-three highly

trained race walkers (20 males, 3 females) were recruited for
one of two ~3-wk research-embedded training camps from
which this data set was collected (2019: Canberra, Australia
[~580 m altitude] and 2021: Melbourne, Australia [sea level]).
Previous work from our group has noted significant changes in
the key variable of interest (race performance) from such train-
ing camps with sample sizes of ~8–10 athletes (26), including
mixed-sex groups (27). The group consisted of athletes in tiers
3–5 of a standardized classification of athletic caliber (tier 3,
n = 5; tier 4, n = 15; tier 5, n = 3) (28). One athlete (male, tier 4)
was not able to complete the second V̇O2peak assessment or race
2 because of an unrelated injury, leaving a cohort of 22 athletes
(19 males, 3 females) for this aspect of the study. The training
camps were conducted at the beginning of the annual season,
with athletes training for either the 20- or the 50-km race walk-
ing events for national and international competition. Athletes
were informed of the risks and requirements of the study be-
fore providing written informed consent. Ethics approval was
obtained from the Ethics Committee of the Australian Institute
of Sport (2019; no. 20181203) and the Australian Catholic Uni-
versity (2021; no. 2020-238HC).

This study involved two dietary phases, with testing blocks
involving laboratory testing and a field-based race, completed
before and after these phases (Fig. 1). During the baseline
phase, athletes undertook the initial test protocols over 4 d, while
consuming a fixed high-CHO (~8 g·kg−1·d−1)/high-energy
(~52 kcal·kg−1·d−1) intake. This was implemented while the
characteristics required for EA calculations were assessed, af-
ter which all participants switched to a high-CHO/energy diet
based on EA (HCHO). On completion, they were then assigned
to parallel groups either continuing the HCHO diet (HCHO
group; n = 10 males, 2 females) or switching to an LEA
(15 kcal·kg−1·d−1) diet (LEA group; n = 10 males, 1 female),
accounting for each athlete’s nominated treatment preference
(26) while attempting to match each group for individual char-
acteristics (e.g., age, 20-km personal best time, training status,
and load). Baseline characteristics of each group (HCHO vs
LEA) were as follows: age, 25.5 ± 6.9 versus 29.3 ± 4.5 yr
(NS); height, 175.6 ± 7.4 versus 177.1 ± 8.7 cm (NS); body
mass (BM), 64.3 ± 7.1 versus 66.4 ± 6.8 kg (NS); V̇O2peak,
61.9 ± 4.7 versus 62.1 ± 5.8 mL·kg−1·min−1 (NS); personal best
in a 10-km race walk, 42:32 ± 2:23 versus 40:41 ± 1:35 mm:ss
(P< 0.05); and personal best in a 20-km racewalk, 1:26:12 ± 5:10
versus 1:21:55 ± 3:28 h:ms:ss (P < 0.05).

The study was part of a larger investigation developed to in-
vestigate the effect of LEA on a number of themes of metabo-
lism, health, and performance (details and results are presented
elsewhere [13,29]). This study focuses on outcomes related to
physiology (body composition, race walking economy, V̇O2peak)
and well-being (perceived stress and recovery), in support of the
primary end point of race performance. Because the classic
studies of LEA involved 5 d exposure, we commenced a series
of test protocols after 6 d, with the performance testing battery
(adaptation testing block; Fig. 1) being scheduled at the end,
http://www.acsm-msse.org
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FIGURE 1—Schematic representation of the study methodology involving highly trained race walkers (n = 20M, 3 F). The protocol consisted of a baseline
phase involving 6 d of exposure to diet with high energy/CHO availability (HCHO), followed by a 9-d adaptation phase in which athletes were allocated to
either HCHO or a diet of LEA. Before and after these dietary phases, the two groups of athletes undertook laboratory testing and a real-life 10,000-m race
walking competition (Race) preceded by the same 1 d high-CHO glycogen loading diet.
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 on 11/17/2023
after 9 d exposure. During both dietary phases, athletes followed
a semistructured training plan, with key sessions completed as a
group and all other training recorded in an electronic training
diary.Weekly training involved ~115 km of “on-legs” training
(race walking or running cross-training) and included two long
walks, a track interval session, a hill session, and 1–2 gym sessions.

Dietary intervention. All menus were developed by
accredited sports dietitians/nutritionists and consumed by ath-
letes in a communal living environment in which dietary com-
pliance was monitored. The HCHO diet was targeted at an EA
of 40 kcal·kg FFM−1·d−1, with macronutrient ratios of ~65%
CHO, 15% protein, and 20% fat to allow CHO intake to scale
to the fuel demands of training. The LEA intervention limited
EA to 15 kcal·kg FFM−1·d−1, with macronutrient composition
of ~60% CHO, 25% protein, and 15% fat. Daily EA was de-
termined as [Energy intake (EI) – exercise energy expendi-
ture (EEE)]/(kg FFM) (5).

To determine target EI, EEE was calculated from each indi-
vidual athlete’s physiological testing data and training plan.
Specifically, oxygen consumption determined during a four-stage
submaximal economy test (see below) was averaged and sub-
sequently converted to kilocalories expended per kilometer of
race walking. This value was then used to predict the daily en-
ergy cost of each athlete’s individual training plan. Here, the
daily EEE, which represents the additional energy cost attrib-
uted to exercise during a training/test session period rather
than the total energy expenditure during the period (30), was
calculated by subtracting resting metabolic rate from session
energy expenditure. To promote the compliance and the accu-
racy of implemented EA, actual training logs were reviewed
twice daily (at lunch and at dinner), and the remaining food in-
take for the day was adjusted if the athlete’s actual training re-
sulted in a change in EEE that exceeded an EA of ~2.4 kcal·kg
FFM−1 (~2 km of race walking). Data representing both the
planned and the actual EEE calculations were collated. Die-
tary analysis was undertaken using FoodWorks computer soft-
ware (FoodWorks 9; Xyris Software, Australia).

