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Observational Trial
Sport-Specific Crossover Point Differences
during a Maximal Oxygen Consumption Test
Joseph R. Stanzione,1 George A. Brooks,2 Michael L. Bruneau, Jr,3 Duncan N. French,4,5 Jennifer A. Nasser,6
Sinclair A. Smith,7 and Stella L. Volpe8
ABSTRACT
Introduction/Purpose: The crossover point occurs during exercise when one
transitions energy substrates from fat to carbohydrate predominance. The cross-
over point varies in an intensity-dependent manner; however, less is known about
its specificity in sports with varying metabolic demands. The purpose of our study
was to determine if various sports yield differences in the time to crossover and
heart rate and percentage of maximal oxygen consumption (V̇O2max) at crossover
during a standardized exercise protocol. Methods: A total of 77 athletes (39
women, 38men; 39.1 ± 10.4 yr of age) weremeasured for respiratory exchange ra-
tio during amodified Taylor V̇O2max treadmill test. Sports included running (n = 20),
triathlon (n = 20), rowing (n = 20), and CrossFit (n = 17). A one-way ANOVA deter-
mined differences in time to crossover. A Kruskal–Wallis test was applied to deter-
mine differences between sport types for percent V̇O2max and heart rate at cross-
over. Bonferroni correction procedures were used to control the family-wise error
rate and maintain alpha levels at P < 0.05. Results: Average time to crossover for
all athletes was 3:43 ± 1:12 min. Times to crossover for runners, triathletes, rowers,
andCrossFit athleteswere 4:16 ± 0:58, 3:28 ± 1:08, 4:00 ± 1:23, and 3:01 ± 0:58min,
respectively. Significant differences were observed between groups for time to
crossover (P= 0.007) and percent V̇O2max at crossover (P = 0.01). Pairwise analyses
revealed that runners had a significantly longer time to crossover compared with
CrossFit athletes (P = 0.009). Triathletes’ percent V̇O2max at crossover was signifi-
cantly lower than rowers (P = 0.04) and runners (P = 0.04).Conclusions:We found
significant differences in time to crossover between runners and CrossFit athletes,
which suggests that substrate use may be dependent on sport type.
INTRODUCTION
The human oxidative energy system produces more energy

than nonoxidative energy systems; therefore, it is an essential
consideration when examining sports performance (1). During
exercise, the oxidative system is characterized by an increase in
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oxygen uptake for the metabolism of en-
ergy substrates at a given exercise fre-
quency, intensity, time, and type. To gener-
ate energy, the human body predominately
relies on the macronutrients of fat and car-
bohydrate as substrates for oxidative phos-
phorylation. At the onset of exercise, there
is a propensity for fat to be used as the pre-
dominant energy substrate (1). However, as
exercise intensity increases, there is a shift
in the propensity from predominantly fat to
predominantly carbohydrate. This shift in
fat to carbohydrate predominance can be
quantified as the crossover point. Brooks
and Mercier (1) first described the cross-
over point based on the principle that fat
use is maximal at lower-intensity exercise
and carbohydrate use is maximal at higher-
intensity exercise.

It is understood that the tendency toward
a substrate is highly dependent on the inten-
sity of the exercise (2). In fact, van Loon and
colleagues (3) confirmed this tendency in
eight cyclists who were exposed to three
30-min stages of increasing intensities. The re-
searchers noted that muscle glycogen and
plasma glucose oxidation rates increased with every increment in
exercise intensity, and subsequent whole-body fat oxidation de-
clined at intensities reaching 75% maximal oxygen consump-
tion (V̇O2max) (3).

Within any specified activity, the level of training status and
type of trainingwill influence crossover point, likely because of
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the metabolic adaptations that take place after repeated expo-
sure to the same activity (4). Other factors that can influence
crossover point include exercise duration, diet, muscle glyco-
gen content, and sex (5). Most would agree that competitive
sports have varying degrees of exercise intensities; therefore,
wewould presume that substrate demandwould vary between
competitive sports. However, there have been few attempts to
categorize crossover point for sport specificity. The purpose of
our study was to analyze sport-specific differences in time to
substrate crossover and heart rate and percent V̇O2max at
crossover point using respiratory exchange ratio (RER) during
a V̇O2max test.

