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Abstract

Background Both strength and endurance training are included in global exercise recommendations and are the main compo-
nents of training programs for competitive sports. While an abundance of research has been published regarding concurrent
strength and endurance training, only a small portion of this research has been conducted in females or has addressed their
unique physiological circumstances (e.g., hormonal profiles related to menstrual cycle phase, menstrual dysfunction, and
hormonal contraceptive use), which may influence training responses and adaptations.

Objective The aim was to complete a systematic review of the scientific literature regarding training adaptations following
concurrent strength and endurance training in apparently healthy adult females.

Methods A systematic electronic search for articles was performed in July 2021 and again in December 2022 using PubMed
and Medline. This review followed, where applicable, the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines. The quality of the included studies was assessed using a modified Downs and Black check-
list. Inclusion criteria were (1) fully published peer-reviewed publications; (2) study published in English; (3) participants
were healthy normal weight or overweight females of reproductive age (mean age between > 18 and < 50) or presented as a
group (n>5) in studies including both females and males and where female results were reported separately; (4) participants
were randomly assigned to intervention groups, when warranted, and the study included measures of maximal strength and
endurance performance; and (5) the duration of the intervention was > 8 weeks to ensure a meaningful training duration.
Results Fourteen studies met the inclusion criteria (seven combined strength training with running, four with cycling, and
three with rowing or cross-country skiing). These studies indicated that concurrent strength and endurance training generally
increases parameters associated with strength and endurance performance in female participants, while several other health
benefits such as, e.g., improved body composition and blood lipid profile were reported in individual studies. The presence of
an “interference effect” in females could not be assessed from the included studies as this was not the focus of any included
research and single-mode training groups were not always included alongside concurrent training groups. Importantly, the
influence of concurrent training on fast-force production was limited, while the unique circumstances affecting females were
not considered/reported in most studies. Overall study quality was low to moderate.

Conclusion Concurrent strength and endurance training appears to be beneficial in increasing strength and endurance capacity
in females; however, multiple research paradigms must be explored to better understand the influence of concurrent train-
ing modalities in females. Future research should explore the influence of concurrent strength and endurance training on
fast-force production, the possible presence of an “interference effect” in athletic populations, and the influence of unique
circumstances, such as hormone profile, on training responses and adaptations.

Extended author information available on the last page of the article
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Concurrent strength and endurance training generally
increases parameters associated with maximal strength
and endurance capacity in female participants, while
several other body composition/performance benefits
are reported in individual studies. Research on female
athletic populations is limited.

The effects of concurrent strength and endurance train-
ing on fast-force production in female populations needs
further investigation due to the importance of fast-force
production in performance and functional capacity.

Menstrual status (and reasons for, e.g., menstrual
dysfunction) and hormonal contraceptive use should be
considered and reported in future concurrent strength
and endurance training research as endocrine function or
dysfunction, and related hormonal profiles, may influ-
ence acute exercise responses and subsequent training
adaptations.

Most of the available studies on concurrent strength

and endurance training in females are of low to moder-
ate quality, whereas only some of the existing research
reports changes in both strength and endurance param-
eters (rather than only strength or endurance parameters).

1 Introduction

Strength and endurance training are included in global exer-
cise recommendations [1], while a combination of strength
and endurance training is often periodized and programmed
to prepare for, and maintain, physical condition in competi-
tive athletes. As such, concurrent strength and endurance
training has been investigated in several populations, and
an abundance of such research has been published since
the classic studies of Hickson et al. in the 1980s [2, 3].
In apparently healthy adults, training strength and endur-
ance concurrently may enhance endurance performance via
improvements in force production that positively influence
speed and movement economy [4—6]. It has, however, been
reported that higher volumes and intensities of endurance
training, particularly running, combined with strength train-
ing over prolonged periods (such as in athletes) may “inter-
fere” with neuromuscular adaptations. It has, for example,
been demonstrated that increases in maximal strength and
fast-force production [7, 8] (i.e., the rate of force develop-
ment or the ability of the neuromuscular system to generate

force rapidly [9]) as well as muscle hypertrophy [10] may
be blunted when strength and endurance are performed
concurrently, although this is not always the case [11, 12].
Where evidence for “interference” of endurance training
on strength, fast-force production, and hypertrophy exists
in male participants [10—12], mechanisms related to acute
and chronic neuromuscular fatigue, molecular pathways, and
the energetic demands of concurrent training are suggested
to be responsible [13]. While these mechanisms may also
contribute to “interference” in females, evidence is sparse.
Importantly, strength and endurance training mode, training
volume, length of training period, and training session order,
among other factors, modify both responses and subsequent
adaptations to concurrent strength and endurance training.

Over the years, multiple review articles have been pub-
lished examining concurrent strength and endurance train-
ing, including meta-analyses and systematic reviews that
examine the influence of the sequence of concurrent strength
and endurance training [14, 15], describe and analyze the
“interference effect” [10, 16, 17], and assess the influence of
training status on strength gains during concurrent strength
and endurance training [18]. Several systematic reviews have
also been published that are specific to concurrent strength
and endurance training for optimizing endurance perfor-
mance [19], rowing and canoeing [20], running [21-25],
cycling [21, 26], soccer [27], multiple training modes
[28], and high-intensity interval training [7, 29]. Reviews
have evaluated the effect of endurance training on muscle
hypertrophy [10-12], while also exploring topics such as
detraining [30]. Several reviews have addressed additional
mechanisms explaining the “interference effect” including
signaling pathways [13, 31-36], myosin heavy chain content
[36], and fiber type distribution [37]. Models for examina-
tion of the “interference effect” have been presented, while
“acute” and “chronic” hypotheses behind the “interference
effect” [38] have been proposed. The “acute’ hypothesis sug-
gests that residual fatigue from one training session might
compromise the next training session, i.e., endurance train-
ing may affect force production in a strength training session
[38]. The “chronic” hypothesis for the “interference effect”
contends that muscles are subjected to competing stimuli
from strength and endurance training and that attempts to
adapt to both forms of training are limited due to differences
in expected strength and endurance responses/adaptations
[38]. While the “interference effect” has received consider-
able attention in review articles (and original research), as
outlined above, it is generally of minimal concern for the
general population for whom concurrent strength and endur-
ance training is relatively low in volume and for whom con-
current training is recommended for health and functional
performance [1].

