Scandinavian Journal of Medicine & Science in Sports WI L EY

| oRIGINAL ARTICLE CEIEED

Running Economy After a Low- and High-Intensity
Training Session in Naturally Menstruating
Endurance-Trained Female Athletes: The
FENDURA Project

Heleen Docter!2 2 | Madison Taylor® 2 | Anna Lena Miiller? | JosJ. de Koning! | @yvind B. Sandbakk? |
John O. Osborne®*3>¢ | Dionne A. Noordhof?

!Department of Human Movement Sciences, Vrije Universiteit Amsterdam, the Netherlands | 2Centre for Elite Sports Research, Department of
Neuromedicine and Movement Science, Norwegian University of Science and Technology, Trondheim, Norway | 3School of Sport Sciences, UiT The Arctic
University of Norway, Tromse, Norway | “Sunshine Coast Hospital and Health Service, Birtinya, Australia | >School of Health, University of the Sunshine
Coast, Sippy Downs, Australia | ®School of Exercise and Nutrition Sciences, Queensland University of Technology, Brisbane, Australia

Correspondence: Heleen Docter (heleen.docter@ntnu.no)
Received: 24 December 2024 | Revised: 26 March 2025 | Accepted: 27 March 2025

Funding: This study was funded by the Tromse Research Foundation and UiT The Arctic University of Norway via the Female Endurance Athlete
(FENDURA) project (Project-ID: 199_FENDURA_BW).

Keywords: durability | energy cost | menstrual cycle | oxygen consumption | resilience

ABSTRACT

The ability to maintain running economy is generally evaluated during a long continuous exercise bouts, and it is unclear whether
the menstrual cycle phase acts as a confounder. The first aim of this study was to evaluate the ability to maintain running
economy during typical 1-h low- (LIT) and high-intensity training (HIT) sessions in female athletes. The second aim was to in-
vestigate whether menstrual cycle phase affected the ability to maintain running economy. Naturally menstruating endurance-
trained females performed three LIT (n=16) (45%-55% of the maximal velocity achieved during the maximal incremental test)
and/or three HIT sessions (n=17) (5x 4 min at 80% of the maximal velocity achieved during the maximal incremental test) dur-
ing three distinct menstrual cycle phases: early follicular, ovulatory, and mid luteal. Running economy was determined before
and after each session. Running economy, expressed as energy cost (before: 1.34; after: 1.34kcal/kg/km, p=0.797) and oxygen
cost (before: 272, after: 273 mL/kg/min, p =0.348), was not significantly different before versus after the LIT session. Energy cost
(before 1.33; after: 1.34 kcal/kg/km, p =0.130) was not significantly different before versus after the HIT session, but oxygen cost
(before: 269; after: 274 mL/kg/km, p <0.003) was slightly higher after the session. Menstrual cycle phase did not confound the
ability to maintain running economy. Running economy can be maintained during a typical 1-h LIT session. The ability to main-
tain running economy during a typical HIT session depends on the expression used; energy cost was unaffected, while oxygen
cost may be slightly increased after HIT sessions.

1 | Introduction determinants of endurance performance [1]. However, these
variables may change from their initial “unfatigued state” value
Maximal oxygen uptake (VO,_. ), accumulated oxygen defi- during prolonged or fatiguing exercise. The ability to main-

cit, and gross efficiency/economy are considered important tain these performance-determining variables stable during
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prolonged or fatiguing exercise is commonly termed durability
or resilience and is thought to be an important predictor of race
performance [2].

Running economy has been shown to deteriorate during long
efforts (e.g., >60min) at a constant velocity above 60% of the
maximal oxygen uptake (VOZmaX) [3-9]. The effect of short
(<60min) constant velocity runs on running economy is con-
tradictory. Constant velocity runs of 40min at 80% VO, . [6]
did not alter economy, while a 5km run at 80%-85% VO, .
and a trail run of 18.4km with fluctuating intensity did impair
running economy [7, 10, 11]. Therefore, exercise with a duration
>60min and an intensity >60% VO, __likely impairs running
economy, although it is currently unclear whether running
economy deteriorates during exercise of shorter duration and/
or lower intensities.

Fatiguing exercise protocols used in durability studies often dif-
fer from typical training sessions performed by endurance ath-
letes. Approximately 75%-80% of the total training duration of
endurance athletes consists of low-intensity training (LIT) and
approximately 5%-10% consists of high-intensity training (HIT)
sessions [12, 13]. Typical LIT sessions are performed at intensi-
ties below the first lactate threshold while typical HIT sessions
consist of high-intensity intervals (above the second lactate
threshold; onset of blood lactate accumulation) alternated with
recovery periods [13]. Running economy changes following typ-
ical LIT and HIT sessions are, to the best of our knowledge, not
yet examined.

Males and females may differ in their ability to maintain the
performance-determining variables throughout fatiguing exer-
cise [8, 10, 14, 15]. Males and females differ, among others, in
their hormonal environment. Naturally menstruating females
have fluctuating concentrations of estrogen and progesterone
across a 21-35-day menstrual cycle. As estrogen and proges-
terone have been found to influence multiple physiological sys-
tems, the changing hormonal levels across the cycle have the
potential to affect training responses [16]. Due to inconsisten-
cies in the existing literature, it is unclear if and how menstrual
cycle phase influences running economy in an unfatigued state
[14, 15, 17, 18]. Lee et al. [19] reported compromised durabil-
ity in the luteal phase compared to the follicular phase of the
menstrual cycle. In their study, durability was evaluated as the
stability in mean cycling power during repeated high-intensity
(6 X 1 min) efforts, before and after 45min moderate- and 6 min
high-intensity cycling. Although running economy has been
found to strongly correlate with performance [20], we are un-
aware of studies that evaluated the influence of menstrual cycle
phase on the ability to maintain running economy, as a measure
of durability, throughout a standardized LIT and HIT session.

