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Abstract

Background CrossFit® combines different types of activities (weightlifting, gymnastics, and cardiovascular train-
ing) that challenge aerobic and anaerobic pathways. Over the last few years, the scientific interest in CrossFit®

has increased considerably. However, there have been no published reviews characterizing the physical demands
and physiological responses to CrossFit®. The present study synthesizes current evidence on the physical demands
and physiological responses to CrossFit®.

Methods The search was performed in three electronic databases (PubMed, Scopus, and Web of Science). Manu-
scripts related to the physical and physiological performance of adult CrossFit® participants written in English, Portu-
guese, and Spanish were retrieved for the analysis.

Results In addition, a meta-correlation was conducted to examine the predictors of CrossFit® performance. A total
of 68 papers were included in the review. Physical and physiological markers differed between the different workouts
analyzed. In addition, 48 to 72 h are needed to recover from a CrossFit® challenge. Specific tests that involve CrossFit®
movements were more related to CrossFit® performance than non-specific.

Conclusion Although the characterization of CrossFit® is dependent on the workout examined, the benefits

of muscle hypertrophy are aligned with the recent findings of concurrent training. The characterization of Cross-
Fit® entire sessions and appropriate recovery strategies should be considered in future studies to help coaches
manipulate and adjust the training load.

Keywords Physiology, Strength, Endurance, Concurrent training, Workout

*Correspondence: ’ Research Group in Physiology and Physical Activity, University
Diogo V. Martinho of Northern Parand, Londrina, Brazil
dvmartinho92@hotmail.com

! University of Coimbra, Research Unit for Sport and Physical Activity,

Faculty of Sport Sciences and Physical Education, Coimbra, Portugal

2 Laboratory of Robotics and Engineering Systems, Interactive

Technologies Institute, Funchal, Portugal

3 CIDEFES, Centro de Investigacdo em Desporto, Educacao Fisica e

Exercicio e Saude, Universidade Luséfona, Lisbon, Portugal

4COD, Center of Sports Optimization, Sporting Clube de Portugal, Lisbon,

Portugal

° Department of Physical Education and Sport, University of Madeira,

Funchal, Portugal

5 Department of Sport and Exercise Science, Manchester Metropolitan

University, Manchester, United Kingdom

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13102-024-00986-3&domain=pdf

Martinho et al. BMC Sports Science, Medicine and Rehabilitation

Background

CrossFit® includes the training and practice of weight-
lifting (e.g., snatch, clean, and jerk), gymnastics (e.g.,
handstand walk, ring muscle pull-up), and cardiovas-
cular activities (e.g., running, rowing, cycling) [1, 2].
The practice of CrossFit® focuses on improving differ-
ent components of fitness: cardiorespiratory, stamina,
strength, flexibility, power, speed, coordination, agility,
balance, and accuracy [3]. Different types of workouts are
prescribed: Different types of workouts are prescribed:
rounds for time (RFT), performing as many rounds as
possible within a given time (AMRAP), and completing
repetitions of exercises in a given number of minutes
(every minute EMOM). For example, the “Angie” work-
out consists of completing 100 pull-ups, 100 push-ups,
and 100 squats as quickly as possible; the “Chelsea” work-
out involves performing 5 pull-ups, 10 push-ups, and
15 squats every 60 s for 30 min; and the “Nate” workout
involves the completion of as many rounds as possible in
20 min of muscle-ups, handstand push-ups, and kettle-
bell swing [4]. Given the varied nature of CrossFit®, there
are many variables (number of repetitions, sets, load, rest
between sets, movement, type of workout) that can influ-
ence the response to a stimulus and, consequently, have
an impact on training adaptations [2, 5].

The organization of training sessions and the adjust-
ments of training load are central to the modality since
the CrossFit® Open is a competition that allows everyone
to participate in three weeks of competition. Every week,
an online challenge is proposed, and CrossFit® partici-
pants should perform, record, and submit their scores [6,
7]. Subsequently, the best twenty-five percent of Cross-
Fit® Open results advanced to the subsequent phase of
competition. Then, the top forty of each region (Europe,
Africa, Asia, South America, North America East, North
America West, and Oceania) advance to the semifinals.
After the last phase, the top 40 athletes of both sexes are
selected for the CrossFit® Games [6]. Coaches organize
training sessions to optimize the three essential charac-
teristics (i.e., weightlifting, gymnastics, and cardiovascu-
lar) that constitute the CrossFit® in order to prepare the
participants for ‘unknown and unknowable events [1, 2,
8]. At CrossFit® Games, athletes engage in unspecified
events until right before the competition begins. The
founder of CrossFit® recognized that methodological
guidelines are empirical, but more evidence-based, meas-
urable, observable, and repeatable data are needed [1].

Over the last decade, scientific interest has increased
in CrossFit®, most notably in physical performance and
physiology [9-11], injuries [12], psychology [13], and
nutrition [14]. Reviews about CrossFit® often combine
those who practice CrossFit® or are involved in func-
tional or resistance training or those who are classified
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as healthy or sedentary participants, impacting the inter-
pretation of physical, physiological, and performance
data. Moreover, previous reviews focused on physical
and physiological aspects [9-11] and did not examine the
demands induced by each type of CrossFit® workout (i.e.,
AMRAP, RFT, EMOM). Given the variability of move-
ments, training sessions, and, consequently, the meta-
bolic demands imposed by CrossFit® workouts, a review
focused on the physical and physiological outcomes of
exclusively CrossFit® participants is lacking. Another
challenge is which physical protocols should be applied
to predict CrossFit® performance [9]. The present scop-
ing review aims to summarize: (1) the physical and
physiological demands in CrossFit®; (2) interpret the lit-
erature that explains different activity profiles within the
CrossFit® context; (3) examine the association between
CrossFit® performance and physical or physiological
assessments; and (4) identify literature gaps and point
suggestions for further research.