METHODS
Data were obtained as a part of a larger ongoing study

conducted in the Department of Nutrition Sciences at Drexel
University between September 2013 and November 2019.
This study is a cross-sectional analysis of exercise variables in
a population of athletes 18 yr and older. The study includes
two sessions where resting metabolic rate, body composition,
energy expenditure, V̇O2max, and dietary parameters are col-
lected. For the present study, we obtained data from a smaller
subset of the data collected at the second session (V̇O2max test)
of the two-session design. We also collected body composition
data using bioelectrical impedance analysis and dietary data
from food frequency questionnaires as descriptive data.

Participants
Participants were recruited from Philadelphia-area gyms

and sport programs. Participants qualified for the study if they
were nonsmokers who exercised in their sport a minimum of 2
d per calendar week and were 18 yr and older. Participants
were excluded if they had an uncontrolled chronic disease
and/or were unable to participate in exercise, as determined
by a physician. Participants analyzed in these analyses were
master athletes who were operationally defined as those who
were 26 yr and older. Master athletes were chosen because of
equal representation between sport groups in this age range.
Those included in our analyses identified as runners, triath-
letes, rowers, or CrossFit athletes. This study was reviewed
and approved by the Institutional Review Board atDrexel Uni-
versity (No. 1304002037-R008). All participants provided
written informed consent in accordance with the Declaration
of Helsinki for all study procedures before enrollment.

Anthropometric and Body Composition Assessment
Height and body weight were measured using a Seca® 700

balance beam scale (Hamburg, Germany). Height and body
weight were measured twice on a calibrated scale to ensure ac-
curacy, and the average was taken to compute the actual value.
Body mass index (BMI) was calculated from height and body
weight measurements. Body composition was measured using
an InBody© 520 bioelectrical impedance scale (InBody USA,
Cerritos, CA). Metrics obtained from the body composition
analyses were percent body fat (PBF), lean body mass (LBM),
intracellular water content, extracellular water content, and
total body water.

Dietary Information
To assess total energy and macronutrient intakes, each par-

ticipant completed a self-administered 2005 Block Food Fre-
2 Volume 7 • Number 3 • Summer 2022
quency Questionnaire (FFQ; Nutrition Quest©, Berkeley, CA)
(6,7). The FFQ is a previously validated tool that produces data
representative of yearly dietary consumption by asking ques-
tions about dietary habits and specific food consumption. The
FFQ is a 110-food-itemquestionnaire developed based on foods
reported in the National Health and Nutrition Examina-
tion Survey from 1999 to 2002. The FFQ performs comparably
to 4-d diet records in predicting dietary intake (6). Completed
questionnaires were sent to Nutrition Quest© for analysis
and returned to the research team for interpretation and
statistical analysis.

Indirect Calorimetry to Assess V̇O2MAX
For V̇O2max testing, an OxyconMobile Device™ by Vyaire

Medical™ (Yorba Linda, CA) and a laptop operating JLAB
version 5.3x software (Erich Jaeger GmbH, Würzburg,
Germany) were used to measure indirect calorimetry. Partici-
pants were also fitted with a Polar Electro© (model T31) heart
rate monitor (Kempele, Finland) to analyze heart rate during
the testing. The heart rate monitor was fitted directly on the
skin and just below the sternum on the chest. Before testing,
participants were instructed to fast for 6 h and abstained from
exercise, caffeine, and alcohol for at least 12 h.