Therefore, the first aim of this study was to evaluate the abil-
ity to maintain running economy during a typical LIT and HIT
session in endurance-trained females. The second aim was to
investigate whether menstrual cycle phase affects the ability to
maintain running economy. For this purpose, LIT and HIT ses-
sions were performed in three hormonally distinct menstrual
cycle phases: early follicular (EF), ovulatory (O), and mid luteal
(ML) phase [21]. We hypothesized that running economy would
remain stable during the LIT session but deteriorate during the

HIT session. We expected the deterioration in running economy
during the HIT session to be compromised in the ML phase, as
performance has been shown to have declined in the ML phase
during cycling [19].

2 | Methodology
2.1 | Study Design

Running economy was determined before and after typical LIT
and HIT sessions, which were performed in three distinct men-
strual cycle phases. Prior to the test period, participants were
tracked for up to two menstrual cycles using calendar-based
counting and at-home urinary ovulation kits (Clearblue Digital
Ovulation kits, Swiss Precision Diagnostics GmbH, Geneva,
Switzerland). During the early follicular phase (EF, days 1-4
from the onset of menses) of one lead-in cycle, participants
performed a running lactate profile and maximal incremental
running test on a treadmill to determine their exercise capacity.
During the subsequent two menstrual cycles, participants per-
formed three supervised LIT or HIT training sessions during
the EF phase, O phase (within 36h after a positive urinary ovu-
lation test) and ML phase (7-9days after the day of a positive
urinary ovulation test) [21]. Participants were randomly allo-
cated to start with LIT or HIT testing and repeated the same ses-
sion in the three consecutive phases of a single menstrual cycle.
To increase recruitment of potential participants, testing was
conducted at three testing locations across Norway (Tromse,
UiT The Arctic University of Norway; Trondheim, Norwegian
University of Science and Technology; and Oslo, Norwegian
School of Sport Science), with identical testing procedures.

The current study was part of the Female Endurance Athlete
(FENDURA) project, as previously described [22]. Ethical ap-
proval for the study was waived by the Regional Committee for
Medical and Health Research Ethics (REK, Project-ID: 230505).
The study was preapproved by the Norwegian Social Science
Data Services (NSD, Project-ID: 955558) and performed in ac-
cordance with the institutional ethical requirements and the
Declaration of Helsinki. All participants received written and
oral information prior to enrolling in the study and provided
written informed consent to participate.

2.2 | Participants

Participants were recruited through local sporting clubs, per-
sonal connections, and social media. The prescreening criteria
were as follows: (1) females, aged 17-40years old, (2) reported
having a regular menstrual cycle length of 21-35days over the
preceding 3months, (3) systematically trained in an endurance
sport at least three times per week and/or 5h per week, (4) did
not use hormonal contraceptives for at least 3months prior to
the onset of the study, (5) reported no clinically defined men-
strual disorder (i.e., polycystic ovarian syndrome), (6) were not
pregnant or trying to get pregnant, and (7) had no injuries or
illness preventing the participant from training regularly.

After prescreening, 24 eligible participants were enrolled in the
study. Menstrual cycle phases were verified using the 3-step
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method [23], including calendar-based counting, urinary ovu-
lation testing, and serum hormone analysis of estrogen and pro-
gesterone, as previously described by Taylor et al. [18]. Data were
retrospectively excluded from the analysis if the test cycle was
anovulatory, progesterone concentration was <16 nmol/L in the
ML phase [21, 24] or the luteal phase was shorter than 10days
[18, 21] (Figure 1). If participants missed a test in the ML phase,
data of that menstrual cycle were excluded as screening for lu-
teal phase deficiencies could not be performed.

Participants were instructed to record their nutritional intake
during the 24 h before the lead-in test using an online diary and
to replicate this diet before each subsequent test session. To min-
imize the influence of menstrual cycle phase on glycogen storage
[25], participants were provided with individualized dietary rec-
ommendations to encourage a carbohydrate intake of at least 8g
per kg body mass before their testing sessions [26]. Participants
were asked to refrain from intensive exercise in the last 24h
and caffeine intake in the 8h prior to each test. Throughout the
study period, participants were asked to maintain their weekly
exercise routine. Participants logged all exercise activities in
the online platform “Olympiatoppens Treningsdagbok” the
Norwegian Top Sports Center (Olympiatoppen) training diary,
or BESTR training diary (BESTR). Average hours per week and
sessions per week were calculated retrospectively over a pe-
riod of 28 days before the supervised exercise session in the ML
phase. Mobility or stretching exercises were not included.

2.2.1 | Protocol

2.21.1 | Lead-In Period. In the EF phase of the lead-in
period, a lactate profile test and a maximal incremental exercise
test were performed running on a treadmill (Woodway PPS Med
55, Waukesha, Wisconsin, USA) with an incline of 5% to estab-
lish VO, . and the maximal velocity achieved during the max-

imal incremental test (v, ). Participants warmed up for 5min

n=24 participants
enrolled (after

prescreening)

n=23 completed at |

least one LIT session

n=21 completed at
least one HIT session

Excluded: Excluded:
n = 2: Anovulatory n = 4: No test in ML phase
n = 3: No test in ML phase n = I: Low progesterone

n = 2: Low progesterone concentration in ML phase
concentration in ML phase

n = 1: Short luteal phase

Completed: Completed:
n=15 - = n=16

—>
n =12 participated in
both LIT and HIT
FIGURE 1 | Participant inclusion for the low- and high-intensity
training session. HIT =high-intensity training, LIT=Ilow-intensity
training, and ML =mid luteal.

at an intensity of approximately 50% of their self-reported
maximal heart rate. The lactate profile test started at a velocity
of 7-10km/h, dependent on the expected fitness level of the par-
ticipant. Every 5min, velocity was increased by 1km/h until
a blood lactate concentration >4 mmol/L or a RPE of 17 was
reached. After 10min of rest, the participants started the maxi-
mal incremental test at a velocity of two steps lower than the last
step of the lactate threshold test, followed by an increase in
velocity of 1km/h per minute until exhaustion. Gas exchange
variables were monitored using the Jaeger Vyntus CPX (Vyaire
medical GMBH, Hochberg, Germany) and a two-way breathing
valve (2730 series, Hans Rudolph Inc., Kansas City, MO, USA).
The Vyntus CPX was used in mixing chamber mode with a sam-
pling period of 5s, and data were recorded using SentrySuite
software (Vyaire medical GMBH, Hochberg, Germany).