Methods

The current review followed the Cochrane instructions
[15], PRISMA 2020 guidelines [16], and the respective
extension for scoping reviews [16]. The protocol was
developed by three expert elements and registered by an
expert author on the Open Science Framework at https://
doi.org/10.37766/inplasy2024.5.0063.

Eligibility criteria

Original studies published in peer-reviewed journals
and written in English, Portuguese, and Spanish were
included in the present review. There were no defined
restrictions regarding the year of publication. The inclu-
sion criteria were defined considering the Participants,
Intervention, Comparator, Outcomes, and Study Design
(PICOS) framework as follows: Participants — adult
CrossFit® participants with previous training experi-
ence (minimal training experience or reported training
practice had to be reported for inclusion); Intervention
— any outcome, observation, intervention, or exposure
associated with CrossFit® participation; Comparator —
optional, other sporting activities, physical active; Out-
comes — physical measures (for example, performance
or body composition assessments); physiological out-
puts (such as maximal oxygen uptake, heart rate, rate of
perceived exertion, hormonal levels); Study Design — no
restrictions were applied to the type of studies included
in the present review. Reviews and meta-analysis were
not included.

Information sources, source strategy and selection process
Three databases were consulted (Pubmed, Scopus,
and Web of Science) on 23rd February 2024 using the
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following search terms: (CrossFit OR “CrossFit Games”
OR “workout of the day” OR “WOD$”) AND (“training
load” OR train* OR physiolog* OR perform* OR energ*
OR metabol* OR nutrition* OR “body composition”).
Originally, the initial purpose of this review was also to
include CrossFit® studies that had a nutritional com-
ponent; however, a decision was taken not to include
these studies in the present review since there was
a wealth of data available on physical and physiologi-
cal parameters in CrossFit® participants. The inclusion
of nutritional studies would have reduced the focus of
the current review. After extracting the papers, they
were combined into a reference management software
(EndNoteTM 21.0, ClarivateTM). The omissions of
duplicates followed a two-step process: (1) automati-
cally removed and (2) manually checked to ensure that
duplicates were removed with precision. One author
(XXX) performed the entire screening process. Two
authors (XXX/XX) examined the titles and abstracts
to check if the studies met the eligibility criteria. The
processes were then repeated for the full texts of the
included papers. When discrepancies occurred, a third
author (HS) was contacted to ensure concordance by
consensus.

Data extraction and itsem

The two first authors (XXX/XX) organized a prede-
fined template to collect relevant data about physi-
cal and physiological parameters. A third author (XX)
confirmed the data extraction. The final summary of
data comprised information on the different papers,
considering the study’s purpose and design. The data
were categorized into the following topics: (1) charac-
terization of physical (e.g., body fat percentage, lean
body mass, weight lifted in CrossFit® movements) and
physiological outcomes (e.g., VO,,.,» heart rate, blood
lactate); (2) assessments of the acute effects of differ-
ent CrossFit® workouts on physical performance meas-
urements; (3) data pertaining to the chronic effects of
CrossFit® participation; (4) comparisons of CrossFit®
participation with other types of training or no train-
ing; (5) interventional studies with participants of dif-
ferent competitive levels; (6) comparisons of different
competitive levels in physical and physiological out-
comes; (7) predictors of CrossFit® performance. Corre-
sponding authors were individually contacted when the
information was unavailable. In case the authors did
not respond and the data were presented graphically,
a specific software was used (GetData Graph Digitizer;
http://www.getdata-graph-digitizer.com). This soft-
ware has been shown to be accurate and precise [17] to
extract mean and standard deviation from graphs.
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Statistical analysis

Data analyses were conducted using Comprehensive
Meta-Analysis software (CMA, version 2.2.064, Bio-
stat, NJ, USA). The main outcome was performance,
which was divided considering three different groups:
(1) global (overall performance or ranking), (2) stud-
ies focused on a challenge from a CrossFit® com-
petition, only reported the challenge as workout of
the day, rounds for time or as many rounds as possi-
ble, or combined different challenges, or (3) studies
using particular workouts (e.g., Donkey Kong, Fran,
Grace, Murph, Nancy). Different protocols were used
to examine the relationship with CrossFit® perfor-
mance and were classified according to the method-
ologies reported: specific from CrossFit® (e.g., snatch,
bench press, squat) and non-specific (e.g., VO, .0
Wingate test). The statistical method for examin-
ing the relationship between two continuous vari-
ables over numerous studies is meta-correlation, also
known as meta-analysis of r correlation coefficient.
From each study, the coefficient of correlation and
the number of participants were retrieved. The mag-
nitude of correlation coefficients was interpreted as
follows [18]: trivial (r<0.10), small (0.10<r<0.30),
moderate (0.30<r<0.50), large (0.50<r<0.70), very
large (0.70<r<0.90), and nearly perfect (»>0.90).
The I? informed about the proportion of variance in
correlation coefficients that was due to heterogene-
ity instead of chance. The cut-off values for I*> values
were interpreted as follows [19]: low (I*<25%), mod-
erate (25%>1%>75%), and high (I>>75%). Subgroup
differences between different types of protocols were
tested, and statistical significance was determined at a
two-sided level of p <0.05.