A striking characteristic of the aforementioned reviews is
that the majority do not address any unique circumstances
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affecting females that may influence adaptations to concur-
rent strength and endurance training such as the menstrual
cycle, menstrual cycle dysfunction, and hormonal contra-
ceptive use, which alter endogenous hormone profiles. The
reviews that discuss sex differences or concurrent strength
and endurance training specifically in females do so only
briefly, although none of these review articles report specific
exclusion of female-specific research. The review by Leveritt
et al. (citing Bell et al., who included males and females and
compared adaptations between sexes) mentions that concur-
rent strength and endurance training may inhibit strength
development in previously trained females but not males [38,
39]. Methenitis (citing Taipale et al. and Schumann et al.,
both of which included males and females and compared
adaptations between sexes) infers that training sequence is
more important in females than in males in terms of recov-
ery because females appear to experience higher levels of
neuromuscular fatigue after endurance training [33, 40, 41].
Berryman et al. [24] noted that the possible effect of sex
in adaptations to concurrent strength and endurance train-
ing could not be determined due to the limited number of
studies including only females as participants. Finally, Fyfe
et al. (citing Silva et al., who included only females) men-
tion that endurance exercise at lower frequency and volume
may not interfere with strength performance in physically
active females [34, 42], a finding in line with research on
concurrent strength and endurance training performed in
males [10]. Regrettably, these reviews illustrate that the vol-
ume of concurrent strength and endurance training studies
including female participants is considerably smaller than
that for male participants. This markedly smaller volume
of scientific research in females suggests that our knowl-
edge regarding this topic is limited in both scope and depth.
Furthermore, regarding participants of reproductive age, the
possible influence of menstrual status or phase has simply
not been addressed, while hormonal contraceptive use has,
to our knowledge, only been addressed by Myllyaho et al.
[43].

The menstrual cycle, i.e., the natural biological phenom-
enon (for most females) in which hormones (particularly,
estradiol, progesterone, luteinizing hormone, and follicle
stimulating hormone) fluctuate [44] has often been consid-
ered a “confounding factor” in sport science research. The
ovarian steroids estrogen and progesterone act on several
tissues and influence physiological processes throughout
the female body (e.g., [45—47]). As such, it is reasonable to
hypothesize that the non-reproductive functions of ovarian
steroids could influence, e.g., acute responses to exercise
and perhaps even longer-term adaptations. Some literature
suggests that the menstrual cycle phase and accompanying

hormonal concentrations can affect maximal strength [48,
49], substrate metabolism [50-52], basal body temperature
[53], inflammation status [54], and protein catabolism [55].
Furthermore, it has been suggested that force production
characteristics are superior during the follicular phase when
estradiol and progesterone concentrations are lower [56, 57],
although contrary evidence also exists [58, 59]. Combined
hormonal contraceptives suppress the endogenous produc-
tion of estrogen and progesterone by the hypothalamic-pitu-
itary-ovarian axis to prevent ovulation [60] and decrease
the production of testosterone and dehydroepiandrosterone
(DHEA), while increasing levels of sex hormone-binding
globulin (SHBG), which ultimately limits the bioactivity of
these hormones. At a group level, hormonal contraceptive
use may result in small decreases in exercise performance
compared to eumenorrheic females [61]. Indeed, hormonal
contraceptives add an additional layer of physiological com-
plexity to research due to an abundance of different formu-
lations and delivery methods [62—64]. It is also essential
to recognize that menstrual dysfunction, which may be a
result of low energy availability [65, 66] or overtraining/
under recovery [67], may also significantly affect training
responses and adaptations. Given that the menstrual cycle
(hormonal fluctuation) and suppressed sex hormone concen-
trations (hormonal contraceptives and menstrual dysfunc-
tion) may influence both strength and endurance training
responses/adaptations, their consideration and reporting may
also be important in research regarding concurrent strength
and endurance training.

Considering the present information, a systematic review
and critical analysis of the literature regarding concurrent
strength and endurance training specific to apparently
healthy adult females are warranted in order to take steps
forward in evaluating exercise prescription and program-
ming for adult females. The purpose of this review was to
(1) examine the effects of concurrent strength and endurance
training on measures of strength and fast-force production
as well as endurance capacity in healthy adult females; (2)
identify and examine studies that take menstrual status and
hormonal contraceptive use into consideration in order to
determine whether these factors have been mentioned or
controlled for and/or whether the influence of the menstrual
cycle, menstrual status, or hormonal contraceptive use has
affected study outcomes; and (3) discuss future perspectives
for this area of research. It should be noted that the practical
implications of concurrent strength and endurance training
for healthy sedentary or physically active females versus ath-
letic females are likely to differ, but the present review does
not discriminate between these populations.
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2 Methods

This systematic review was performed and reported, when
applicable, in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) [68].