2.2.1.2 | Test Day Protocol. Upon arrival at the laboratory,
a venous blood sample was collected in a fasted state (between
6:00 a.m. and 10:00a.m.) to verify menstrual cycle phases [18].
Subsequently, the participant received a standardized low-fiber
breakfast consisting of 2g carbohydrate/kg body mass (i.e.,
banana, bread, jam, and chocolate spread). After a 90-min rest
period, participants performed a standardized warm-up on
the treadmill (3-min at 35% v, ., 5-min at 45% v, ), followed
by 5min of running at an intensity of 60% v_  to determine
running economy before the session. After the economy block,
participants started the main set of the LIT or HIT session. The
main set of the LIT session consisted of three blocks of 3min at
50% Vv, . 3min at 45% v ., and 7min at 55% v, (Figure 2).
The main set of the HIT session consisted of 5x4min at 80%
Ve With 2min of recovery at 40% v, (Figure 3). If 80% v,
could not be completed during the first interval of the first test,
exercise intensity was scaled down 5% for consecutive intervals,
and the same procedure was repeated during consecutive test
sessions. Immediately after the main set of the LIT and HIT ses-
sion, participants repeated the 60% v, block to determine run-
ning economy after the session. The warm-up, economy blocks,
and main set of the LIT and HIT session resulted in a session
duration of 60 and 55 min, respectively. Treadmill incline was 5%
during all training sessions. Gas exchange variables were moni-
tored during the 60% v, blocks to determine running economy
before and after the LIT and HIT session. Session RPE was rated
on a Borg scale (6-20) [27] after completion of the session. The
average velocity of the 60% v blocks was 8.5+0.8km/h.

2.3 | Data Analysis

Speed at onset of blood lactate accumulation was defined as the
speed when lactate concentration reached 4mmol/L, determined
by interpolation. Data from the maximal incremental test was used
to determine VO, __, defined as the highest oxygen consumption
(VO,) over a 30-s moving average. v, was defined as the highest
velocity achieved during the maximal incremental test (last com-
pleted step). In case of an incomplete step, the average velocity was
calculated based on the percentage of time completed.

Respiratory data of the LIT and HIT sessions were used to deter-
mine the average VO, and RER from minute 2:50 till 4:50 of the
5-min submaximal exercise blocks at 60% v . before and after
the LIT and HIT sessions. Running economy was expressed as
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FIGURE 2 | Visual representation of the low-intensity training session. Running economy was determined during the highlighted blocks at 60%
Vmaxe Vmax = Maximal velocity achieved during the maximal incremental test.
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FIGURE3 | Visual representation of the high-intensity training session. Running economy was determined during the highlighted blocks at 60%
Vmax: Vmax = Maximal velocity achieved during the maximal incremental test.

energy cost (EC) at a given velocity (EC in kcal/kg/km) and ox-
ygen cost at a given velocity (OC in mL/kg/km) [28]. EC was
calculated via the metabolic rate, by multiplying VO, (L/s) by
the oxygen equivalent [29]:

(4940 « RER + 16040)

metabolic rate = VO, » body mass

Metabolic rate (W/kg) was divided by running speed (in
m/s) and subsequently converted from Watts to kilocalories
(1kcal =41847) [30] to get a value for EC. Body mass was deter-
mined immediately before each training session. OC was cal-
culated based on VO, (mL/min), body mass (kg), and running
speed [17]. To ensure steady state, EC and OC values were ac-
cepted if the average RER did not exceed 1.00 and the difference
in mean VO, over the first and last 30s of the analyzed time
frames was <10%. The average %V O, . during the last 3min
of the 5-min block at 55% v, (LIT) and 4-min blocks at 80%
V.5 (HIT) was calculated to have an indication of the physiolog-
ical strain of the training session. Calculations were made using
Matlab (MathWorks Inc., Natick, USA).

2.4 | Statistics

Statistical analyses were performed using R in the RStudio en-
vironment [31]. The ability to maintain running economy (EC
and OC) during a LIT or HIT session was modeled with mixed
linear regressions (package “lme4,” version 1.1.33). The timing

of the economy determination was added as a fixed effect (two
levels: before, after). A random intercept for each participant
was added to correct for repeated measures. Similar models
were used to investigate the ability to maintain VO, and RER
throughout a LIT or HIT session (fixed effect with two lev-
els: before, after; random intercept for participant). A separate
model was used to check whether menstrual cycle phase acted
as a confounder in the ability to maintain EC. Menstrual cycle
phase (three levels: EF, O, and ML) was added as a covariate
in the LIT and HIT model and was recognized as a confounder
when the regression coefficient of the fixed effect changed by
more than 10% [32]. Only EC was used in this model as it is
a measure of the energy cost (not oxygen cost) that is often
used as a unit for running economy. Although mixed models
are robust to violations of model assumptions [33], all models
were checked for homoscedasticity and normality of the re-
siduals, and no potential problems were identified. Marginal
means, confidence intervals, and Cohen's D were derived
for each model using the “emmeans” package (version 1.8.5)
[34]. Conditional and marginal R? were calculated using the
“performance” package (version 0.12.0) [35]. The level of sig-
nificance was set to p=0.05. Figures were generated using
“ggplot2” (version 3.4.2) [36].