Results

Study identification and selection

The initial search was conducted in three databases,
and 2238 records were detected. Of these, 818 were
identified as duplicates, and once removed, 1520 papers
were screened according to title and abstract. This pro-
cess resulted in full-text screenings of 158 studies. Nine
reasons were identified to exclude 117 studies: nutri-
tion (n=38), training experience (i.e., average or mini-
mal experience) (n=>54), not an original paper (n=8),
not physical or physiological outputs (n=6), papers
about injuries (n=5), combined different sports activi-
ties (n=2), studies that examined music effects on per-
formance (n=2), detraining (n=1), and psychological
outputs (n=1). Finally, 68 studies were included in the
current review and were retrieved for the analysis, as
shown in Fig. 1.
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Records removed before screening:
Duplicate records removed (n = 818)

Records excluded based on title
and abstract
(n = 1355)

Reports excluded (n = 117):

Nutrition topic (n = 38*)

Did not report training experience or Crossfit® participants (n = 54)
Not an original paper (n = 8)

Biochemical, biomechanics, cardiac variables (n = 6)

Combined different sport activities (n = 2)
Music effects (n = 2)

Detraining (n = 1)

Psychology (n = 1)

5 Records identified from
= databases (n = 2238)
o )
= Web of Science (n = 1168)
& Scopus (n = 767)
= Pubmed (n = 402)
N/
'
Records screened
—>
(n =1520)
o
£
f=
)
Q
o
»n
Reports assessed for eligibility
(n=185) —>
i Injuries (n = 5)
E Studies included
3 (n=1868)
o
=
N/

*Since the number of papers for physical and physiological parameters was considerable, authors will consider the relevant nutritional

aspects of Crossfit® participants in a separate review.

Fig. 1 Prisma flow diagram of the study identification and selection to the present review

Study characteristics

Table 1 summarizes the primary information extracted
from each study, the origin of the corresponding author,
the inclusion criteria to be considered as a CrossFit® par-
ticipant, sampling characteristics, aim, main method-
ologies or variables analyzed, as well as findings of each
study [10, 20—86]. Twelve studies focused on the compar-
ison between CrossFit® workouts or contrasted Cross-
Fit® with types of training [22, 24, 25, 35, 41, 45, 50, 54,
63, 68, 74, 85]. Five studies distinguished participants of
CrossFit® across different competitive levels [27, 31, 34,
43, 84]. Five studies focused on recovery [20, 38, 43, 71,
83] while seven papers centered on testing the data qual-
ity of protocols that can be useful for CrossFit® [32, 44,
46-48, 55, 75]. More than 50% of papers (n=38) focused
on the physical and physiological characterization of
CrossFit® participants. Twenty-three (~34%) of the stud-
ies were organized by Brazilian authors, and American
authors led 19 studies (~28%). Among European coun-
tries, Spanish authors were interested in research in
CrossFit® (n=12 manuscripts, ~18%) — Fig. 2, panel A.
Data regarding the training experience in CrossFit® var-
ied across the studies (Fig. 2, panel B). Most of the studies

included participants with at least one year of experience
(n=24,~35%), and the 6-month cut-off value to describe
training experience was used in 15 studies (~22%). Three
years of training experience was uniquely considered in
four studies (n=4).

Results of individual studies

As shown in Fig. 3 (panel A), regarding the evaluation
of maximal oxygen uptake (i.e., VO,,,,) during differ-
ent workouts (i.e., Fran, Isabel, Cindy), the values varied
within the same training workout and across metabolic
challenges. Considering the Fran workout exclusively, the
VO,,..x reported in 20 participants with more than three
years of practice was 49.2 ml’kg min~! [20], whilst the
value was substantially lower in 10 participants with one
year of CrossFit® experience (29.1 mlkg ''min') [85].
The VO, ., of other metabolic challenges (i.e., Isabel
and Cindy) was also substantially different than the val-
ues obtained in response to the Fran Workout [21, 85].
The overall mean of maximal heart combining the data
points was 184 beats per minute, with individual values
of each study ranging from 177 beats per minute on an as
many rounds as possible workout [87] to 189 on rounds
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Fig. 2 Frequencies of studies published considering the origin of the first author (A) and the athletes’ experience (B)

for time workout [45]. Figure 3 (panel B) indicates con-
siderable variation between subjects. Mean heart rate
differs substantially when the workouts are compared
(Fig. 3, panel C). Higher mean heart rate values were
observed in response to Fran’s (179+8 beatsmin™)
and Cindy’s (182+7 beatsmin~!) workouts. The mean
value registered for the Murph workout was 169+6
beatsmin~!. Comparing the lactate measured immedi-
ately after CrossFit® sessions, the highest mean values
were observed following rounds for time workouts. The
lowest lactate values were noted following Cindy, Fran,
and Murph’s workouts (Fig. 3, panel D). The values of
the ratings of perceived exertion, considering exclusively
the studies that used the Borg scale 1-10, showed that
rounds for time tend to be classified as the most physi-
cally demanding (Fig. 4). Body composition data indi-
cated that male participants (overall mean considering
two studies: 10.5%) presented lower values of fat mass
percentage than females (overall mean considering two
studies: 16.3%) (Fig. 5).