The standardized meal consumed 2 h before the laboratory
testing protocol (economy testing and V̇O2peak) provided a
CHO content of 2 g·kg BM−1 for the HCHO treatment, whereas
the CHO content of the same meal on the LEA diet provided
SHORT EXPOSURE TO LEA AND PERFORMANCE
1 g·kg BM−1 CHO. Because the aim of the prerace diet was
to achieve similar muscle and liver glycogen repletion regard-
less of the preceding dietary protocol, athletes consumed the
same standardized diet, providing 8 g·kg BM−1 CHO for the
24 h before each of the 10,000-m races. In addition, a standard-
ized breakfast providing an additional 2 g·kg BM CHO−1 was
consumed 2 h before the race start.

Testing: monitoring of bodymass and composition.
During the testing protocols, the race walkers undertook
dual-energy x-ray absorptiometry (DXA) assessment of body
composition. These measurements were undertaken in the
early morning in an overnight fasted and rested state as previ-
ously described (31). The same DXA technician positioned
participants on the iDXA (GE Healthcare, Milwaukee, WI)
and analyzed all images (enCore v16, GE Healthcare). The
test–retest technical error of measurement for the iDXA at
our center is 0.1% for total mass, 0.4% for lean mass, 1.6%
for fat mass, and 0.4% for bone mass. Body mass was mea-
sured before the commencement of all key training sessions
and test protocols. Although some BM fluctuations between
sessions were expected due to acute changes in nutrition and
hydration status over the day, general trends in BM over the
dietary interventions were tracked by focusing on sessions
completed under similar conditions, including those with ro-
bust standardization of the time of day and feeding (e.g., race
day, V̇O2peak test).

Testing: economy and V̇O2peak. The laboratory testing
protocols included an incremental exercise test to exhaustion,
which was performed 2 h after the intake of the standardized
test meal associated with their diet. In camp 1, this was under-
taken in the Australian Institute of Sport Laboratory using a
customized treadmill as previously reported (26). In camp 2,
testing was conducted in the Australian Catholic University
Melbourne Campus Performance Laboratory using a motor-
ized treadmill (Pulsar 3p; h/p/cosmos, Nussdorf-Traunstein,
Germany). After a 10-min self-selected and individually stan-
dardized warm-up, walking economy was assessed during
four submaximal stages, with each lasting 4 min and increasing
in speed by 1 km·h−1 per stage. The selected starting speeds
were 10, 11, or 12 km·h−1 based on each individual’s personal
best times for the 20-km road race and increased to 13–15 km·h−1
Medicine & Science in Sports & Exercise® 1489
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 on 11/17/2023
for the final stage. The speeds of the second and fourth stages
corresponded approximately to each individual athlete’s average
walking pace for the 50- and 20-km race walk events, respec-
tively. Each stage was followed by 1min rest for the collection
of capillary (fingertip) blood samples to assess blood lactate
(Lactate Pro 2; Akray Inc., Kyoto, Japan), ketone bodies (β-
hydroxybutyrate, FreeStyle Optium Neo; Abbott Diabetes
Care, Victoria, Australia), and glucose (FreeStyle Optium Neo,
Abbott Diabetes Care) concentrations, as well as RPE (6–20
Borg scale). Heart rate (HR) was measured continuously
throughout the test (Polar Heart Rate Monitor; Polar Electro,
Kempele, Finland). In camp 1, expired gas was collected
and analyzed using a custom-built indirect calorimetry system
described previously (32), whereas in camp 2, expired gas was
collected and analyzed via open-circuit spirometry (TrueOne
2400; Parvo Medics, Sandy, UT). For both camps, the final
60 s of gas was collected and accepted as steady state, and
rates of O2 consumption (V̇O2) and CO2 production (V̇CO2)
were used to calculate the RER.

On completion of the final submaximal walking stage, ath-
letes rested for 5 min before completing a ramp (speed and
then gradient) test to volitional fatigue. Treadmill speed was
increased by 0.5 km·h−1 every 30 s until the speed correspond-
ing to the individual’s final submaximal stage was reached
(13–15 km·h−1), with treadmill gradient then increasing by
0.5% every 30 s thereafter, until exhaustion. Expired gas was
collected and analyzed throughout, maximal HR recorded,
and capillary blood samples collected 1 min after completion.
Rates of CHO and fat oxidation (g·min−1) were calculated
from V̇CO2 and V̇O2 values using nonprotein RER values
(33). These equations are based on the premise that V̇O2 and
V̇CO2 accurately reflect tissue O2 consumption and CO2 pro-
duction, and that indirect calorimetry is a valid method for
quantifying rates of substrate oxidation in well-trained athletes
during strenuous exercise of up to ~85% of V̇O2peak (34).

Testing: 10,000-m race. The final component of the
testing protocols involved a real-life athletic competition. Ath-
letes competed in a 10,000-m race held on a synthetic 400 m
outdoor athletics track (camp 1: AIS Canberra, ACT, Australia;
camp 2: Clifton Hill, Victoria, Australia). Each race commenced
at 0900 h and was conducted underWorld Athletics rules, which
involved officiating by technical judges, invitation for partici-
pation by competitors external to the study, prize money, and
the pit-lane rule for technique infringements. Official race
times were recorded by photo finish (2019) or hand timing
by race officials (2021).