3 | Results

Fifteen participants were included in the LIT analysis
(mean*standard deviation: maximal oxygen consumption

40f 10

Scandinavian Journal of Medicine & Science in Sports, 2025



[VO,,...J=52.7+10.6mL/kg/min, speed at onset of blood lac-
tate accumulation=10.3+1.3km/h, height 168+5cm, and
body mass 63+ 6kg) and 16 participants were included in the
HIT analysis (VO,, . =53.1+10.4mL/min, speed at onset of
blood lactate accumulation =10.4 +1.4km/h, height 168 + 5cm,
and body mass 62+ 7kg). Thirteen participants participated in
both the LIT and the HIT sessions. The 55% v, , blocks during
the LIT session corresponded to approximately 66% = 5% of the
participants' VO, . .The80%v_ . during the LIT session corre-
sponded to approximately 91% =+ 5% of the participants' VO, .
Participants self-reported a total exercise duration of 7+3h
per week and frequency of 7=+ 3 sessions per week throughout
the measurement period. Participants were classified as Tier 2

(n=15), Tier 3 (n=23), and Tier 4 (n=1) [37].

Running economy, expressed as EC and OC, was not signifi-
cantly different before versus after the LIT session (p=0.138
and p=0.766, respectively, Table 1, Figure 4A,C). \'/O2 was also
not significantly different before versus after the LIT session
(p=0.100, Table 1), while RER was significantly lower after the
LIT session (p <0.001, Table 1). Median session RPE for the LIT
session was 11 (range: [7-14]).

Running economy, expressed as EC, was not significantly dif-
ferent before versus after the HIT session (p=0.130, Table 1,
Figure 4B). However, running economy, expressed as OC, was
1.8% higher (p=0.003, Table 1, Figure 4F) after completion
of the HIT session compared to before. VO, was 2.4% higher
(p<0.001, Table 1), while RER was 6.5% lower after the HIT
session compared to before (p <0.001, Table 1). Median session
RPE for the HIT session was 16 (range: [14-19]).

Menstrual cycle phase was not a confounding factor for the abil-
ity to maintain EC during a LIT or HIT session, as the regression
coefficients changed <10% (Figure 5).

4 | Discussion

The current study evaluated running economy before and
after a typical LIT and HIT session in naturally menstruating
endurance-trained females. Furthermore, we investigated the
potential confounding effect of menstrual cycle phase on the
ability to maintain running economy throughout the standard-
ized training sessions. The main findings were that (1) running
economy was unaffected by the LIT and HIT sessions when
economy was expressed as EC, while economy deteriorated
during the HIT session when it was expressed as OC, and (2)
menstrual cycle phase did not act as a confounder on the ability
to maintain economy.

4.1 | Low- and High-Intensity Training Session

Running economy, expressed as EC and OC, was not signifi-
cantly different before versus after the LIT session, which is
in line with our hypothesis. A 60-min run at 45%-55% v_
did not seem to exert enough physiological strain on our par-
ticipants to deteriorate running economy.38 In contrast to our
hypothesis, running economy, expressed as EC, was not sig-
nificantly different before versus after the HIT session. OC

and VO, were, respectively, 1.8% and 2.4% higher after the
HIT session. The practical relevance of a change in OC and
VO, depends, among others, on the within-subject variation.
Previous research has reported a small worthwhile change
(0.2* between-subject standard deviation) of 2.2%-2.6% and
a coefficient of variation of 2.5%-2.9% (within-subject) for
VO, in highly trained distance runners during running at
14-18km/h [38, 39]. Although the within-participant coeffi-
cient of variation was obtained on different testing days, the
reference values could help to put the changes in VO, into per-
spective. An increase in VO, of 2.4% as found during the HIT
session falls just below the range reported for within-subject
variation. Therefore, the practical relevance for runners is
questionable.

Interestingly, the method by which running economy is mea-
sured or expressed seems to influence the outcome. Several
studies reported a deteriorated running economy (in mL/
kg/m or mL/kg/min) after 40-60-min constant velocity
runs at 60%-80% v, .. [3-6, 8, 9, 28], or after simulated races
[7, 10, 11, 40], but only two of these studies expressed econ-
omy as EC [28, 40]. OC (mL/kg/km) differs conceptually from
EC (in kcal/kg/km), as it represents the oxygen demand in-
stead of the energy demand [28]. EC involves VO, and RER
in its calculations [29], and arguably provides a more precise
representation of the physiological demand [28]. Zanini et al.
[28] found a significant deterioration of EC and OC after a 90-
min run at approximately 80% VO, ., but the deterioration
was smallest when running economy was expressed as EC.
Besson et al. [40] reported a deterioration in running economy
(J/kg/km) after ultra trail running events of various lengths,
for example, 40km, 56 km, 101 km, 145km, and 171 km. Both
Zanini et al. [28] and Besson et al. [40] used longer running
durations and/or higher exercise intensities than the current
study. Therefore, EC may deteriorate if running distance or
duration were to increase but remained unaffected during the
60-min LIT and HIT sessions.

The current study differs from existing literature with respect
to the low intensity of the LIT session and intermittent nature
of the HIT session. Previous research on low-intensity efforts
has involved longer durations (40 or 56km) [40] or higher in-
tensity runs (>60% VOZmaX) [3-11, 28] than the LIT session of
the present study. Our study suggests that a duration of 60 min
is insufficient to impair running economy during low-intensity
runs. Only two other studies have evaluated economy (mL/kg/
km) during high intensity efforts, both after an 18.4-km trail
run with a duration of ~110min across varying terrain and
found a deterioration in running economy [10, 11]. The physio-
logical demands imposed by the varying terrain differ from the
typical HIT session used in this study. The HIT intervals are in-
tended to be performed at an intensity above the second lactate
threshold (i.e., onset of blood lactate accumulation) to induce an
inability to achieve intramuscular metabolic homeostasis and
hypothetically lead to a deterioration in economy (or lower ef-
ficiency) [41, 42]. The 2-min rest period may have restored ho-
meostasis and thereby preserved running economy. Literature
suggests that 2min of rest provides an additional performance
benefit compared to 1 min of rest during 5xX4min running in-
tervals, while a 4-min rest period does not provide additional
performance benefits when evaluated as mean running speed
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TABLE1 | Energy cost (EC), oxygen cost (OC), oxygen consumption (VO,), and respiratory exchange ratio (RER) before and after low- and high-intensity training sessions by female endurance athletes.