2.1 Search Strategy for Identification of Studies

A systematic electronic search for articles was performed
in July 2021 using PubMed and Medline. Search terms
were defined a priori and included: [“combined” OR “con-
current] AND [“strength” OR “resistance”] AND [“aero-
bic” OR “endurance”] AND [“training” OR “exercise”]
AND [“women” OR “females”]. The lists of relevant
articles and reviews obtained through the search were
examined individually to identify any further studies that
were subsequently added manually (see the Electronic
Supplementary Material search strategy in Appendix 1).
A follow-up systematic electronic search was performed

in PubMed in December of 2022 to identify additional
articles published later in 2021 and 2022. This review was
not registered, and the review protocol was not published.

Two reviewers (RSM and JKI) independently used a
two-phase screening strategy to identify relevant articles.
First, the title and abstract were assessed against the prede-
termined inclusion and exclusion criteria described above.
Studies that did not meet predetermined inclusion criteria or
that met at least one of the exclusion criteria were excluded.
Next, full-text articles were read and assessed against the
predetermined inclusion and exclusion criteria. Conflicts
were resolved by consensus with the whole group. No auto-
mation tools were used in this process. The flow chart for
the literature search and selection of studies is presented in
Fig. 1.

2.2 Inclusion and Exclusion Criteria

Inclusion criteria were as follows: (1) fully published peer-
reviewed publications; (2) studies published in English; (3)
participants were healthy normal weight or overweight (not
obese, as classified in the publication and verified <30 kg/

July 2021 December 2022
~
Articles identified i::nu;tls " Articles identified
Identification through PubMed ) through PubMed
il through Medline =
(n=6307) - (n=663)
(n=56)
S /
/ Articles after duplicates removed Articles after duplicates removed \
(n=2728) (n=337)
Articles remaining after examination of titles and Articles remaining after examination of titles and
Scre ening removal of records that met exclusion criteia removal of records that met exclusion criteia
(n=104) (n=10)
Articles remaining after examination of abstracts Articles remaining after examination of abstracts
and removal of articles that met exlusion criteria and removal of articles that met exlusion criteria
\ (n=39) (n=4)
4 N\
Full-text articles assessed Articles identified through author archives and hand Full-text articles assessed
Eligibility for final eligibility searching of reference lists assessed for final eligibility for final eligibility
(n=39) (n=6) (n=4)
s P 4
Full-text articles excluded based on inclusion criteria (n = 35)
Full text not available (n=1)
n <5 or pooled with men (n=9)
Participants were obese or belonged to a patient population (n =1)
Excluded Participants were not (>18 and <50) (n=2)
Participants were only male (n=3)
Both strength and endurance were not reported (n =4)
\ Training intervention included tactical/military elements, diet, supplements, or confounding training elements (n= 15)
4 B
Articles included in final content and quality analysis
Included @=14)
S »

Fig. 1 Flow chart illustrating the literature search and selection of studies
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m?) females of reproductive age (mean age between > 18
and < 50) or presented as a group (n>5) in studies includ-
ing both females and males and where female results were
reported separately; (4) participants were randomly assigned
to intervention groups, when warranted, and the study
included measures of maximal strength and endurance per-
formance; where only one group was included or training
groups were defined by, e.g., hormonal contraceptive use,
randomization was not required; (5) the duration of the inter-
vention was a minimum of 8 weeks to ensure a meaningful
training duration likely to induce training adaptations.

Strength training was defined as weighted exercises (free
weights or machines) including maximal, hypertrophic,
explosive (power), and/or muscle endurance type training.
Strength training classification (e.g., hypertrophic, maximal,
explosive, etc.) is based on the language used by authors in
their peer-reviewed publications, whereas specific loading
and repetition ranges are reported in the tables later in the
text. It should be noted that strength training adaptations
in untrained individuals are generally both neural (muscle
activation) and muscular (hypertrophy) with both submaxi-
mal and maximal loads but that trained individuals require
more specific training loads to achieve desired adaptations
(see, e.g., [69, 70] for more information). Endurance training
was defined as continuous running, cycling, cross-country
skiing, and rowing including both steady-state and interval
training (excluding marching, walking, dancing, water-based
exercise, and step aerobics). Study-specific endurance train-
ing volume and intensity are reported in the tables later in
the text. Studies without clearly defined/described endur-
ance training (frequency/volume, mode); those including
combinations of endurance training modes with marked
differences in force-production strategies, such as running
and cycling; those evaluating concurrent training for reha-
bilitation or in populations with diseases; those including
nutritional supplements or tactical military training; and/or
those examining only acute responses to concurrent strength
and endurance exercise/loading were excluded.

2.3 Data Extraction and Management

Data extraction was completed by one reviewer (RSM) and
was verified by one reviewer (JKI). Conflicts were resolved
by consensus with the whole group. Studies were divided
into groups by endurance training mode (running, cycling,
or “other”) for further analysis, as endurance training mode
appears to influence adaptations to strength training [10,
12]. The following information was compiled into tables
that were subsequently edited and included in the “Results”
section below: study hypothesis; participant information,
including training status, sample size, and age; training
program overview/example; main strength and endurance
outcome(s); and study conclusion.