The goals of the race nutrition plan were to standardize the
individualized competition practices of each participant. There-
fore, each athlete repeated a similar training load during the 48 h
before each race (economy/aerobic capacity test schedule and
personal training) and, as described previously, consumed the
same HCHO diet over the 24-h prerace period and prerace
meal. An individualized warm-up was undertaken and repeated
for each race. The use of performance supplements was permit-
ted when it did not interfere with the treatment diet and usage
during the first race was documented and repeated for the second
1490 Official Journal of the American College of Sports Medicine
race. This allowed some athletes to use an identical preevent caf-
feine protocol for each race. TheWorld Athletics policy to allow
awater station in an outside lane in hot weather was implemented
due to the environmental conditions in the 2019 study and re-
peated for consistency in the 2021 camp.

Testing: Recovery–Stress Questionnaire for Ath-
letes. The 76-item Recovery–Stress Questionnaire for Ath-
letes (RESTQ-Sport-76) (35) was administered to athletes at
the end of each dietary intervention with instructions to con-
sider the effects of the previous 7 d. This questionnaire gauges
the frequency of stress symptoms and recovery-associated
activities/states during the specified period and addresses both
nonspecific and sport-specific areas of stress and recovery.
The questionnaire includes 76 statements that are divided into
seven general stress scales, five general recovery scales (e.g.,
physical recovery), three sport-specific stress scales (e.g., emo-
tional exhaustion), and four sport-specific recovery scales (e.g.,
self-regulation). The questionnaire has an internal consistency
(Cronbach’s α = 0.67–0.89), and previous work has demon-
strated a high test–retest reliability (r > 0.79) (35)

Statistical analysis.Results are expressed as mean ± SD.
Using R Studio (v1.4.1), all variables were analyzed using
general linear mixedmodels estimated with restrictedmaximal
likelihood. Normality was assessed using residual and qq-plots,
with only lactate concentrations showing evidence of nonnormal
distribution. These data were therefore log-transformed before
analysis. Homoscedasticity was tested with the Fligner–Killeen
test, and where applicable, a Welsh’s adjustment implemented.
For each model, fixed effects of diet (LEA or HCHO) and test
(baseline or adaptation) were used, with random intercepts in-
cluded for sex, subject identification, and camp. For the graded
economy and V̇O2peak test data, an additional fixed effect for
stage was incorporated. Models were then optimized by remov-
ing nonsignificant interactions and comparing models using
Akaike information criteria. Statistical significance of fixed ef-
fects was determined using type II Wald tests with Kenward–
Roger approximation.Where significant fixed effects were estab-
lished, pairwise comparisons were identified using the Tukey
post hoc adjustments. Significance was accepted at P < 0.05.
The required sample size was calculated a priori using 10,000-m
race performance as the primary outcome based on our previ-
ous work evaluating dietary interventions in similar populations
(ref SN2). Specific sample size was calculated using G*Power
software version 3.1 (BonnUniversity, Bonn, Germany). Based
on such data, a sample size of seven athletes per group was con-
sidered appropriate (n = 8, critical t = 2.179, expected power
0.939, P < 0.05). To account for possible dropouts and/or non-
adherence to diets, we attempted to recruit 12 athletes per group
(24 total) and were successful in recruiting 23. As noted above,
one athlete (male, tier 4) was unable to complete adaptation test-
ing and withdrew from the study leaving a final n = 23.
RESULTS

Dietary intake. The diet and training protocols were im-
plemented according to the study plan, and all athletes complied
http://www.acsm-msse.org
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 on 11/17/2023
with the monitoring practices. Actual dietary intakes of the two
groups during the baseline and adaptation dietary intervention
protocols (summarized in Table 1) showed no differences be-
tween groups during the baseline period for EI, EA, or macro-
nutrient intakes (all P > 0.05). These parameters did not differ
between the baseline and the adaptation dietary interventions
for the HCHO group (all P > 0.05). However, in comparison
with both their baseline interventions and to the HCHO group,
the dietary intake of the LEA group showed a significant de-
crease in EA during the adaptation intervention because of a
decrease in EI (P < 0.001) and maintenance of EEE. Changes
in EI during the LEA diet were achieved by reductions in
CHO intake in absolute amounts (P < 0.001) and amounts rel-
ative to BM (P < 0.001), with similar changes in characteris-
tics of fat intake (all P < 0.001). Protein intake was maintained
in absolute amounts and relative to BM across each phase for
both groups, requiring an increase in the contribution of protein
to EI during the LEA diet (P < 0.001). Fiber intake was slightly
lower during the LEA dietary intervention (P < 0.05) compared
with the baseline phase for this group and the corresponding
HCHO intervention. The recorded intake of both groups
achieved the predetermined targets for EA and macronutrient
contribution to EI for both phases (Table 1).