High-intensity training

Low-intensity training

Cohen's

R?
marginal

RZ
conditional

Cohen's

R?
marginal

RZ
conditional

d

p
0.130

Before After n

d

p
0.762

n

After

Before

0.01 [0.00, -0.39

0.81[0.79,

2.29

—0.01 1.33[1.29, 1.34[1.30, 16

0.00 [0.00,

0.77[0.77,

0.092

15

1.34[1.31, 1.35[1.31,

EC (kcal/
kg/km)

0.03]

0.91]

1.39]

1.37]

0.02]

0.87]

1.38]

1.38]

0.81[0.82,  0.03[0.00, —0.78

0.003

8.86

-0.03 269 [260, 274266, 16

0.01 [0.00,

0.74 [0.71,

0.128

2.316

15

272 (264,  274]267,

OC (mL/
kg/km)

0.09]

0.91]

283]*

277

0.04]

0.86]

282]

279]

VO, (mL/
kg/min)

0.02 [0.01, —0.86

0.90 [0.89,

<0.001

15.6

16

0.091 0.82[0.79, 0.01 [0.00, —0.38 2383 (2237, 38.1[36.5,

2.86

15

38.0[36.7,

37.6[36.3,

0.05]

0.95]

39.7]*

2530]

0.03]

0.90]

39.3]

38.9]

3.44

0.30[0.22,

0.90 [0.89,

<0.001

265

16

0.86 [0.83,

0.92[0.89,

84

1.

0.11 [0.07,

0.87[0.86,

<0.001

69.8

15

0.91[0.89, 0.88[0.85,

RER

0.36]

0.95]

0.88]*

0.94]

0.18]

0.92]

0.91]*

0.94]

Note: Data presented as estimated marginal means (95% confidence interval).

Abbreviations: EC

Respiratory Exchange Ratio, V'O2 =oxygen consumption.

oxygen cost, RER=

number of participants with data, OC=

energy cost, n=

*Represents a significant pre—post difference (p <0.05).

[43]. Further research should potentially investigate if certain
interval-rest ratios can be used to preserve homeostasis.

Additionally, the current body of literature involves predomi-
nantly male participants, while our study only included female
participants. There is some evidence that running economy is
more prone to deteriorate after fatiguing exercise in male par-
ticipants compared to female participants [9]. Less homeostatic
disturbances [44] and higher rates of recovery are found in fe-
males compared to males [45]. Inclusion of a male participant
group would enable comparison of male and female responses
and evaluate whether the ability to maintain running economy
during typical LIT and HIT training sessions is a female-specific
finding.

Some participants may be more vulnerable to changes in run-
ning economy than others. Interindividual variability in dura-
bility of 1%-32% has been reported in cycling, when durability
was evaluated as critical power [2]. Additionally, the method
used to prescribe exercise intensity (as % v, , ) may have intro-
duced additional variation in physiological responses between
participants. The speed of the interval sessions was prescribed
as 80% of the participants’ v, , which fell below the lactate
threshold (lactate >4 mmol) for four out of 17 participants. The
variety in exercise intensity relative to the lactate threshold may
have introduced variation in the fatiguing effect and thereby
limited the deterioration in economy at a group level. Visual
inspection revealed that economy did not consistently drop
in the participants that reached the desired exercise intensity.
Therefore, exercise intensity cannot fully explain why we did
not find a change in running economy expressed as EC.

4.2 | Menstrual Cycle Phase Not a Confounder

The ability to maintain running economy after exercise was not
affected by menstrual cycle phase. We hypothesized that the
ability to maintain running economy would be compromised
in the ML phase, based on previous research reporting a larger
drop in cycling power output during repeated sprints in the lu-
teal compared to the follicular phase [19]. We evaluated running
economy instead of cycling power output, which complicates di-
rect comparisons between the studies. However, we are unaware
of other studies that evaluated the influence of menstrual cycle
phase on running economy as a measure of durability. Previous
studies have investigated the effect of menstrual cycle phase on
running economy in a fresh state, but findings are inconclusive.
Economy has been shown to be lower in the follicular phase [17],
lower in the mid luteal phase [14, 15] or unaffected by menstrual
cycle phase [18]. These conflicting findings may be explained by
small sample sizes, high individual variation reported in men-
strual cycle-related studies [18], differences in menstrual cycle
phase definitions, and inadequate menstrual cycle phase veri-
fication [15, 17].

It is important to note that we evaluated the confounding effect
of menstrual cycle phase using three distinct menstrual cycle
phases. The EF, O, and ML phases were determined and verified
using the 3-step-method, consisting of calendar-based counting,
urinary ovulation testing, and retrospective blood hormonal
analysis [23]. It is possible that the selected menstrual cycle
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FIGURE4 | Mean values and confidence intervals of the energy cost per km (A and B) and oxygen cost (D and E), before and after the low- (left)
and high- (right)intensity training session. Each test of each participant is represented by a small dot and line. *Represents a significant difference

before versus after. EC =energy cost, OC =oxygen cost.

phases are not consistent with the time frames during which a
meaningful change in economy is present. Moreover, further re-
search is needed to evaluate whether the durability of running
economy is also unaffected during longer LIT sessions. Based
on our current findings and the existing evidence, it seems that
the effect of menstrual cycle phase on durability, assessed using
running economy, is likely minor.