2.4 Quality Assessment of Included Studies

Although one function of the a priori inclusion criteria was
to aid in the selection of higher quality studies, the quality
and bias of included studies were further assessed using a
modified version of the Downs and Black checklist [71],
which was specifically modified for this review, similar to
[72] (see the Electronic Supplementary Material Downs
and Black modified checklist in Appendix 2). The qual-
ity assessment was completed by one reviewer (RSM) and
verified independently by one reviewer (JKI). Conflicts were
resolved by consensus with the whole group. This checklist
is made up of 15 outcomes from five domains: (1) reporting,
(2) external validity, (3) internal validity—bias, (4) internal
validity—confounding (selection bias), and (5) power. The
maximum attainable score was 16, and study quality was
categorized as follows: “high” (14-16), “moderate” (10-13),
“low” (6-9), or “very low” (0-5). The results of the Downs
and Black assessment were used to assign a quality rating
to each study.

3 Results

Fourteen studies were included in this review. It is important
to note that some of the included studies appear to report
findings from larger research projects, as evidenced by simi-
lar participant characteristics and training outcomes.

3.1 Strength Training Combined with Running

Seven of the included studies examined concurrent strength
and endurance running (Table 1). In this subset of stud-
ies, the duration of training interventions ranged from 8§ to
16 weeks and included 2-3 strength training sessions per
week. Participant training background ranged from rec-
reationally active to competitive collegiate level athletes
(tier 1 to tier 3 according to classification by McKay et al.
[73]). Endurance training intensity ranged from lower inten-
sity distance (higher volume/duration) training to higher
intensity interval training as well as combinations of these
training intensities. Strength training included primarily
hypertrophic and heavy/maximal intensities (as described
by study authors), including combinations of, e.g., maximal
and explosive strength training. The quality of the studies
was rated as moderate (10-13). In two studies, concurrent
strength and endurance training were compared to strength
training only, endurance training only, and a control group.
In untrained females, ~ 8 weeks of concurrent strength and
endurance running was more effective at increasing both
upper and lower body strength than endurance running or
no formal training (control group) and equally as effective
as strength training alone. In addition, concurrent training
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was found to be more effective at increasing endurance
capacity (measured as peak/maximal oxygen consumption
[VOypear/ VOrmayx]) than strength training or no formal train-
ing (control group) and equally as effective as endurance
training alone [74, 75].

In two studies, strength training was added to endurance
running. In competitive runners, improvements in running
economy were attributed to strength training, while maxi-
mal aerobic capacity (VO,,,,,) remained unchanged after
10 weeks of concurrent strength and endurance running
versus running alone [76]. In recreational runners, no signifi-
cant differences between concurrent strength and endurance
running and endurance running only groups were reported
in VO, Tunning economy, or body composition adapta-
tions [77].

One study compared strength training versus body weight
(muscle endurance) training, and a combination of maxi-
mal and explosive strength training performed concurrently
with endurance running in recreational runners appeared to
be superior to endurance running performed concurrently
with body weight (muscle endurance) training for increasing
maximal strength; however, improvements in peak running
speed were similar between groups [78]. Another study com-
pared adaptations between recreationally trained naturally
menstruating females and recreationally trained females
using hormonal contraceptives. This study indicated that
10 weeks of high-intensity, different-day concurrent strength
and endurance running improved maximal strength of the
leg extensors and countermovement jump height, whereas
no differences between groups were observed in 3000-m
running time improvements [43].

Four of the above studies [43, 74, 78, 79] included assess-
ment of fast-force production using either countermovement
jump, squat jump, or 5-jump (straight-leg) plyometric jump
test peak force. Mixed maximal and explosive strength train-
ing performed concurrently with endurance running [43, 78]
improved countermovement jump, while non-linear perio-
dized strength training (with loads ranging from 3 repetitions
maximum [RM] to 12 RM) performed concurrently with
aerobic training increased squat jump [74]. Heavy resist-
ance training appeared to be more effective at improving
force production in a 5-jump plyometric test than volume-
load—matched plyometric training, which could be relevant
in terms of force production for running performance [79].

3.2 Strength Training Combined with Cycling

Four of the included studies examined concurrent strength
and endurance training in which the endurance training mode
was cycling (Table 2). In this subset of studies, the duration
of the training intervention ranged from 9 to 24 weeks and
included 1-2 strength training sessions per week. Participant

training background ranged from untrained/sedentary to rec-
reationally active (tier O to tier 1 according to classification
by McKay et al. [73]). Endurance training intensity ranged
from low-intensity distance training to high-intensity inter-
val training including combinations and progressions of
these training intensities. Strength training intensity ranged
from muscle endurance to hypertrophic and heavy/maximal
strength training in addition to combinations and progres-
sions of these strength training modes. The quality of the
studies was rated as moderate (10-11).

One study examined low-volume strength training per-
formed concurrently with endurance cycling within a single
group. Untrained participants improved isometric strength
of the leg and arm extensors and maximal aerobic capacity
as well as blood lipid profile [80]. Three studies examined
longer-term periodized concurrent strength and endurance
cycling interventions where training order (endurance before
strength, strength before endurance, or alternate day train-
ing) was a central theme. All three training orders induce
favorable changes in maximal strength of the lower extrem-
ities, endurance capacity, and body composition [81-83].
Performing strength and endurance training on different days
was, however, suggested to have additional advantages in
terms of improving endurance performance and decreas-
ing fat mass due to a potential for increased daily physical
activity that may accrue via warm-ups and cool-downs as
well as commuting to the gym (possibly walking or biking).
Interestingly, these studies suggest that endurance (cycling)
training before strength training may be more effective for
improving submaximal endurance performance in females
than in males although marked differences in maximal
strength development of the lower extremities were not
observed. [78]

Only one study examined fast-force production [80],
reporting no change in the rate of force development ana-
lyzed from maximal isometric leg press.