Recovery was assessed following a number of differ-
ent CrossFit® workouts, with Fran [20, 46], Karen [43],
Fight Gone Bad [10], Cindy [41], and Isabel [21] being
the most examined workouts, while other studies classi-
fied the workouts as many rounds as possible or rounds
for time [68]. Recovery was assessed after each workout
using measures of physical performance (i.e., jumping,
plank time) or physiological outcomes (i.e., heart rate,
lactate, CPK). One study investigated the jumping and
plank performance until 24 h after the Fran workout
[20]. Physiological parameters were measured immedi-
ately-, 10-, 20-, and 30-min post-Fran workout [76]. As
shown in Fig. 6, 30 min and 24 h after are not sufficient

for the physical and physiological parameters to return
to the baseline. The recovery process was also exam-
ined following Karen’s workout using jumping height
and creatine kinase as measures of recovery [43]. Jump-
ing performance was comparable between baseline and
72 h after the Karen workout, whilst creatine kinase was
substantially higher 72 h post-Karen workout (base-
line: 151.1+68.3; 72-h post-training: 223.0 + 86.3, Fig. 7).
Heart rate and lactate values 30 min after Open 18.4,
Fight Gone Bad, and Cindy workouts were also higher
than baseline [41, 76]. The same trend was noted in heart
rate 5 min after the Isabel workout [21] (Figs. 8, 9, and
10). Although a separate study did not report the differ-
ences between the types of workouts, two different types
of workouts were used — as many rounds as possible and
rounds for time [68]. Physical performance returned
to baseline 48 h post-workouts, while the physiological
markers were comparable to baseline 72 h after the work-
out (Figs. 11 and 12).

Table 2 summarizes the studies assessing the chronic
effects of CrossFit® participation [67, 69]. Six weeks was
not sufficient to improve the physical performance out-
puts, but 8 weeks of CrossFit® participation resulted in
increases in testosterone and decreases in cortisol lev-
els. Using the same participants, only one interventional
study assessed the change in physiological response
(blood lactate, heart rate, ratings of perceived exertion,
and ratings of discomfort) to different types of training
(Cindy workout vs. continuous running) [23]. The mean
heart rate was comparable in both groups. However,
the maximal heart rate, blood lactate, ratings of per-
ceived exertion, and ratings of perceived discomfort were
higher during Cindy’s workout. Separate investigations
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compared CrossFit® athletes with other groups, includ-
ing runners [22], sedentary populations [25], athletes
completing cross-training exercise [54], physically active
cohorts [25], and resistance training participants [12, 84]
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in relation to changes in body composition, physiological

responses, and physical performance.

Table 3 presents data for body composition and
VO,,,.. CrossFit® participants had lower values of fat
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Fig. 5 Mean values of fat mass percentage splitting by sex

mass percentage than sedentary [25], cross-training
[54], or physically active individuals [65]. The VO,,,,, of
CrossFit® athletes was higher than the sedentary group
[25] and lower than the runners [22]. CrossFit® partici-
pants also demonstrated superior physical performance
(jumping performance, box-jump, pull-ups, push-ups,
burpees, maximum speed) than cross-training [54] and
resistance training participants [84].

Interventional [27, 34, 62] and observational stud-
ies [10, 28, 60] examined variation by competitive level.
Two studies compared the mean and maximal heart rate
in experienced and less experienced participants after
implementing different training sessions [27] and Cindy
workouts [62]. Mean values were equivalent between
groups. Cognition variables were measured in 32 Crosss-
Fit® athletes classified as elite, advanced, and beginner
participants after Fran workouts [34]. All groups differed
significantly between pre- and post-Fran workout. Addi-
tionally, two observational studies showed that CrossFit®
participants of elite or advanced levels had lower fat mass
values than those at the middle or recreational level [28,
60]. Strength variables were also affected by the competi-
tive level of participants, with more experienced athletes
showing higher values in the maximal repetition test [60],
isometric mid-thigh pull assessment [28], rate of force
development [28], and power [10].

Meta-correlation

Challenges focused on completing as many rounds

as possible

Studies that used specific protocols of CrossFit® (back
squat, front squat, snatch, clean and jerk) found a positive

T 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Fat mass (%)

and moderate relationship between challenges focused
on completing as many rounds as possible (r=0.33; 95%
CL:—0.09 to 0.65), which means that participants who
lift more weight on strength protocols complete more
rounds on the workouts. The magnitude of correlation
increased when the specific protocols were expressed
per kilogram of body mass (r=0.38; 95% CI: 0.03 to 0.65;
p=0.03) (Figs. 13 and 14). In contrast, non-specific pro-
tocols were not associated with performance in as many
rounds as possible workout. The values of heterogene-
ity were high and moderate for specific (I>=77.1%) and
specific protocols relativize for body mass (I>=67%),
respectively.

Challenges focused on completing the workout fasting

as possible

When the workouts focused on completing the challenge
as fast as possible, time and specific CrossFit® protocols
were not associated, as shown in Fig. 15. The overall cor-
relation coefficient was positive (r=-0.18; 95% CI: -0.36
to 0.01; p=0.07), demonstrating that athletes who were
faster on challenge performed less strength on specific
protocols. Similar results were obtained for non-specific
CrossFit® protocols.

Specific workouts

Studies with correlation data between protocols and
performance were available for the following workouts:
Cindy, Fran, Donkey Kong, Grace, Murph, and Nancy.
For Murph and Nancy workouts, data was limited, and
for this reason, a meta-correlation was not conducted.
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Fig. 6 Physical and physiological variation before and after Fran challenge

For the Cindy workout (which comprises completing as
many rounds as possible in 20 min of five pull-ups, ten
push-ups, and fifteen air squats), only one study (Butcher
et al., 2015) tested the association between the number
of rounds complete and non-specific (Wingate test and
VO,,...) and specific protocols (CrossFit®). As shown in
Supplementary Material 1, the combination of different
protocols resulted in a non-significant association with
rounds performed on Cindy workout (r=0.14; 95% CI:
-0.15 to 0.41; p=0.33).