4.3 | Methodological Considerations

A potential limitation of the present study is that the LIT and
HIT sessions were not designed to make direct comparisons
(i.e., matched for total work performed or other variables). As
a result, the effect of time (before vs. after) on LIT and HIT ses-
sions was tested using separate regression models, and the out-
comes were interpreted independently. It would be interesting
to investigate whether the ability to maintain running economy
is solely determined by the amount of work performed or also
affected by the intensity and/or duration of the exercise bout.
Knowledge about the interplay between intensity, duration, and
the amount of work performed is important to understand if/
how running economy is stressed during a normal LIT, moder-
ate intensity training, and HIT session, to develop better strate-
gies for training durability.

Additionally, the LIT session may have been too short in du-
ration to provoke changes in running economy, due to a rela-
tively low fatigue induced. Durations of 30-105min (excluding
warm-up and cooling down) have been reported for running
LIT sessions performed by Norwegian long-distance runners
[13]. Although a duration of 60 min can be one of the typical LIT
running sessions of endurance athletes [13], it would be interest-
ing to investigate LIT sessions of longer durations.

4.4 | Perspective

Our findings suggest that the typical 60-min HIT and LIT ses-
sions utilized in this study do not result in an observable decline
in running economy, expressed as EC, at a group level. However,
a deterioration in OC was reported after the HIT session. This
is particularly relevant for female athletes and their coaches
who may be utilizing similar training sessions with the aim of
improving durability. As variability in the ability to maintain
running economy has been found within a relatively homoge-
neous participant group, care should be taken when applying
our findings on an individual level. Moreover, menstrual cycle
phase may be one of the numerous factors that influence phys-
iological demands during exercise on an individual level (e.g.,
sleep, nutrition, previous training load, mood, and stress levels),
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but it does not seem to have a dominant role on a group level.
From a research perspective, the findings of this study argue for
a more general inclusion of females in research. Menstrual cycle
phase does not confound the ability to maintain running econ-
omy during 60-min LIT and HIT sessions, which means that
there is no evidence to exclude females a priori from further re-
search within this area.

5 | Conclusions

Running economy was evaluated before and after a typical
LIT and HIT training session with a duration of approximately
60min. No changes in OC (in mL/kg/km) or EC (kcal/kg/km)
have been observed after the LIT session. Running economy
expressed as OC was slightly higher after the HIT session, but
these differences were absent when running economy was ex-
pressed as EC. Menstrual cycle phase did not have a confound-
ing effect on the ability to maintain running economy during a
LIT and HIT session.

Acknowledgments

The authors thank the participants for their commitment, as partic-
ipation in menstrual cycle research can be demanding with respect
to the planning of the measurements. This study was part of the

FENDURA project at UiT The Arctic University of Norway, in col-
laboration with the Norwegian University of Science and Technology
(NTNU), the Norwegian School of Sports Sciences (NIH), the
Norwegian Olympic Committee (Olympiatoppen), the Norwegian Ski
Federation, and the Norwegian Biathlon Federation. The authors also
thank Thomas Haugen, Boye Welde, Bente Morseth, Klavs Madsen,
and Guro S. Solli for their contributions. We also appreciate the
support from the University Hospital of Northern Norway staff for
analyzing the blood samples (Guri Grimnes, Ole Martin Fuskevag,
and Silja Breivik), and the laboratory technicians for their assistance
during the study period (Liv Landmark, Gina F. Qistuen, and Vilde
Sophie Sogn). Finally, we also thank Jos Twisk for his advice about
mixed modeling.

Ethics Statement

Ethical approval for the study was waived by the Regional Committee
for Medical and Health Research Ethics (REK, Project-ID: 230505). The
study was preapproved by the Norwegian Social Science Data Services
(NSD, Project-ID: 955558) and performed in accordance with the insti-
tutional ethical requirements and the Declaration of Helsinki. All par-
ticipants received written and oral information prior to enrolling in the
study and provided written informed consent to participate.

Conflicts of Interest

The authors have no conflicts of interest to declare. All coauthors have
seen and agree with the contents of the manuscript and there are no
financial interests to report. We certify that the submission is origi-
nal work and is not currently under review for publication at another
publisher.

8 of 10

Scandinavian Journal of Medicine & Science in Sports, 2025



Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. M. J. Joyner and E. F. Coyle, “Endurance Exercise Performance:
The Physiology of Champions,” Journal of Physiology 586, no. 1 (2008):
35-44.

2. A. M. Jones, “The Fourth Dimension: Physiological Resilience as an
Independent Determinant of Endurance Exercise Performance,” Jour-
nal of Physiology 602, no. 17 (2023): 4113-4128.

3.F. Xu and D. L. Montgomery, “Effect of Prolonged Exercise at 65 and
80% of VO, .. on Running Economy,” International Journal of Sports
Medicine 16, no. 5 (1995): 309-315.

4.R. J. Unhjem, “Changes in Running Economy and Attainable Maxi-
mal Oxygen Consumption in Response to Prolonged Running: The Im-
pact of Training Status,” Scandinavian Journal of Medicine & Science in
Sports 34 (2024): 1-11.

5.J. C. Brueckner, G. Atchou, C. Capelli, et al., “The Energy Cost of
Running Increases With the Distance Covered,” European Journal of
Applied Physiology 62 (1991): 385-389.

6. J. Sproule, “Running Economy Deteriorates Following 60 Min of Ex-
ercise at 80% VO ” European Journal of Applied Physiology 77 (1998):
366-371.

2max’

7.D. Q. Thomas, B. Fernhall, and H. Granat, “Changes in Running
Economy During a 5-Km Run in Trained Men and Women Runners,”
Journal of Strength and Conditioning Research 13, no. 2 (1999): 162-167.