3.3 Strength Training Combined with Other Forms
of Endurance Training

Three of the included studies examined concurrent strength
and endurance training in which the endurance training
mode was either rowing or cross-country skiing (Table 3).
In this subset of studies, intervention length ranged from 9
to 16 weeks and included 2-3 strength training sessions per
week. Participant training background ranged from recrea-
tionally active to trained cross-country skiers (tier 1 to tier 3
according to classification by McKay et al. [73]). Endurance
training in the studies where the endurance training mode
was rowing was completed at a heart rate equivalent to the
ventilation threshold 3—4 times per week [39, 84], whereas
the cross-country skiing was performed primarily at lower
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intensities but also included higher intensity interval train-
ing [85]. Strength training in these studies included heavy/
maximal strength training. The quality of the studies was
rated as low to moderate (9-10).

Two studies combined rowing with whole body strength
training with a focus on measuring the lower extremities [39]
(and left ventricular morphology [84]). One study examined
concurrent strength and endurance (ski ergometer) training in
the upper body, where both testing and training were targeted
at the upper body [85]. Understandably, the study participants
were trained cross-country skiers that were accustomed to
using their upper bodies as part of their sport. The investi-
gation revealed improved upper body strength and signifi-
cantly greater time to exhaustion. Overall, these three studies
indicated that concurrent rowing or cross-country skiing and
strength training appeared to increase 1-RM strength (bilateral
leg press or double pole) and endurance performance/capacity,
whereas only Bell et al. [39] suggested endurance training may
inhibit strength development (measured as bilateral incline leg
press) in previously trained females. Regrettably, fast-force
production was not assessed in any of the included studies.

3.4 Fast-Force Production

Only five of the 14 included studies incorporated jumping
tests (e.g., squat jump, peak power, countermovement jump,
and straight-leg 5-jump) to evaluate fast-force production.
Overall, these studies indicate that strength training combined
with endurance training improves measures of fast-force pro-
duction. Of note is that all of the included studies indicating
increases in fast-force production trained strength concur-
rently with running rather than cycling. Squat jump peak
power increased by ~23% and ~29% in concurrent strength
and running and strength only training, respectively, while it
only increased by ~ 15% and ~ 17% in endurance training only
and control groups [74]. An~ 11% improvement in counter-
movement jump height was observed in a group perform-
ing a mixture of maximal and explosive strength training
combined with running, where the relative increase in per-
formance of the group that completed mixed maximal and
explosive strength training combined with endurance running
was greater than the control group that combined endurance
running with body weight circuit training [78]. In contrast,
improvements in peak force from a straight-leg 5-jump plyo-
metric jump test (Nkg™!) were larger in a group combining
running with heavy resistance training than a group perform-
ing volume-matched plyometric and heavy resistance training
(change score of 7.5+ 14.8 vs. 1.1 +14.3) [79].

Two studies examined fast-force production from a dif-
ferent perspective. Myllyaho et al. [43] reported a greater
increase in countermovement jump height in naturally men-
struating females (11%) compared with hormonal contracep-
tive using females (4%), although the difference between

groups was not statistically significant. Kyroldinen et al.
[80] reported that isometric rate of force development was
unchanged in a single group performing concurrent strength
and endurance training, but the lack of a single-mode control
group makes it impossible to determine whether this was a
result of training strength and endurance concurrently or
simply a function of the prescribed training not improving
rate of force development.

3.5 Menstrual Status and Hormonal Contraceptive
Use

A limited subset of studies reported, or took into considera-
tion, menstrual status or hormonal contraceptive use in terms
of timing of testing/measurements or during recruitment and
subsequent data analyses. Nindl et al. [75] and Hendrickson
et al. [74] reported that their investigation included “regularly
menstruating” females, and the authors indicated that blood
draws were always at the same (unreported) time (phase)
of the menstrual cycle for analysis of serum hormones.
Kyroldinen et al. [80] reported that none of the participants
were using hormonal contraceptives, and Eklund et al. [83]
reported that hormonal contraceptive users and non-users
were included in the same groups. Kyrolédinen et al. [80] and
Eklund et al. [83] did not time testing according to menstrual
cycle phase. Of the included studies, only Myllyaho et al. [43]
considered both menstrual cycle status and hormonal contra-
ceptive use during recruitment and subsequently compared a
group of females using monophasic oral contraceptives and
self-reported eumenorrheic/naturally menstruating females.
Reported weaknesses in this study were the inclusion of sev-
eral formulations of monophasic combined oral contracep-
tives in addition to a lack of hormonal verification throughout
the study (including ovulation). Nevertheless, levels of pro-
gesterone and estrogen were analyzed from blood serum in
an effort to confirm that performance testing was completed

Very low Low Moderate
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in the early follicular phase (days 1-5 of the menstrual cycle)
[43].

3.6 Methodological Quality

The methodological quality of the selected studies is pre-
sented in Fig. 2. Overall study quality was low to moderate
(9-12), with an average rating of 10.7, which is at the lower
end of the “moderate” study quality classification. Several
studies lacked power calculations and/or did not report com-
pliance with the intervention or whether or not participants
were randomized into intervention groups, and the majority
of studies did not consider hormonal status. The majority of
studies lacked external validity and had problems regarding
internal validity in terms of selection bias.