General changes in body mass and composition.
Body mass assessments for all subjects across the days of the
baseline and adaptation periods are summarized in Figures 2A
TABLE 1. Dietary intake during 6-d baseline of high energy/CHO (HCHO) availability then 9-d adap

Target

Baselin
EI (MJ·d−1)
EI (kJ·kg·d−1)
EI (kcal·d−1)
CHO (g·d−1)
CHO (E%) 65
CHO (g·kg·d−1)
Protein (g·d−1)
Protein (E%) 15
Protein (g·kg·d−1)
Fat (g·d−1)
Fat (E%) 20
Fat (g·kg·d−1)
Fiber (g·d−1)
EEE (kcal·d−1)
EA (kcal·kg FFM−1·d−1) 40

Adaptation: LEA gro
EI (MJ·d−1)
EI (kJ·kg·d−1)
EI (kcal·d−1)
CHO (g·d−1)
CHO (E%) HCHO: 65; LEA: 60
CHO (g·kg·d−1)
Protein (g·d−1)
Protein (E%) HCHO: 15; LEA: 25
Protein (g·kg·d−1)
Fat (g·d−1)
Fat (E%) HCHO: 20; LEA: 15
Fat (g·kg·d−1)
Fiber (g·d−1)
EEE (kcal·d−1)
EA (kcal·kg FFM−1·d−1) HCHO: 40; LEA: 15

Data are presented as mean ± SD.
*P < 0.001, within-group difference between baseline and adaptation.
**P < 0.001, difference between HCHO and LEA.
HCHO, high energy/CHO availability; F, female; M, male.

SHORT EXPOSURE TO LEA AND PERFORMANCE
(HCHO group) and 2B (LEA group), with Figure 2C display-
ing the change in BM relative to initial BM recorded across
each of the matched activities. In general, BM remained stable
in both groups across the baseline phase then demonstrated a
substantial decrease (~2 kg) over the adaptation diet in the
LEA group (P < 0.001) as well as a small (0.5 kg) decrease in
the HCHO group (P < 0.001). Both groups showed a small but
nonsignificant BM increase (~0.3 kg; HCHO, P = 0.993; LEA,
P = 0.858) over the 24 h of HCHO diet in preparation for race 2.

DXA-derived changes in body composition from the com-
mencement of the baseline phase to the completion of adapta-
tion phase are summarized in Table 2. Substantial changes in
BM (2.1 kg, P < 0.001), which was comprised primarily of a
1.6-kg reduction in fat mass (P < 0.001), were seen in the
LEA group. Decreases in BM (0.9 kg, P = 0.008), inclusive
of a fat mass reduction (0.9 kg, P < 0.001), were also evident
in the HCHO group. However, the reduction in both BM
(P = 0.005) and fat mass (P = 0.009) was significantly larger
in LEA compared with HCHO. The LEA group also had a re-
duction in FFM (0.4 ± 0.8 kg), whereas the HCHO group re-
mained stable (0.03 ± 0.4 kg); however, these differences were
not deemed significant (P = 0.131).

Training load. Planned and actual EEE for each day of the
baseline and adaptation phases are summarized in Figure 3.
Overall, athletes expended ~1300 kcal each day equating to
~19 km of race walking (HCHO vs LEA; baseline phase:
tation to an LEA diet in highly trained race walkers undertaking endurance training.

HCHO (n = 10 M, 2 F) LEA (n = 10 M, 1 F)

e: both groups = high energy/CHO availability diet
15.1 ± 3.2 15.3 ± 1.7
235 ± 27 232 ± 7
3612 ± 77 3660 ± 41
577 ± 125 588 ± 63
64 ± 0.4 64 ± 0.4
9.0 ± 1.1 8.9 ± 0.3
135 ± 28 138 ± 16
15 ± 0.3 15 ± 0.2
2.1 ± 0.2 2.1 ± 0.1
78 ± 18 78 ± 10
19 ± 0.5 19 ± 0.6
1.2 ± 0.2 1.2 ± 0.1
44 ± 7 41 ± 4

1358 ± 611 1292 ± 155
42 ± 3 42 ± 2

up = LEA diet; HCHO group = high energy/CHO availability diet
15.3 ± 3.0 9.1 ± 1.3*,**
237 ± 23 138 ± 13*,**
3660 ± 71 2170 ± 31*,**
586 ± 114 313 ± 43*,**
64 ± 0.5 57 ± 0.5*,**
9.1 ± 0.9 4.7 ± 0.4*,**
136 ± 26 131 ± 18
15 ± 0.4 24 ± 0.5*,**
2.1 ± 0.2 2.0 ± 0.2
77 ± 18 37 ± 8*,**
19 ± 1.0 15 ± 1.3*,**
1.2 ± 0.2 0.6 ± 0.1*,**
43 ± 8 35 ± 2*,**

1321 ± 463 1279 ± 301
43 ± 4 15 ± 2*,**
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TABLE 2. Assessment of body composition via dual x-ray absorptiometry during 6-d base-
line of high energy/CHO availability then 9-d adaptation to an LEA diet in highly trained race
walkers undertaking endurance training.

HCHO (n = 10 M, 2 F) LEA (n = 10 M, 1 F)

Prebaseline Testing
Scale mass (kg) 64.1 ± 7.5 66.1 ± 6.7
DXA total mass (kg) 64.6 ± 7.5 66.6 ± 6.6
Lean mass (kg) 53.0 ± 8.3 54.3 ± 5.8
Bone mineral content (kg) 2.8 ± 0.4 2.8 ± 0.3
Fat mass (kg) 8.9 ± 2.7 9.4 ± 2.5
FFM (kg) 55.7 ± 8.7 57.1 ± 6.2

Postadaptation Testing
Scale mass (kg) 63.1 ± 7.2* 64.1 ± 6.8*^
DXA total mass (kg) 63.7 ± 7.4 64.5 ± 6.8*^
Lean mass (kg) 52.9 ± 8.3 53.8 ± 6.6
Bone mineral content (kg) 2.8 ± 0.4 2.8 ± 0.3
Fat mass (kg) 8.0 ± 2.4* 7.9 ± 2.3*^
FFM (kg) 55.7 ± 8.7 56.7 ± 6.6

Data are presented as mean ± SD.
*P < 0.05, difference between baseline and adaptation.
^P < 0.05, difference in magnitude of change from baseline to adaptation between HCHO
and LEA.
M, male; F, female.