V̇O2max testing was conducted using amodified Taylor pro-
tocol treadmill test (8). The modified Taylor protocol started
with participants running at a speed of 7 mph for 2 min to
warm-up. Afterward, the speed of the treadmill remained at
7 mph, and the incline of the treadmill increased by 1% grade
every minute until the participant reached volitional exhaus-
tion. If a maximum incline of 12% grade was attained, the in-
cline remained at 12%, and the speed of the treadmill in-
creased by 0.5 mph each minute until the participant signaled
exhaustion. The test was concluded using the criteria of voli-
tional exhaustion, which was determined exclusively by the
participant’s willingness to continue the test. Volitional exhaus-
tion was communicated using verbal cues from the research
team, as well as hand signals from the participants. After ex-
haustion, the speed of the treadmill was reduced to a 2.5-mph
walking pace and returned to a flattened position for 2min dur-
ing the cool-down period. V̇O2max values were also determined
using the following observed criteria: a plateau in oxygen con-
sumption after an increase in grade and a consistent heart rate
at maximal exertion. After the V̇O2max criteria were met,
breath-by-breath data were averaged to 30-s intervals to deter-
mine the final V̇O2max value. Crossover was determined using
RER, which represents the ratio of the volume of carbon diox-
ide produced to the volume of oxygen consumed. Crossover
was operationally defined as an RER that exceeded 0.85 with
no return less than 0.85 for the remainder of the test. These
criteria were chosen because others have reported that an
RER of 0.85 is the point at which energy derived from carbohy-
drate and fat is about equal (9,10). At the crossover point, heart
rate and V̇O2max were also recorded and included in our
statistical analyses.

Statistical Analyses
Sample size was determined a priori using G*Power soft-

ware (version 3.1.9.3). An effect size of 0.48 was determined
using a preliminary analysis of a similar data set (11). It was
determined that to achieve 0.80 power at an alpha level of
0.05, a sample size of 52 individuals (13 per group) was
Crossover Differences between Sports



TABLE 1.
Demographic Information.

All Athletes
(n = 77)

Runners
(n = 20)

Triathletes
(n = 20)

Rowers
(n = 20)

CrossFit Athletes
(n = 17)

Age (yr) 39.1 ± 10.4 37.5 ± 9.7 36.6 ± 8.5 44.5 ± 13.3 39.1 ± 10.4

Height (cm) 173.7 ± 11.2 171.8 ± 10.8 175.9 ± 8.15 176.9 ± 12.2 169.6 ± 12.6

Weight (kg) 77.1 ± 16.7 71.9 ± 12.8 78.7 ± 17.7 81.1 ± 16.4 76.3 ± 19.6

BMI (kg·m−2) 25.4 ± 3.8 24.3 ± 3.4 25.3 ± 4.6 25.8 ± 3.9 26.2 ± 3.3

V̇O2max (mL·kg−1·min−1) 40.7 ± 10.7 41.3 ± 9.0 43.3 ± 9.5 37.8 ± 13.6 40.3 ± 10.1

PBF (%) 24.3 ± 8.8 25.1 ± 8.4 21.5 ± 8.2 26.8 ± 9.6 23.7 ± 8.8

LBM (kg) 54.9 ± 12.1 50.8 ± 11.0 57.5 ± 9.3 56.1 ± 14.0 55.4 ± 13.8

There were no significant differences between groups for all variables. Results are represented as means ± SD.
required. Descriptive statistics (mean ± SD) were used to deter-
mine average age, height, body weight, BMI, V̇O2max, PBF,
LBM, energy intake, carbohydrate intake, protein intake,
and fat intake. A one-way ANOVA was applied to delineate
differences in time to crossover. A Kruskal–Wallis nonpara-
metric test was applied to determine differences between sport
types for percent V̇O2max and heart rate at crossover.
Bonferroni correction procedures were used to control the
family-wise error rate and assess multiple comparisons. All sta-
tistical procedures were performed with the Statistical Package
for the Social Sciences (SPSS) version 25.0 (IBM, Armonk,
NY) with alpha levels set a priori to P < 0.05.
RESULTS
Participant Characteristics

A total of 77 athletes were measured for RER during the
V̇O2max treadmill test (39 women, 38 men; 39.1 ± 10.4 yr of
age). Athletes included 20 runners, 20 triathletes, 20 rowers,
and 17 CrossFit athletes. Demographic and anthropometric
information included age, height, body weight, BMI, V̇O2max,
PBF, and LBM.A full description of the physical characteristics
of the study sample can be found in Table 1. No significant dif-
ferences were found among groups for any of the physical var-
iables included in our analyses (P > 0.05).
TABLE 2.
Dietary Information.