The Fran challenge involves completing as fast as pos-
sible three rounds of 21, 15, and 9 repetitions of two exer-
cises: thrusters and pull-ups. The meta-correlation of

(2024) 16:196
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sub-groups (specific and non-specific) noted significant
magnitudes of associations between types of protocol
and performance (Fig. 16). A negative correlation coeffi-
cient indicated that more time to complete the challenge
was associated with better performance in protocols. A
small and non-significant association between Fran per-
formance and non-specific protocols (r=0.24, p=0.19)
was found. In opposition, specific protocols were moder-
ately associated with performance in the Fran challenge
(r=-0.44; 95% CI: 0.22 to 0.54; p <0.05). The value of het-
erogeneity was high (I*=75%).

On the Donkey Kong challenge, CrossFit® partici-
pants should complete as fast as possible three rounds
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Fig. 8 Physical and physiological variation before and after Open 184 challenge

of 21, 15, and 9 repetitions of burpees, kettlebell swings,
and box jumps. After each exercise, participants need
to perform six lunges. A negative correlation coeffi-
cient indicated that less time to complete the challenge
was associated with a better performance in Donkey
Kong challenge. Only one study examined the rela-
tionship between different protocols and performance
in this challenge (Gomez-Landero et al., 2020). For

non-specific protocols, the study included four different
protocols: sit-ups, hand dynamometers, VO2,,  esti-
mated from a shuttle-run test, and peak power derived
from countermovement jumps. Specific protocols used
were pull-ups, bench presses, and squats. Non-specific
protocols were significantly related with performance,
while the overall magnitude of correlation in specific
protocols was small and non-significant (r=-0.26; 95%
CI: -0.06 to 0.53; p=0.11) (Supplementary Material 2).



Martinho et al. BMC Sports Science, Medicine and Rehabilitation

200+
Data from Tibana et al. [77]: FIGHT GONE BAD

175

Juny

w1

(=}
1

Ju—

N

(%2}
1

100

Heart rate (beats'min'l)

~
(%2}
1

v
(=]
1

25

Pre After 10-min after 20-min after 30-min after

Fig. 9 Physiological variation before and after Fight Gone Bad challenge
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The Grace challenge consists of performing 30 repeti-
tions of clean and jerk as fast as possible, which means
a negative correlation represents less time to complete
the workout. Non-specific protocols were not associ-
ated with performance on Grace performance. On the
other hand, total strength, strict press, deadlift, and
back squat exercises were related to Grace performance
(r=0.478; 95% CI: 0.177 to 0.697; p=0.003). The het-
erogeneity across studies was moderate (I>=62%)
(Fig. 17).
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Discussion

The aim of this scoping review was to characterize the
physical demands and physiological responses to Cross-
Fit®. The findings and potential gaps in the scientific lit-
erature that emerged from the current review were as
follows: (1) CrossFit® studies have mainly been under-
taken in North and South America; (2) the definition of
a CrossFit® athlete is not clear in the literature with dif-
ferent cut-off values being used to include participants
in the studies; (3) a limited number of studies focused on
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Fig. 12 Physical and physiological variation before and after rounds for time workouts

Table 2 Studies® that described the chronic effects of CrossFit®
participation

Study Time of practice  Output Result
Poderoso et al. [69] 2 months Testosterone 1
4 months 0
6 months 1
2 months Cortisol \
4 months 0
6 months {
Cardenosaetal. [67] 6 weeks Heart rate® <~
Maximal power ¥
VO, <

Sum of six skinfolds ~ *

2 Data from da Silveira Castanheira et al. [18] was not provided. Pheart rate was
derived from an incremental test; <> =no difference, T =increased, | =reduced

characterizing the physiological and physical parameters
of different workouts; (4) body composition data suggest
that males have less fat mass percentage than females; (5)
recovery strategies for CrossFit® should be investigated

in order to optimize weekly performance and physio-
logical markers; (6) the literature relation to the chronic
effects of CrossFit® is scarce, although the study that
did exist in this area demonstrated that six weeks was
not sufficient to promote significant changes in physi-
cal and physiological parameters, while eight weeks led
to increases in testosterone and decrements in cortisol;
(7) in comparison to other exercise modalities (i.e., resist-
ance training, endurance), CrossFit® elicits greater ben-
efits to body composition and maximal oxygen uptake;
(8) it was not possible to determine a unique predictor of
CrossFit® performance; (9) movements specific to Cross-
Fit® seem to be more related to CrossFit® performance
than non-specific protocols.

An early study compared three groups across ten
weeks, with participants either undertaking aerobic
training (n=8), resistance training (n=8), or concur-
rent training (n="7) [88]. Concurrent training involves
the inclusion of resistance training (to gain strength,
hypertrophy, and power) combined with aerobic exercise
(to enhance endurance) [89]. A reduction in lower body
strength was found in the concurrent training group
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Table 3 Observational studies comparing Crossft® with other activities or control group
Variable Study Crossfit® vs. comparator Crossfit® Comparator
Mean +sd Mean +sd
Fat mass, %
Carvalho et al. [22] VS. runners 19.0£6.3 182+6.3
Pearson et al. [25] vs. sedentary 18.6+3.8 30.3+84
Fernando et al. [54] vs. crosstraining 16.5+275 18.0+3.0
Cavedon et al. [65] vs. physical active 129427 189+33
Barbieri et al. [74] vs. resistance training 11.8+49 141+53
de Sousa et al. [84] vs. resistance training 13.6+4.6 11.9+4.1
Lean mass, kg
Pearson et al. [25] vs. sedentary 64.6+11.7 50.7+6.3
Cavedon et al. [65] vs. physical active 65.0+64 64.8+6.2
Barbieri et al. [74] vs. resistance training 590.8+10.7 496+8.1
VO, s Mkg ™ min™!
Carvalho et al. [22] VS. runners 418+54 50.0+10.8
Pearson et al. [25] vs. sedentary 433+39 31.1+338
Barbieri et al. [74] vs. resistance training 425+53 444+55
de Sousa et al. [84] vs. resistance training 525456 46.0+5.8