FIGURE 2—Changes in bodymass over the duration of an endurance training camp in highly trained racewalkers (n = 23) whowere divided in two groups
to consume a diet providing high energy/CHO availability (HCHO) for a 6-d baseline phase before being assigned to 9 d adaptation phase of either HCHO
(n = 12) (A) or LEA diet (n = 11) (B). Data for the change relative to initial body mass (ΔBM) for the two groups matched across study activities (2C). Data
are presented as mean ± SD. Points sharing a letter are not different from one another (P > 0.05). ***Main effect of time (P < 0.001).
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 on 11/17/2023
1358 ± 611 vs 1284 ± 161 kcal·d−1; adaptation phase:
1321 ± 463 vs 1301 ± 307 kcal·d−1). The mean difference be-
tween planned versus actual training was ~16 kcal·d−1, which
equates to ~230 m and was not significant (P = 0.434). Fur-
thermore, there were no differences in planned or actual EEE
between diets (P = 0.354) or testing phases (P = 0.939).
Values (HCHO vs LEA) for the energy difference between
planned and actual EEE were as follows: baseline phase:
−14 ± 110 vs −48 ± 139 kcal·d−1; adaptation phase: −11 ± 91 vs
−53 ± 89 kcal·d−1. Meanwhile, these differences expressed
as training distances were as follows (HCHO vs LEA): base-
line phase: −200 vs −690 m·d−1; adaptation phase: −160 vs
−770 m·d−1.

Economy and V̇O2peak. Twenty-two race walkers com-
pleted the graded economy and V̇O2peak test protocol. The re-
sults of these tests are summarized in Supplemental Table 1
(see Supplemental Digital Content, http://links.lww.com/
MSS/C829) and Figure 4. There were no differences in abso-
lute or relative V̇O2peak between groups (P = 0.718 and
P = 0.793, respectively) or across trials (P = 0.646 and
P = 0.078, respectively). Both groups displayed an increase
in RER, absolute V̇O2 (L·min−1), HR ,and RPE associated
with the increase in exercise intensity across all four stages
of both economy tests (all P < 0.0001). During the adaptation
trial, there was a reduction in absolute V̇O2 (L·min−1) during
stages 1–4 (P < 0.001) and lower lactate concentrations after
all stages (P = 0.007); however, no diet-associated effects
were evident (V̇O2, P = 0.718; lactate P = 0.290). A reduced
RER and HR was seen during the adaptation trial for both
groups (P < 0.001); however, this decrease was larger in the
LEA group compared with the HCHO group (~0.03 vs 0.07
decrease in RER and 5 vs 9 bpm decrease in HR; both
P < 0.001). At adaptation, therewas also an increase in calculated
fat oxidation rates (P < 0.001) and a reduction in CHO oxidation
(P < 0.001) across all stages when compared with baseline in
both groups. However, this shift was larger for both fat and
CHO utilization (both P < 0.001) in the LEA group compared
with HCHO.

RESTQ-Sport-76. Figure 5 summarizes the results of the
RESTQ-Sport-76, undertaken at the end of each dietary phase.
There were significant diet–trial effects for the constructs of
overall stress (P = 0.021), overall recovery (P = 0.024),
1492 Official Journal of the American College of Sports Medicine
sport-specific stress (P = 0.003), and sport-specific recovery
(P = 0.012). Specifically, during the adaptation phase, the LEA
group reported an increase in both overall stress (P = 0.006, with
significant subscales including emotional stress, fatigue, lack
of energy, and physical complaints) and sport-specific stress
(P = 0.002, with significant subscales including emotional ex-
haustion and injury, P < 0.005). Furthermore, decreases in
both overall recovery (P= 0.014,with significant subscales includ-
ing physical recovery and general well-being) and sport-specific
recovery (P = 0.032, with significant scales including being in
shape and self-efficacy) were observed in the LEA group.
By contrast, other than a main effect of test noted for social re-
covery (P = 0.004), no other differences were detected for any
scale item between phases in athletes adhering to the HCHO
diet (all P > 0.05).

Race performance. Race day data are summarized in
Figure 6. Both HCHO and LEA groups achieved a similar im-
provement in race performance (Fig. 6A), with the mean im-
provement (Fig. 6B) being 4.5% ± 4.1% and 3.5% ± 1.8%
for HCHO and LEA, respectively (P < 0.001), equivalent to
~127 and ~92 s. BM measured immediately before the start
of each race is summarized in Figure 6C and showed that the
decrease in BM was greater in LEA (−2.0 ± 0.9 kg) compared
http://www.acsm-msse.org

http://links.lww.com/MSS/C829
http://links.lww.com/MSS/C829
http://www.acsm-msse.org


FIGURE 3—Daily planned vs actual EEE during an endurance training camp of highly trained race walkers (n = 22) who were divided into two groups to
consume a diet providing high energy/CHO availability (HCHO) for a 6-d baseline phase before being assigned to a 9-d adaptation phase of either HCHO
(n = 12) or LEA diet (n = 10). No differences were seen in either group between planned and actual for either phase. Data are presented as mean ± SD.
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 on 11/17/2023
with HCHO (−0.9 ± 0.6 kg, P = 0.001). The relationship be-
tween changes in performance and changes in prerace BM
for all participants (Fig. 6D) was not significant (r = −0.08
[−0.49 to 0.35], P = 0.717). There was a significant interaction
(P = 0.049) for postrace RPE, with HCHO showing a small
decrease (0.4 a.u.) from baseline to adaptation races whereas
the LEA group reported an increase (1.2 a.u.).
A
PPLIED
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C
ES
DISCUSSION