4 Discussion

During the last few decades, there has been a dramatic
increase in the number of females participating in both
recreational physical activity and the highest levels of elite
sport [86]. Regrettably, training and performance research
in females has not kept pace with this exponential rise
in participation [87]. As both strength and endurance
training are a vital part of training for both recreationally
active and competitive females, a review of the current
literature is warranted. The studies included in this review
generally reported that concurrent strength and endurance
training is an effective training strategy for females due to
observed gains in maximal strength that were sometimes
also accompanied by increases in endurance capacity/per-
formance in addition to other parameters associated with
health, including body composition and blood lipid profile.
Most study designs, however, did not allow us to deter-
mine whether concurrent strength and endurance training
is more (or less) effective than strength or endurance train-
ing alone for developing, e.g., maximal strength, fast-force
production, or endurance capacity/performance. There
is insufficient evidence (particularly from high-quality
studies) to form a conclusion regarding the “interference
effect” of endurance on maximal strength and/or fast-force
production in females, although “interference” may be a
concern when combining training modes in athletes. In
this review, we noted that research on concurrent strength
and endurance training in females has rarely considered
menstrual status or hormonal contraceptive use, factors
that may influence study outcomes. Ultimately, the lim-
ited number of high-quality studies regarding concurrent
strength and endurance training in female populations, and
especially athletic populations [18], suggests that more
scientifically sound research in females is needed.

4.1 Concurrent Strength and Endurance Training
Approaches and Outcomes

Included studies reported training interventions rang-
ing widely from 7 to 24 weeks in populations that ranged
from untrained to trained according to the classification by
McKay et al. [73]. Included studies generally incorporated
linear training progression in terms of intensity and volume,
but did not necessarily utilize a specific periodization as is
common, for example, in athletes [88], where dividing train-
ing into consecutive phases with specific objectives based
on training period/season is common [70]. While the studied
combinations of strength and endurance training appeared
to consistently result in improvements in maximal strength
and other characteristics that contribute/or may contribute
to endurance capacity/performance, further combinations
and approaches to programming may need to be explored.
Indeed, the combinations of strength and endurance training
used in included studies may not have employed a training
load or frequency high enough and/or training interventions
that were long enough to induce significant changes in maxi-
mal strength, fast-force production, endurance performance/
capacity, or an “interference effect.”

The endurance training modes utilized in the included
studies were overwhelmingly running or cycling, although
several other endurance training modes may be used by
physically active and athletic females. Endurance training
modes such as running and cycling employ different force-
production strategies [§9-91] that should be taken into
consideration when evaluating training adaptations. Run-
ning requires repetitive and relatively fast force production
using the stretch—shortening cycle [92], where even maximal
uphill running does not elicit maximal muscle activation
of the lower extremities [93]. Cycling requires prolonged
repeated force production [91]. In addition, the quadriceps
femoris and gluteal muscles play a more significant role in
cycling than in running, where the biceps femoris is more
involved [94]. Rowing and cross-country skiing are impor-
tant endurance training modes that employ the upper body,
which is often overlooked in research on concurrent strength
and endurance training and females, in general. Included
studies primarily focused on training the lower extremities,
where only three studies included upper body strength train-
ing and testing (as a part of whole body training or upper
body training alone (Hoff et al. [85] in cross-country ski-
ers as well as Haykowsky et al. [84] and Bell et al. [39] in
rowers). Females generally have lower upper body strength
than males [95, 96], and more research regarding concur-
rent strength and endurance training in the upper body is
warranted in all populations that require efficient use of
the upper body for performance. Endurance performance
was primarily assessed using sport-specific VO, tests,
although field tests to assess endurance performance were
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also utilized. It is important to remember that laboratory
tests may not be fully representative of sport-specific or
functional performance requirements; thus, caution should
be used when interpreting results.

The studies in this review included “hypertrophic” or
maximal and/or explosive/plyometric training (or a progres-
sion from “hypertrophic” towards maximum and explosive/
plyometric training) ~2-3 times per week combined with
running, cycling, rowing, or cross-country skiing up to 4
times per week. The strength training loads employed varied
considerably, ranging from 2 to> 10 repetitions per 2—6 sets.
Improvements in maximal strength were assessed primarily
using bilateral 1-RM leg press or squat. Again, these types
of laboratory tests for maximal strength may not be fully
representative of sport-specific or functional performance
requirements; thus, caution should be used when interpret-
ing results.

Fast-force production, also known as the rate of force
development or the ability of the neuromuscular system to
generate force rapidly particularly early in rapid contrac-
tions, is essential for performance in fundamental move-
ments needed for sports performance such as jumping,
throwing, and sprinting [9]. Indeed, the fast-force produc-
tion appears to be linked to sport-specific and functional
daily tasks and is more sensitive for detecting changes in
neuromuscular function than maximal strength testing [97],
although fast-force production in females is an understud-
ied topic [98]. We might expect that concurrent strength
and endurance training increases fast-force production in
females, because countermovement jump (height, peak
power, and peak velocity) correlates well with measures of
maximal strength like 1-RM squat and power clean [99],
which generally appear to improve as a result of concur-
rent strength and endurance training. This is supported by
Hendrickson et al. [74], who reported similar increases in
squat jump peak power (watts) between females performing
strength training and females performing concurrent strength
and endurance training, and Barnes et al. [79], who reported
that peak force from a straight-leg 5-jump plyometric jump
test (Nkg™!) was larger in females combining running with
heavy resistance training than in females performing vol-
ume-matched plyometric and heavy resistance training.
Regrettably, further analysis of the influence of concurrent
strength and endurance training on fast-force production in
females is limited by a lack of data.