sd Standard deviation

Study name Qutcome Statistics for each study

Lower Upper
Correlation lim it lim it

Martinez-Gomez etal. (2019) Mean power (W) -0,69 -0,88 -0,30
Martinez-Gomez etal. (2019) Peak power (W) -0,41 -0,75 0,11
Martinez-Gomez etal. (2019) RM squat -067 -0,88 -0,26
Tibana etal. (2021)-F Back squat (kg) 0,20 -0,73 0,87
Tibana etal. (2021)-F Clean and jerk (kg) 0,86 0,16 0,98
Tibana etal (2021)-F Front squat (kg) 0,59 -0,43 0,95
Tibana etal (2021)-F Snatch (kg) 0,90 0,33 0,99
Tibana etal. (2021)-F Total strength (kg) 0,72 -0,22 0,97
Tibana etal. (2021)- M Back squat (kg) 0,36 -0,31 0,79
Tibana etal. (2021)- M Clean and jerk (kg) 0,77 0,32 0,94
Tibana etal. (2021)- M Front squat (kg) 0,50 -0,14 0,85
Tibana etal. (2021)- M Snatch (kg) 0,47 -0,18 0,83
Tibana etal. (2021)- M Total strength (kg) 0,54 -0,09 0,86
0,33 -0,09 0,65

Correlation and 95% CI

p-Value

0,00
0,12
0,00
0,73
0,03
0,24
0,01
0,12
0,29
0,00
0,12
0,15
0,09
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Fig. 13 Meta-correlation between specific protocols and CrossFit® workouts classified as many rounds as possible. F (female); M (male). Note:

positive indicates positive performance

compared to resistance exercise. It was hypothesized that
aerobic training negatively impacted the resistance train-
ing adaptations, termed the “interference effect” [66]. In a
meta-analysis that combined 21 studies, resistance train-
ing promoted higher gains in hypertrophy, strength, and
power than concurrent protocols [90]. This study also
concluded that the type and volume of endurance train-
ing impact the “interference effects” of resistance train-
ing [90]. While in the meta-analysis, the details of studies

were not presented, the participants of the concurrent
training group included in the original research about the
“interference effect” completed the resistance training
and endurance protocol separated by two hours [88]. The
training sessions of CrossFit® incorporated both endur-
ance and resistance exercises within the same session,
which suggests the “interference effect” cannot be gen-
eralized for CrossFit® participants. Nevertheless, more
recent studies about the short-term effects of concurrent
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Study name Qutcome Statistics for each study
Lower
Correlation lim it
Martinez-Gomez et al. (2019) Mean power (W/kg) -0,51 -0,80
Martinez-Gomez et al. (2019) Peak power (W /kg) -0,14 -0,59
Martinez-Gomez et al. (2019) RM squat (per kg) -0,50 -0,80
Tibana et al. (2021)-F Back squat (per kg) 0,12 -0,77
Tibana et al. (2021)-F Clean and jerk (perkg) 0,89 0,28
Tibana et al. (2021)-F Front squat (perkg) 0,52 -0,50
Tibana et al. (2021)-F Snatch (perkg) 0,92 0,43
Tibana et al. (2021)-F Total strength (per kg) 0,68 -0,29
Tibana et al. (2021)- M Back squat (per kg) 0,39 -0,27
Tibana et al. (2021)- M Clean and jerk (perkg) 0,75 0,27
Tibana et al. (2021)- M Front squat (per kg) 0,51 -0,13
Tibana et al. (2021)- M Snatch (perkg) 0,48 -0,17
Tibana et al. (2021)- M Total strength (per kg) 0,54 -0,09
0,38 0,03

(2024) 16:196
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Fig. 14 Meta-correlation between specific protocols normalized for body weight and CrossFit® workouts classified as many rounds as possible. F

(female); M (male). Note: positive indicates positive performance

training on muscle hypertrophy showed contradictory
findings questioning the “interference effect” theory [87,
91, 92]. A parallel study compared two different con-
ditions (resistance training in isolation vs. concurrent
training [i.e, combining cycling activities with resist-
ance training]) across a 7-week program on muscle size
and specific indicators of protein synthesis and degra-
dation [91]. Muscle fiber area increased significantly in
the concurrent training group, whilst negligible changes
were noted in the resistance training group. The levels
of the mechanistic target of rapamycin (i.e., an indicator
of muscle mass development) were also raised in con-
current training, highlighting the anabolic effects when
endurance and resistance activities were combined [91].
In the present review, CrossFit® participants had higher
mean values of lean mass in comparison to physically
active [65] and resistance training [74] participants, sug-
gesting the combination of resistance training and endur-
ance exercise within the same training session could
potentiate the development of muscle mass. Participation
in CrossFit® sessions over 8 weeks also demonstrated
increases in testosterone and decreases in cortisol.