This is the first investigation of short-term exposure to LEA
in highly trained (mostly male) endurance athletes, which in-
volves the manipulation of EA against the background of a
real-world scenario of periodized daily training. The novel
protocol included personalized meal plans and a continuously
updating approach for calculating EEE in the field to adjust EI
based on EA targets on a daily and within-day basis. The main
findings were as follows: 1) 9 d of substantial restriction of EA
was associated with a significant loss of body mass (~3%
BM),mostly frombody fat, thatwasmaintainedwhen the athletes
briefly returned to a high-energy, high-CHO diet; 2) although the
period of LEAwas associatedwith increased perception of fatigue
and a loss of training quality, the rapid restoration of energy and
CHO intake over 24 h tomeet guidelines for glycogen restoration
allowed athletes to complete a real-world 10,000-m (~40-min)
race with a performance improvement that was equal to that of
a group who had trained with sustained high energy/CHO
availability; and 3) the relationship between changes in BM
and improvements in race performance was not significant.
These findings suggest that the long-term periodization of
physique to achieve ideal body mass might be achieved in a
series of strategically timed but brief phases of substantially
restricted EA, and that the relationship between BM, training
quality, and performance in weight-dependent endurance
sports is complex.

The current study investigated a possible model of targeted
BMmanipulation with particular interest in impairments of the
quality of life and training capacity to determine whether these
could be easily reversed to preserve competition performance.
Wemonitored the latter by examining the completion of planned
training program as well as changes in the validated athlete
self-report measuring tool, the RESTQ-Sport-76 (35). Overall,
SHORT EXPOSURE TO LEA AND PERFORMANCE
all athletes completed their intended training volume with no dif-
ferences between groups or training periods in terms of planned
versus actual training energy expenditure (mean daily expendi-
ture: ~1300 kcal, equivalent to ~19-km race walking). However,
we suspect that during the adaptation period, LEA athletes often
completed training sessions despite feeling fatigued, in recogni-
tion that failing to finish (and the resultant reduction in EEE)
would have led to a meal adjustment to further reduce dietary EI.

Indeed, self-reports from the RESTQ-Sport-76 tool noted
marked increases in stress and reductions in recovery scales
at the end of the adaptation phase in the LEA group, with neg-
ligible changes in the HCHO group from baseline scores over
the same period. The RESTQ-Sport-76 is underpinned by
theories on physiological and psychological responses to
stress and recovery and collects information on general and
sports-specific aspects of these scales (35). Athletes exposed
to LEA reported a significant increase in overall stress (Fig. 5),
with focus on the subscales of emotional stress (irritation, aggres-
sion, anxiety, or inhibition), fatigue (time pressures, training, dis-
turbances in work, overfatigue, and loss of sleep), lack of energy
(inability to concentrate, make decisions, or lacking energy), and
physical complaints (whole body physical indispositions or com-
plaints). Sports-specific stress was also increased, particularly in
relation to the subscales of emotional exhaustion (feelings of
burnout or wanting to discontinue sport) and injury (perceived
acute injury risk or vulnerability). There was a decrease in overall
recovery, including the subscales of physical recovery (physical
recovery, physical well-being, and fitness) and general
well-being (good moods, high well-being, relaxation, and
contentment), whereas the subscales of being in shape (feel-
ing fit, efficient, and vital) and self-efficacy (feeling optimally
prepared and convinced of proper training) were particularly
decreased within the sports-specific recovery scales. These
changes expand on the generally negative alterations to psycho-
logical status, noted by tools such as the Profile of Mood States
during periods of weight making in weight category sports (19).

Significant differences in changes in body composition over
the ~3-wk training period were noted between treatment
groups. We deliberately set the EA target for the HCHO group
at 40 kcal·kg FFM−1·d−1 to allow small changes in body com-
position (loss of ~0.5 kg fat mass/BM) commensurate with our
previous experiences of base phase training in similar groups
Medicine & Science in Sports & Exercise® 1493