4.2 The“Interference Effect”

Athletes/exercisers and coaches/personal trainers may
worry about endurance training interfering with strength
development and fast-force production [7, 8] and/or mus-
cle hypertrophy [10] or muscle hypertrophy “interfering”
with endurance performance; however, the present literature

does not appear to substantiate these worries in females.
Regrettably, the presence of an “interference effect” and/
or potential mechanism behind this “interference effect”
are difficult to evaluate in female participants as only six of
the included studies employed study designs that might be
used to assess “chronic interference” [39, 74-77, 85]. Two
studies can be used to examine the influence of concurrent
strength and endurance training in comparison to strength
and endurance training alone [74, 75], three studies can
assess the differences or the possibility of “interference” of
concurrent training on endurance performance [76, 77, 85],
and only one study can assess the possibility of “interfer-
ence”’ of concurrent training on strength development [39].
Importantly, the primary aim of these six studies was not
to explore “interference,” and none of the included stud-
ies demonstrated clear disadvantages for strength or endur-
ance adaptations when strength and endurance training were
performed concurrently. Instead, strength training added to
endurance training improved strength and running economy
[76], although observed improvements in strength were not
reflected in increased endurance performance more than
endurance training alone [77]. In the context of cross-coun-
try skiing and rowing, upper body endurance training com-
bined with maximal whole body strength training improved
work economy/endurance performance more effectively than
endurance or strength training alone [39, 85]. The only stud-
ies that compared strength only, endurance only, concurrent
strength and endurance, and control groups were Nindl et al.
[75] and Hendrickson et al. [74]. These studies demonstrated
“specificity of training,” where strength training significantly
improved maximal strength and endurance training signifi-
cantly improved endurance capacity. More specifically, Hen-
drickson et al. [74] demonstrated that concurrent strength
and endurance training improved strength performance at
comparable levels to strength training alone, while also dem-
onstrating that concurrent strength and endurance training
improved endurance capacity at comparable levels to endur-
ance training alone. Collectively, these results suggest an
absence of an “interference” effect, as performing strength
and endurance training concurrently did not appear to be less
advantageous than strength or endurance training alone. Due
to the limited data available, sweeping conclusions regard-
ing the presence or absence of “interference” in apparently
healthy female populations cannot be made. Moreover, the
heterogeneity in training background and training combina-
tions in addition to the relatively lower volume of overall
training make it impossible to draw any conclusions about
“interference” in apparently healthy females.

A unique approach to concurrent strength and endurance
research was used by Eklund et al. [82, 83] and Schumann
et al. [81], who examined whether or not acute “interfer-
ence” due to the order of exercise, i.e., endurance before
strength or strength before endurance, on the same day and
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in the same session versus performing strength and endur-
ance on separate days might result in chronic “interference.”
Eklund et al. [82] reported that endurance before strength,
strength before endurance, and different-day concurrent
training were all effective in improving measures of maxi-
mal strength and endurance capacity, but that different-day
concurrent training induced a greater magnitude of improve-
ment in endurance performance than same-day endurance
followed by strength or strength followed by endurance.
Likewise, training endurance before strength or strength
before endurance on the same day yielded similar increases
in muscle cross-sectional area [83]. Additionally, Schumann
et al. [81] reported that endurance before strength, strength
before endurance, and different-day strength and endurance
training improves endurance capacity in both females and
males, while females appear to have additional improve-
ments in submaximal endurance capacity when endurance
training is performed before strength training on the same
day.

Total training volume and the ratio of strength training
to endurance training influences training adaptations. In
general, a higher volume of endurance training in combi-
nation with strength training is associated with “interfer-
ence” in males [100]. The studies included in this review
employed a relatively low volume and frequency of concur-
rent strength and endurance training. Likewise, the duration
of training interventions may influence “interference” or a
lack thereof. Shorter interventions, such as those utilized in
the included studies, may not reveal “interference,” particu-
larly in untrained populations [101] and especially if training
frequency is low [102, 103]. Medium-length or so-called
prolonged interventions (lasting, e.g., 9—12 or 13-24 weeks,
respectively) are more likely to reveal “interference,” espe-
cially if training frequency/volume is high [8, 104]. While
the included studies ranged in duration from 7 to 24 weeks
and included 1-3 strength training sessions per week, most
of the studies lasted between 9 and 16 weeks and all of the
24-week studies were from the same laboratory. Further-
more, as previously mentioned, the frequency and volume
of strength and endurance training remained low to moder-
ate in all of the included studies, thus limiting our ability to
evaluate the potential for “interference” in situations where
a higher volume and intensity of training are used.

Finally, training status also influences susceptibility to
“interference.” Studies included in this review investigate
concurrent strength and endurance training in a relatively
heterogeneous population including participants that were
untrained, recreationally trained, and trained [73]. When
endurance training is added to strength training, it may lead
to positive adaptations in strength in moderately trained
and untrained individuals, but in trained individuals, the

influence may even be negative [18]. On the other hand,
untrained individuals may be more sensitive to physiologi-
cal stress than trained individuals [8], where starting with
low to moderate training frequency and volume would be
recommended.

4.3 Quality of Included Studies and Limitations

The current review identified only a limited number of stud-
ies investigating concurrent strength and endurance train-
ing studies in females. It is possible that some studies were
overlooked during the review process due to searching only
two databases. Training studies are understandably a chal-
lenging undertaking; many laboratories do not have adequate
resources to complete long-term and/or well-controlled
training studies. The quality of the included studies ranged
from low to moderate, with the majority receiving a score
indicating “moderate” quality. Several studies lacked power
calculations and did not report compliance with the inter-
vention or whether participants were randomized into inter-
vention groups. The group size for the included studies was
consistently < 20, which may have influenced the statistical
power as well as the generalizability of results. Importantly,
the a priori inclusion criteria employed in the present review
excluded several studies (see Fig. 1). The lack of consid-
eration and/or reporting of menstrual status and hormonal
contraceptive use should be considered in future research.