The main findings pertaining to concurrent training are
modulated by the training status of participants and the
methodologies used to assess changes in muscle strength
and hypertrophy [5]. Three to nine months were pro-
posed to classify an athlete as “trained” for a resistance
and endurance athlete [5]. Although most of the studies
included in the present review attained these criteria,
the literature focused exclusively on the best athletes was
scarce. Strength, power, and body composition distin-
guished elite athletes from lower competitive levels [10,

28, 60]. Moreover, considering the CrossFit® Open allows
everyone to participate, significant variability in physical
performance is expected. Future studies should focus on
examining participants considering the different phases
of CrossFit® competition: CrossFit® Open, quarterfinals,
semi-finals, and CrossFit® Games. It might then be possi-
ble to discriminate participants according to training sta-
tus and not focus exclusively on training time. Specificity
was another concept claimed to define training status,
particularly task-specific activities related to maximal
strength. Hypertrophy is not exercise-dependent [5, 93],
while changes in strength are exercise- and intensity-
dependent (i.e., specific).

The relationship between CrossFit® performance and
different protocols seems specific, with movements often
carried out during CrossFit® sessions (e.g., back squat,
front, deadlift, clean, clean and jerk) being more related
to performance. In contrast, non-specific protocols were
rarely associated with CrossFit® performance. For those
who train CrossFit® athletes, the application of specific
protocols has more relevance. Whereas, on the other
hand, the results of the current meta-correlation also
showed that it is difficult to generalize a particular test
for all types of workouts. This is in line with a systematic
review that described back squat and total body strength
as the main variables to explain performance. However,
variation in the results across the 21 studies included
indicates that a consensus about predictors could not be
generalized [9]. Considering the variability of CrossFit®
in terms of exercises and intensity, this point is not sur-
prising. The variability of physical and physiological indi-
cators to explain the performance in CrossFit® workouts
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Sudy nama Outcoma Sasdcsior aach sudy Caomiason and 95% Cl
Lowar Uppar

Comal ation N mit fimit pMalua
Tibana at 3. 2021)-F chalanga 4) Claan and jark({q) 093 0,99 048 0,00 -
Tibana at 3. (2021) -F challanga 4) Snatch §q) a9 0,99 -0,38 0,01 B ———
Tibana at 3. {2021) -M (challanga 4) Claan and jark (i) 090 097 065 0,00 —
Tibana at 3. 2021)-F challanga 4) Towal stangh 6q) 090 0,99 0,33 0,01 -
Tibana at 3. (2021)-M {challanga &) Total stangth §q) 086 09 054 0,00 B —
Tibana at 3. 2021)-M {challanga &) Front aquat §q) 082 095 043 0,00 —,
Tibama at 3. 2021)-F chalanga 3) Font aquat §q) 082 -0.98 003 0,05 —-—
Tibana at 3. (2021)-F chalanga &) Front aquat #q) 0381 -0,98 0,00 0,05 —
Tibana at 3. (2021) -F {challanga 3) Towl stangh #q) 080 098 0,03 0,06 —a
Tibana at . (2021)-M {challanga 4) Badk squat q) 079 09 036 0,00 —-
Tibana at 3. 2021)-M {challanga 4) Snatch §q) 078 094 034 0.00 o S —
Tibana at 3. 2021) -M challanga 3) Claan and jark (i) 077 09 032 0,00 — .
Tibana at 3. 2021) -F challanga 3) Snatch §q) 475 097 0,16 0,09 —
Pana at J.(2021) Snatch load Q74 093 021 0,01 —_—
Tibana at 3. 2021)-M challanga 3) Front aquat §q) 072 -0.92 021 0,01 —ll
Tibana at 3. {2021) -F {challanga 3) Claan and jark{}q) o072 oW 0.2 0,12 —
Tibana at &. 2021) -M {challanga 3) Back aquat &q) 059 .08 o 0,06 . 3
Mathaz-Gomasat 3. (2019) -challanga 2 RM aquat (i) 057 .08 016 0,01 —_—
Martinaz Gomasat J. (2019) -challange 3 RM aquat {iq) 057 081 016 0,01 .
Martihaz-Gomasat J. 2019) -challanga 4 RM aquat {iq) £57 081 0,16 0.01 e —
Matinaz Gomasat 3. 2019) -challanga 2 Paak pawar({W) 055 -0.80 0,13 0,01
Tibana at 3. 2021) -M {challanga 3) Towl ssangh 6q) Q.54 -0,86 0.09 0.09
Tibana ot 3. 2021) -F challanga 3) Back aquat &) 054 09 o048 0.3
ManihazGomasat 3. 2019) -challanga 2 Maan powar{W) Q.54 -0,80 0,11 0.a2
Tibana at 3. 2021)-F hallanga 4) Badk aquat ) 052 0% 0% 0.2
MatinazGomasat 3. 2019) -challanga &4 Paak pawar(Ww) 051 0,78 007 0.2
Tibana at J. 2021)-M {challanga 3) Snatch §q) 047 08 0,18 0,15
Mastinaz-Gomasat 3. (2019) -challanga 3 Paak pawar (W) Q47 07 002 0,04
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Tibana at 3. 2021) -M challanga 1) Towal stangh §q) 039 0,27 0.8 0,28 -
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Tibana at 3. (2021) -F challanga 5) Claan and jark (i) 094 054 09 0,00 —H
Tibhana at 3. 2021)-F chalanga 5) Front aquat §#q) 095 060 0.9 0,00
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0418 03 0,01 0.07 — e
-1,00 Q.50 000 a.5%0 1.00
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Fig. 15 Fig. 14. Meta-correlation between specific protocols and CrossFit® workouts classified as time to complete. F (female); M (male). Note:

positive indicates positive performance

was noted, which indicates that the predictors of a typi-
cal endurance workout should not be generalized for a
resistance workout [21, 28, 42, 66, 79]. In order to sup-
port coaches in the monitoring, quantification, and regu-
lation of training load, future studies need to investigate
the physical and physiological characteristics of other
specific workouts.