FIGURE 4—Mean data and individual responses for absolute (A) and relative (B) V̇O2peak obtained during the incremental max test performed before
baseline phase or after adaptation to an HCHO (n = 12) or an LEA (n = 10) diet in highly trained race walkers. Absolute (C) and relative (D) oxygen up-
take and calculated substrate oxidation rates (E, CHO; F, fat) during the four-stage economy test. Data are presented asmean ± SD. Significant differences:
**P < 0.01; ***P < 0.001.
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 on 11/17/2023
of elite race walkers (26,27). Indeed, according to the DXA as-
sessment of body composition, the HCHO group showed a
small (0.9 kg) loss of BM, principally from body fat over the
3-wk period. However, losses of total BM (2.1 kg) and fat
mass (1.6 kg) were doubled in the LEA group, with a small
loss of FFM (0.4 kg) [Table 2], which predominantly occurred
during the 9-d LEA (15 kcal·kg FFM−1·d−1) intervention. We
note that several individuals within the HCHO group showed
larger BM loss, including some loss of FFM, with further anal-
ysis of our dietary intervention protocol identifying more dif-
ficulty in achieving EA targets for athletes with higher training
1494 Official Journal of the American College of Sports Medicine
volumes, including significant cross-training (Heikura et al.,
unpublished data). BMmonitoring over the course of the train-
ing program showed daily fluctuations commensurate with
changes in hydration and recent food intake, with both groups
making a small (0.3 kg) gain over the course of the 24-h period
of race preparation as would be expected from gains in muscle
glycogen and restoration of any fluid deficits. Despite the pre-
race restoration of these labile components of BM, the LEA
group reported to the start of race 2 being ~2 kg (~3% BM)
lighter than at the first race, a twofold difference to that of
the HCHO group.
http://www.acsm-msse.org
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FIGURE 5—RESTQ-Sport-76 scores during an endurance training camp of highly trained race walkers (n = 23) who consumed a diet providing high
energy/CHO availability (HCHO) for a 6-d baseline phase before being assigned to a 9-d adaptation phase of either HCHO (n = 12) (A) or LEA diet
(n = 11) (B). Data are presented as mean ± SD. Significant difference between baseline and adaptation for the *P < 0.05; **P < 0.01. Significant difference
to HCHO: #P < 0.05; ##P < 0.01; ###P < 0.001.
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 on 11/17/2023
Performances of real-world races were improved by ~4% or
~100 s across the 3-wk training camp, with similar improve-
ments in both groups. These results support the complexity
of the factors underpinning competition success in high-level
endurance athletes. Indeed, although the physics of movement
in running events show theoretical and empirical support for
the benefits of a lighter BM (20,36), including potential benefits
of training at a high BM before reducing weight for competition
(37), we did not observe a greater improvement in performance
in the LEA group compared with the control high-energy,
high-CHO group. Furthermore, we failed to detect any correla-
tion between the change in BM and the change in performance
between the two races. This suggests that a combination of
factors such as the quality of training, psychological readiness,
muscle fuel reserves, and BM changes contributed to the final
FIGURE 6—Mean and individual data for performance of 10,000-m race walk
walkers at baseline and after adaptation to an HCHO (n = 12) or an LEA (n =
in prerace body mass and 10,000-m race performance (D). Significant differenc

SHORT EXPOSURE TO LEA AND PERFORMANCE
performance. Although we may have been able to reduce neg-
ative effects of the rapid weight loss period in the LEA group
on the former characteristics by including a 24-h period of
CHO restoration, it is possible that if an equal loss of BM
had been achieved by a smaller daily energy deficit spread
across an entire training period, different effects on perfor-
mance might have been seen. We also note, however, that
our strategy was incorporated into base phase training, which
provided only a 24-h light taper and refueling strategy; differ-
ent effects on performance might be seen if a rapid BMmanip-
ulation was followed by a more focused competition taper. A
small loss of lean mass contributed to the change in BM, an
outcome that might be reduced by a concurrent increase in
event-specific resistance training and/or an increase in the pro-
tein content of the diet (38).
ing event (A) and change in race performance (B) in highly trained race
9) diet. Changes in BM on race day (C) and correlation between change
es ***P < 0.001.
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The concept of EA was introduced into sport nutrition by
Professor Anne Loucks, with EA being defined as the energy
remaining when the energy expended in exercise is subtracted
from an athlete’s EI, expressed relative to FFM to account for
the most metabolically active tissues (5). Elegant studies un-
dertaken on sedentary females under metabolic ward condi-
tions identified that perturbations to biomarkers of a number
of body systems, including reproductive hormones, and markers
of bone turnover andmetabolic rate, and typically associatedwith
health issues in female endurance athletes, were attributable to
LEA rather than endurance training per se (9,10,39,40). Al-
though recent evolution of the model of EA in athletes now
recognizes that inadequate EI and/or increased exercise loads
arise from diverse etiology, purposeful energy restriction for
manipulation of body mass/composition is a common cause
(6). Although impairments of health and performance are un-
doubtedly associated with some scenarios of LEA in individ-
ual athletes, as explained by the RED-S (1) and Triad (2–4)
syndromes, cross-sectional studies of both male and female
athletes show variability in the type, prevalence, and severity
of the disturbances to different body systems (15,16). There-
fore, there is a need for further evolution in these models to ac-
cept that some exposure to LEA is normal in human existence
and can be at least accommodated, if not associated with ben-
eficial athletic practices (41).

Although LEA interventions undertaken inmetabolic wards
have contributed to our knowledge, characteristics such as the
involvement of previously sedentary participants and the use
of liquid meal diets (9,10,39,40) limit the extrapolation to
real-life athletes. The current literature provides very few exam-
ples of prospective intervention studies of exposure to LEA in
highly trained athletes, particularly in free-living situations.
Studies have examined 3–5 d of the implementation of LEA in-
volving whole food diets in trained- to well-trained endurance
athletes, with EA targets being achieved by providing/prescribing
a fixed EI while undertaking a standardized laboratory or field
exercise session each day (11,12,23,24,42). Although these
protocols provide a practical way to ensure that EA conditions
are achieved, they do not mimic real-life protocols in which
athletes alter their daily training and dietary practices accord-
ing to the goals of the micro-, meso-, and macrocycles of a
periodized preparation (17). The current intervention study
overcame these limitations andmanipulated EA in an authentic
manner, allowing the highly trained participants to continue
their periodized training program (varying the mode, fre-
quency, intensity, and duration of daily workouts) while con-
tinually adjusting their EI to achieve the target for high and
low EA. The actual methods used to achieve this included 1)
provision and supervision of a rigorously controlled dietary
plan, 2) individualization of EEE calculations based on the
athlete’s prospective training plans, and 3) real-timemanipula-
tion of EI over the day according to the actual execution of
training plans.