4.4 Future Directions and Female-Specific
Considerations in Concurrent Strength
and Endurance Training

It is worth noting that most of the included studies did not
take into consideration or report menstrual status or hor-
monal contraceptive use, which may be among the limiting
factors in understanding adaptations to concurrent strength
and endurance training (as well as adaptations to training in
general) in females. Indeed, exercise testing and research
has often been completed with little or no consideration of
hormonal profiles, while some research has, undoubtedly,
been unfulfilled due to the potential “confounding factors”
incurred by the hormonal fluctuations or use of exogenous
hormones that are a significant part of the lives of most
females of “reproductive age.” The most recent meta-analy-
ses indicate that the effect of the menstrual cycle on perfor-
mance is only trivial [105], while the influence of hormonal
contraceptive use on training adaptations is relatively small
[72, 106], Overall, however, studies examining the influ-
ence of the menstrual cycle on performance or influence
of hormonal contraceptives on training adaptations are of
low quality. Thus, unequivocal conclusions regarding the
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influence of hormonal profile on performance cannot be
made. Importantly, the individual effects of hormonal pro-
files on training, while not necessarily statistically signifi-
cant, may be meaningful for individual athletes [107].

A growing body of research, which has been primarily
performed in females, indicates that low energy avail-
ability could be a factor in the observed plateaus and/or
decreases in performance and health (including bone den-
sity) [108, 109]. We hypothesize that observed plateaus
and decreases in performance that have been described
as or identified as “interference” might be explained,
in part, by hormonal dysfunction related to inadequate
energy availability. Regrettably, the current body of con-
current strength and endurance training research does not
control for, or monitor, e.g., menstrual status or energy
availability during training interventions. Energy avail-
ability is considered a prerequisite for both high-quality
training sessions and recovery [110-112], where even
short-term deficits in energy availability can result in
decreased muscle protein synthesis [113, 114] and short-
to medium-term deficits in energy availability can blunt
training response and/or impair recovery, thus predispos-
ing athletes to undesired overreaching or overtraining [67,
115-117]. To advance female exercise physiology and
sport science research, methodology including participant
selection, experimental design, and exploration of hormo-
nal profiles, and, for example, confirmation of hormonal
status (menstrual status and hormonal contraceptive use)
should be considered to further elucidate the diversity
and complexities associated with female physiology
[118, 119]. In practice, simply taking into consideration
and recording of the menstrual cycle status/phase/hor-
monal contraceptive use may help to explain more about
increases, decreases, and plateaus in training adaptations
that could be related to hormonal status.

Finally, while not a focus of this paper, program-
ming concurrent strength and endurance according to
the phases of the menstrual cycle has been promoted
in popular and social media, and it is worth mention-
ing that the present review found no evidence to support
this approach. While some research has indicated that
periodizing strength training according to menstrual cycle
phase (e.g., higher volume training during the follicular
phase than in the luteal phase) might be beneficial for
increasing strength and muscle mass in the lower extremi-
ties [120-123], these benefits are not reported in the
upper extremities [124]. Furthermore, no training studies
exist to date that demonstrate benefits from periodizing
endurance training according to menstrual cycle phase,
although cross-sectional studies indicate an increased
dependency on fat oxidation during the luteal phase [125,
126]. Lastly, there are no training studies published to
date that would indicate any physiological advantages

from programming or planning concurrent strength and
endurance training by menstrual cycle phase.

5 Conclusions

Concurrent strength and endurance training appears to
improve strength and endurance capacity in female popula-
tions. However, there are several research paradigms that
still need to be explored, such as the “interference” effect
in athletic female populations, the effects of concurrent
strength and endurance training on fast-force production in
females, and the effect of menstrual status and hormonal
contraceptive use (hormone profiles) on concurrent strength
and endurance training adaptations. Additionally, the influ-
ence of time of day (chronobiology) on concurrent strength
and endurance training outcomes (e.g., [127]) is yet to be
investigated in females.

A meta-analysis of concurrent strength and endurance
training in females is premature due to the limited volume
of concurrent strength and endurance training research in
females. Furthermore, a meta-analysis of such a heterogene-
ous group of studies may not accurately reflect the efficacy
of concurrent strength and endurance training [128]. Like-
wise, it is difficult to draw strong conclusions or generaliza-
tions regarding specific combinations of concurrent strength
and endurance training in females, due to the heterogene-
ous fitness levels, training plans, and training durations pre-
sented in the included literature. Indeed, several challenges
exist in the area of concurrent strength and endurance train-
ing research, as a plethora of training combinations exist
(and are constantly added). Different approaches to train-
ing may reveal subtle, but meaningful, differences in train-
ing responses and adaptations. As such, and based on the
included literature, evidence-based modifications to specific
exercise prescription for females cannot be made, although
it may be suggested the “more important” training mode
be completed first when combining strength and endurance
into the same session [81] and that concurrent strength and
endurance training may be most effective (in recreationally
active populations) when performed on separate days [18,
81, 82]. Additional exploration of sport-specific concurrent
strength and endurance training, including the upper body,
would be useful for practitioners making evidence-based
decisions regarding testing and training for some athlete
populations. Furthermore, future research about concurrent
strength and endurance training in females should consider
hormone profiles including menstrual status (energy avail-
ability [67]) and hormonal contraceptive use [62—64] and
potentially also the reason for hormonal contraceptive use.
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