8.1. Hunter and G. A. Smith, “Preferred and Optimal Stride Frequency,
Stiffness and Economy: Changes With Fatigue During a 1-h High-
Intensity Run,” European Journal of Applied Physiology 100 (2007):
653-661.

9.B. W. Glace, M. P. McHugh, and G. W. Gleim, “Effect of a 1-Hour
Run on Metabolic Economy and Lower Extremity Strength in Men and
Women,” Journal of Orthopaedic and Sports Physical Therapy 27, no. 3
(1998): 189-197.

10. F. Vercruyssen, M. Gruet, S. S. Colson, S. Ehrstrom, and J. Brisswal-
ter, “Compression Garments, Muscle Contractile Function and Econ-
omy in Trail Runners,” International Journal of Sports Physiology and
Performance 12, no. 1 (2017): 62-68.

11. F. Vercruyssen, M. Tartaruga, N. Horvais, and J. Brisswalter, “Ef-
fect of Footwear and Fatigue on Running Economy and Biomechanics
in Trail Runners,” Medicine & Science in Sports & Exercise 48, no. 10
(2016): 1976-1984.

12. C. Foster, A. Casado, J. Esteve-Lanao, T. Haugen, and S. Seiler, “Po-
larized Trainign Is Optimal for Endurance Athletes,” Medicine and Sci-
ence in Sports and Exercise 54, no. 6 (2022): 1028-1031.

13. E. Tonnessen, @. Sandbakk, S. B. Sandbakk, S. Seiler, and T. Hau-
gen, “Training Session Models in Endurance Sports: A Norwegian Per-
spective on Best Practice Recommendations,” Sports Medicine 54, no. 11
(2024): 2935-2953.

14. T. J. Williams and G. S. Krahenbuhl, “Menstrual Cycle Phase and
Running Economy,” Medicine & Science in Sports & Exercise 29 (1997):
1609-1618.

15. E. Goldsmith and M. Glaister, “The Effect of the Menstrual Cycle on
Running Economy,” Journal of Sports Medicine and Physical Fitness 60,
no. 4 (2020): 610-617.

16. K. L. McNulty, K. J. Elliott-Sale, E. Dolan, et al., “The Effects of
Menstrual Cycle Phase on Exercise Performance in Eumenorrheic
Women: A Systematic Review and Meta-Analysis,” Sports Medicine 50,
no. 10 (2020): 1813-1827, https://doi.org/10.1007/s40279-020-01319-3.

17. B. Dokumaci and T. Hazir, “Effects of the Menstrual Cycle on Run-
ning Economy: Oxygen Cost Versus Caloric Cost,” Research Quarterly
for Exercise and Sport 90, no. 3 (2019): 318-326.

18. M. Y. Taylor, J. O. Osborne, V. M. Topranin, et al., “Menstrual Cycle
Phase Has no Influence on Performance-Determining Variables in
Endurance-Trained Athletes: The FENDURA Project,” Medicine & Sci-
ence in Sports & Exercise 56, no. 9 (2024): 1595-1605, https://doi.org/10.
1249/MSS.0000000000003447.

19.S.J. Lee, M. Sim, F. E. Van Rens, and J. J. Peiffer, “Fatigue Resistance
Is Altered During the High-Hormone Phase of Eumenorrheic Females
but Not Oral Contraceptive Users,” Medicine and Science in Sports and
Exercise 56, no. 1 (2023): 92-102, https://doi.org/10.1249/MSS.00000
00000003289.

20. G. L. Conley and G. S. Krahenbuhl, “Running Economy and Dis-
tance Running Performance of Highly Trained Athletes,” Medicine &
Science in Sports & Exercise 12, no. 5 (1980): 357-360.

21. K. J. Elliott-Sale, C. L. Minahan, X. A. K. de Janse Jonge, et al.,
“Methodological Considerations for Studies in Sport and Exercise Sci-
ence With Women as Participants: A Working Guide for Standards of
Practice for Research on Women,” Sports Medicine 51, no. 5 (2021): 843-
861, https://doi.org/10.1007/s40279-021-01435-8.

22.T. P. Engseth, E. P. Andersson, G. S. Solli, et al., “Prevalence and
Self-Perceived Experiences With the Use of Hormonal Contraceptives
Among Competitive Female Cross-Country Skiers and Biathletes in
Norway: The FENDURA Project,” Frontiers in Sports and Active Living
4(2022): 1-10, https://doi.org/10.3389/fspor.2022.873222.

23. M. A. Schaumberg, D. G. Jenkins, X. A.J. de Jonge, L. M. Emmerton,
and T. L. Skinner, “Three-Step Method for Menstrual and Oral Contra-
ceptive Cycle Verification,” Journal of Science and Medicine in Sport 20,
no. 11 (2017): 965-969.

24.X. A. K. Janse de Jonge and B. M. Thompson, “Adapting Training
to the Menstrual Cycle,” International Journal of Sports Physiology and
Performance 18 (2023): 793.

25.R. T. McLay, C. D. Thomson, S. M. Williams, and N. J. Rehrer,
“Carbohydrate Loading and Female Endurance Athletes: Effect of
Menstrual-Cycle Phase,” International Journal of Sport Nutrition and
Exercise Metabolism 17 (2007): 189-205.

26.D. T. Thomas, K. A. Erdma, and L. M. Burke, “Nutrition and Ath-
letic Performance,” Medicine and Science in Sports and Exercise 48, no.
3(2016): 543-568.

27. G. A. V. Borg, “Phychophysical Bases of Perceived Exertion,” Medi-
cine and Science in Sports and Exercise 15, no. 5 (1982): 377-381.

28. M. Zanini, J. P. Folland, and R. C. Blagrove, “Durability of Run-
ning Economy: Differenes Between Quantification Methods and Per-
formance Status in Male Runners,” Medicine and Science in Sports and
Exercise 56, no. 11 (2024): 2230-2240.