This study was part of a larger project to investigate the ef-
fect of LEA on various body systems with the implementation
of various study protocols after 6–7 d of adaptation to HCHO
1496 Official Journal of the American College of Sports Medicine
or LEA diets; these results are provided elsewhere (13,29).
The current protocol involving 9 d of LEA exposure was fo-
cused on training outcomes, quality of life, changes in body
composition, and race performance, with opportunities to in-
vestigate whether a short-term but substantial energy restric-
tion could be undertaken while maintaining the expected en-
hancement of performance associated with a 3-wk training
block at the commencement of the athletic season (26,27). De-
spite the well-documented pursuits of endurance athletes, par-
ticularly those in weight-dependent and gravity-affected sports,
to achieve a light and lean physique (43), the systematic inves-
tigation of optimal techniques for physique manipulation with
evidence of performance benefits in elite athletes is curiously
lacking. Indeed, prospective interventions on BM loss in
high-performance athletes are focused on the rapid weight loss
strategies of weight category sports (19). These examples are
anomalous to the present scenario in terms of the type of sport-
ing event, the period of BM loss, and, in the case or rapid
weight making, the concomitant use of dehydration (19). Yet
systematic reviews (18), prospective observational studies
(22), and case studies (20) of changes in energy expenditure,
EI, and body composition in highly trained endurance athletes
document self-imposed fluctuations across the training season
and sporting career to achieve an optimal physique for race
performance. Furthermore, the lay literature provides power-
ful testimonials from individual athletes about the pervasive
beliefs within distance athletics (44) and road cycling (45) that
a lighter BM and high power-to-weight (BM) ratio are associ-
ated with performance improvements.

There is a lack of literature with which tomake comparisons
of our findings.A longer-termBMintervention in high-performance
athletes from different types of sports, achieved via supervised
dietary education under free-living conditions, observed the
same total BM loss (5% BM) in two groups who targeted a
weekly loss of 0.7% vs 1.4% BM, via a reduction 19% or
30% reduction in EI over ~9 and ~5 wk, respectively (46).
The group who undertook the slower rate of BM loss achieved
an increase in lean mass and greater improvement in strength
(maximum repetition bench press). However, no other differ-
ences in metrics of performance (countermovement jump,
other strength measures, 40-m sprint) were reported between
groups based on a slow or faster BM loss (46). Meanwhile, 3 d
of exposure to LEA (~19 kcal·kg FFM−1·d−1) in well-trained
male distance runners achieved a BM loss of 1.2 kg compared
with a similar period of normal EA (~53 kcal·kg FFM−1·d−1)
but did not alter time to exhaustion on a treadmill at 90% V̇O2max

(23). Here, any advantages of the lower BM may have been off-
set by the reduction in muscle glycogen content, a factor that we
addressed in the current study.

We acknowledge the limitations of this study, including the
nonrandomized allocation of the athletes to the treatment groups.
However, our view and practice during studies involving elite
and world-class athletes (26,27) is that participants should only
be assigned to treatments they believe will enhance their health
and/or performance. In addition to ethical considerations re-
garding the support of athletic preparation, we believe that true
http://www.acsm-msse.org
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performance outcomes can only be achieved with standardiza-
tion of placebo effects and removal of nocebo effects (47) such
that each athlete feels truly able to compete at their best. We
note that each treatment group includes one to two female ath-
letes and may have been affected by proposed sex differences
in at least some of the responses to LEA (11,24). However, our
clear-cut results were apparently unaffected by the inclusion
of these participants, and we remain committed to including
female participants within cohorts or in female-specific studies
where applicable to address the underrepresentation of females in
sports science research (48). In return, we also note the strength
of the study design: the involvement of international-level ath-
letes; the rigorous control and reporting of diet and exercise,
which manipulated EA within the real-world periodization
of training programs; and the authentic measurement of sports
performance.

CONCLUSIONS

In conclusion, highly trained endurance athletes were able to
achieve a small weight loss (3% BM) during a training camp in
the base preparation phase of the training calendar by undertak-
ing a brief (9-d) period of LEA (15 kcal·kg FFM−1·d−1, equal to
a reduction of 40% of EI). Although this was associated with
subjective measures of fatigue, stress, and a decrease in recov-
ery, when combined with 24 h of prerace fueling, athletes
achieved an improvement in race performance equivalent to a
similar cohort who had undertaken the same 3-wk training
block with high energy and CHO availability. These results
suggest that a reduction in body mass may not be required to
SHORT EXPOSURE TO LEA AND PERFORMANCE
improve race performance after an intensified training camp.
However, if body composition alterations are required, this
protocol might be suitably integrated within the athlete’s an-
nual training plan to assist with body composition manipula-
tion goals while preserving competition performance, either
as a periodic activity or as a strategically placed activity to allow
recovery before a competition. The importance of adequate en-
ergy and CHO availability to acutely support race performance
is demonstrated by our study. Furthermore, we note the puz-
zling lack of investigation of the complicated nature of body
composition manipulation and performance in gravity-affected
endurance sports despite the overwhelming evidence of such
practices by high-performance athletes. Such research is needed
to identify any real benefits of reduced BM and increased
power-to-BM ratios and to acknowledge the health and perfor-
mance issues associated with prolonged periods of energy and
CHO restriction. Meanwhile, this study showcased a new pro-
tocol to achieve various levels of EA, which track the real-life
periodization of training energy expenditure.
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