A considerable number of studies used physical and
physiological outputs to examine recovery after a Cross-
Fit® workout [20, 41, 43, 68, 88]. In general, 48-72 h

were insufficient to obtain the baseline values of physi-
cal and physiological markers, and these studies only
focused on a specific challenge. A typical CrossFit® ses-
sion includes other components rather than the workout
of the day (e.g., strength, mobility, stability, skill). In order
to prevent fatigue and optimize performance, research is
needed on which recovery strategies for CrossFit® ath-
letes are needed [6, 14].

The inclusion of papers solely written in English,
Portuguese, and Spanish is a limitation of the current
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Group by Study name Outcome Stasstcs for each study Carrelason and 95% C1
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Non-Specific Gomez-Landero et al. (2020) Dynam ometer 0,22 033 0,66 0.44 .
Non-Specific Gomez-Landero et al. (2020) Peak power 0.12 060 0,42 0.68 .
Non-Specific Gomez-Landero et al. (2020) Sit-ups 0.23 032 0.66 0,42 .
Non-Specific Gomez-Landero et al. (2020 VO2max 0,29 026 0.70 0.30 .
Non-Specific Butcher et al. (2015) Mean power 0.44 0.12 0.79 0.12 H
Non-Specific Butcher et al. (2015) Peak power 0.39 018 0.76 0.17 .
Non-Specific Butcher et al. (2015 VO2max 0,21 036 0,67 0.48 .
Non-Specific 0,24 0,12 0.54 0,18 _-*-
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Specifc Leitio et al. (2021) 0.60 013 0.85 0,02
Specifc Leitio et al. (2021) 0.82 053 0.94 0.00 —_—
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Specifc Leitio et al. (2021) RM Thruster 0.61 014 0.86 0.01 -——
Specifc Gomez-Landero et al. (2020) Bench press 0.24 031 0.67 0.40 s
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Specifc Gomez-Landero et al. (2020) Squat 0.53 002 0.82 0.04
Specifc Dexheimer et al. (2019) Back =squat (kg) 0.64 023 0.86 0,00 E
Specific Dexheimer et al. (2019) Deadif (kg) 0.48 000 0.78 0.05
Specifc Dexheimer et al. (20 19) Strick press (kg 0.62 020 0.85 0,01 L E—
Specifc Dexheimer et al. (20 19) Totl body srength 0.79 050 0,92 0.00 ]
Specifc Butcher et al. (2015) CrossFit otal 0,65 018 0.88 0.01 D S SES—
Specific 0.44 022 0.61 0.00
Overal 0,38 019 0.54 0,00

050 0.00 0.50 100
Negative Positive

Fig. 16 Meta-correlation between specific, non-specific protocols and Fran performance. Note: positive indicates positive performance

Goup by Sudyname Outcome Statistcs for each sud) Cormiation and 95% CI
Type of movemert
Lower Uppe
Corrdason m m p Vake
Non Spac de Bukcher et 3. 2015 Peak power 009 0592 0463 075 .
Non Specifc Bukcher et 3. 2015 Mean power 007 0579 .
Non Spexc e Bucher et 4. 2015 VO2max 0380 023 .
Non Spec dc 006¢ 0379 *—
Specifc Dexheimer et al. (2020) Totsd body strengh (kg 0190 0320 3
Spex dc Dexhemer ot al. (2019) Back squat (kg 0320 0.168 -
Specifc Desheimer et al. (2019) Deadift (g 0360 0.146 : |
Specifc Dexhemer et al. (2019 0380 0123 -
Specibc Bukcher et 3. 2015 CrossFit totd 0880 0655 —n
Spec fc 0478 Q.177
Overs 0345 0085 g
050 0.00 0.50 00
Negative Positve

Fig. 17 Meta-correlation between specific, non-specific protocols and Grace performance. Note: positive indicates positive performance

review. Studies about injuries or psychological variables
were not considered since these topics were previously
discussed in the literature [13, 94]. The non-uniform
criteria relating to training experience required to
qualify as a CrossFit® athlete is the major limitation
of the eligible studies. Consequently, the participants’
level must be discriminated in the sampling descrip-
tion. In most of the studies, a specific workout’s physi-
cal or physiological description did not always consider
the entire training session. Consequently, future stud-
ies should investigate training sessions’ physical and

physiological aspects individually or combined in mic-
rocycles or mesocycles.

Conclusion

CrossFit® seems to align with the recent benefits
described in concurrent training, although they are mod-
ulated by training status and specificity of exercise. The
definition of CrossFit® athlete needs to be considered
in future studies since everyone can perform CrossFit
Open®. In this competition, significant variability in per-
formance and participants’ characteristics are observed,
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influencing the interpretation of results. The correct
manipulation of the training load is an additional issue
for coaches in order to optimize performance and pre-
vent fatigue. Coaches should be aware that the design
and implementation of CrossFit® programs require spe-
cific information about the metabolic demands of each
workout. Consequently, they should use training tools to
control the volume and intensity of training to manage
the training load. In order to interpret performance, pro-
tocols with specific CrossFit® movements should be rou-
tinely applied, even though it was challenging to obtain a
test for all workouts. Therefore, further research needs to
be conducted to characterize workouts that induce dis-
tinct physical and physiological responses.
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