29. L. Garby and A. Astrup, “The Relationship Between the Respiratory
Quotient and the Energy Equivalent of Oxygen During Simultaneous
Glucose and Lipid Oxidation and Lipogenesis,” Acta Physiologica Scan-
dinavica 129 (1987): 443-444.

30. W. D. McArdle, F. I. Katch, and V. L. Katch, “Section 2 Energy
for Physical Activity,” in Exercise Physiology: Nutrition, Energy, and
Human Performance, 8th ed., ed. D. Balado (Wolters Kluwer Health
(Lww), 2015), 110.

31. R Foundation for Statistical Computing, “R: A Language and Envi-
ronment for Statistical Computing,” 2024, https://www.R-project.org/.

32.J. W. R. Twisk, “Multilevel Analysis in Longitudianl Studies,” in
Applied Multilevel Analysis: A Practical Guide (Cambridge University
Press, 2006), 11:Chap 5.

33. H. Schielzeth, N. J. Dingemanse, S. Nakagawa, et al., “Robustness
of Linear Mixed-Effects Models to Violations of Distributional Assump-
tions,” Methods in Ecology and Evolution 11, no. 9 (2020): 1141-1152.

90f 10


https://doi.org/10.1007/s40279-020-01319-3
https://doi.org/10.1249/MSS.0000000000003447
https://doi.org/10.1249/MSS.0000000000003447
https://doi.org/10.1249/MSS.0000000000003289
https://doi.org/10.1249/MSS.0000000000003289
https://doi.org/10.1007/s40279-021-01435-8
https://doi.org/10.3389/fspor.2022.873222
https://www.r-project.org/

34. “emmeans: Estimated Marginal Means, aka Least-Squares Means
(Version 1.5.1),” 2020, https://CRAN.R-project.org/package=emmeans.

35.S. Nakagawa and H. Schielzeth, “A General and Simple Method for
Obtaining R2 From Generalized Linear Mixed-Effects Models,” Meth-
ods in Ecology and Evolution 4 (2013): 133-142.

36. “ggplot2: Create Elegant Data Visualisations Using the Grammar
of Graphics (Version 3.3.2),” https://CRAN.R-project.org/package=
ggplot2.

37. A. K. A. McKay, T. Stellingwerff, E. S. Smith, et al., “Defining Train-
ing and Performance Caliber: A Participant Classification Framework,”
International Journal of Sports Physiology and Performance 17, no. 2
(2022): 317-331.

38. K. R. Barnes and A. E. Kilding, “Running Economy: Measurement,
Norms, and Determining Factors,” Sports Medicine 1, no. 8 (2015): 1-15.

39. P. U. Saunders, D. B. Pyne, R. D. Telford, and J. A. Hawley, “Reli-
ability and Variability of Running Economy in Elite Distance Runners,”
Medicine and Science in Sports and Exercise 36, no. 11 (2004): 1972-1976.

40.T. Besson, A. Parent, C. G. Brownstein, et al., “Sex Differences in
Neuromuscual Fatigue and Changes in Cost of Runnign After Maintain
Trial Races of Various Distances,” Medicine and Science in Sports and
Exercise 53, no. 11 (2021): 2374-2387.

41.1. C. Clark, A. Vanhatalo, C. Thompson, et al., “Changes in the
Power-Duration Relationship Following Prolonged Exercise: Estima-
tion Using Conventional and All-Out Protocols and Relationship With
Muscle Glycogen,” American Journal of Physiology. Regulatory, Integra-
tive and Comparative Physiology 317, no. 1 (2019): R59-R67, https://doi.
org/10.1152/ajpregu.00031.2019.

42.D. A. Noordhof, R. C. M. Mulder, K. R. Malterer, C. Foster, and J.
J. de Koning, “The Decline in Gross Efficiency in Relation to Cycling
Time-Trial Length,” International Journal of Sport Nutrition and Exer-
cise Metabolism 10 (2015): 64-70.

43.P. P. J. M. Schoenmaker, F. J. Hettinga, and K. E. Reed, “The Mod-
erating Role of Recovery Durations in High-Intensity Interval-Training
Protocols,” International Journal of Sport Nutrition and Exercise Metab-
olism 14, no. 6 (2019): 859-867, https://doi.org/10.1123/ijspp.2018-0876.

44. P. Ansdell, J. Skarabot, E. Atkinson, et al., “Sex Differences in Fa-
tigability Following Exercise Normalised to the Power-Duration Rela-
tionship,” Journal of Physiology 598, no. 24 (2020): 5717-5737.

45. B. Schmitz, H. Niehues, L. Thorwesten, A. Klose, M. Kriiger, and S.
Brand, “Sex Differences in High-Intensity Interval Training—Are HIIT
Protocols Interchangeable Between Females and Males?,” Frontiers in
Physiology 11, no. 38 (2020): 1-9.

10 of 10

Scandinavian Journal of Medicine & Science in Sports, 2025


https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=ggplot2
https://cran.r-project.org/package=ggplot2
https://doi.org/10.1152/ajpregu.00031.2019
https://doi.org/10.1152/ajpregu.00031.2019
https://doi.org/10.1123/ijspp.2018-0876

	Running Economy After a Low- and High-Intensity Training Session in Naturally Menstruating Endurance-Trained Female Athletes: The FENDURA Project
	ABSTRACT
	1   |   Introduction
	2   |   Methodology
	2.1   |   Study Design
	2.2   |   Participants
	2.2.1   |   Protocol
	2.2.1.1   |   Lead-In Period.  
	2.2.1.2   |   Test Day Protocol.  


	2.3   |   Data Analysis
	2.4   |   Statistics

	3   |   Results
	4   |   Discussion
	4.1   |   Low- and High-Intensity Training Session
	4.2   |   Menstrual Cycle Phase Not a Confounder
	4.3   |   Methodological Considerations
	4.4   |   Perspective

	5   |   Conclusions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