All Athletes
(n = 66)

Runners
(n = 20)

Energy (kcal·d−1) 1899.0 ± 885.7 1965.0 ± 761.3

Carbohydrate (g·d−1) 212.3 ± 125.2 227.3 ± 104.7

Protein (g·d−1) 74.6 ± 30.7 73.0 ± 28.7

Fat (g·d−1) 79.4 ± 32.6 78.8 ± 28.6

There were no significant differences between groups for all variables. Result
because dietary data were missing for two rowers and nine CrossFit athletes.

http://www.acsm-tj.org
Dietary Information
Results of the 2005 Block FFQ included energy, carbohy-

drate, protein, and fat intakes. These data are a representation
of 66 athletes because of missing dietary information from 2
rowers and 9 CrossFit athletes. The findings from the FFQ
can be found in Table 2. No significant differences among
groups were found for any of the dietary variables of the Block
FFQ for the current analysis (P > 0.05).

Crossover Point
The crossover point was operationally defined as the point

at which RER exceeded 0.85 with no return less than 0.85
for the remainder of the test. There was a significant differ-
ence between groups for time to crossover point: runners
(4:16 ± 0:58 min), triathletes (3:28 ± 1:08 min), rowers
(4:00 ± 1:23 min), and CrossFit athletes (3:01 ± 0:58 min;
F3,73 = 4.39, P = 0.007; Table 3, Fig. 1). Post hoc analyses
of pairwise comparisons revealed that runners had a signifi-
cantly longer time to crossover point than CrossFit athletes
(4:16 ± 0:58 vs 3:01 ± 0:58 min; P = 0.009). For percentage
of V̇O2max at crossover point, there were significant differences
among groups: runners (73.0% ± 13.1%), triathletes
(57.5% ± 20.6%), rowers (71.9% ± 17.2%), and CrossFit
athletes (60.2% ± 22.4%; F3,73 = 3.57, P = 0.01; Fig. 2). Post
hoc analyses of pairwise comparisons revealed that triathletes’
Triathletes
(n = 20)

Rowers
(n = 18)

CrossFit Athletes
(n = 8)

2147.3 ± 1208.4 1723.7 ± 702.1 1507.2 ± 327.4

249.6 ± 177.7 176.7 ± 78.0 161.2 ± 66.3

82.7 ± 34.4 73.4 ± 34.2 61.2 ± 8.0

85.7 ± 42.4 77.5 ± 30.7 69.5 ± 14.5

s are represented as means ± SD. The sample size is lower for dietary data
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TABLE 3.
Time to Crossover in All Athletes.

Sport (n) Time to Crossover (min) % V̇O2max at Crossover (%) Heart Rate at Crossover (bpm)

All Athletes (77) 3:43 ± 1:12a 65.9 ± 19.4a 137.3 ± 20.6

Runners (20) 4:16 ± 0:58b 73.0 ± 13.1 141.7 ± 15.1

Triathletes (20) 3:28 ± 1:08 57.5 ± 20.6 126.9 ± 26.7

Rowers (20) 4:00 ± 1:23 71.9 ± 17.2 138.5 ± 20.6

CrossFit athletes (17) 3:01 ± 0:58 60.2 ± 22.4 141.7 ± 15.1
a Significant main-effect difference between all sport groups (P = 0.009).
b Runners’ time to crossover was significantly higher than CrossFit athletes (P = 0.009).
percent V̇O2max at crossover was significantly lower than
rowers (P = 0.04) and runners (P = 0.04). No significant dif-
ferences between groups were observed for heart rate at
crossover (P = 0.06).

DISCUSSION
The primary purpose of our study was to examine if dif-

ferent sport types would yield differences in time to crossover,
heart rate, and percentage of V̇O2max at crossover point during
a standardized exercise protocol. We found that when athletes
of a different sport type were exposed to a standardized proto-
col, they expresseddifferences in their time spent transitioning from
fat to carbohydrate. In addition, we noted that crossover point oc-
curred at different percentages of V̇O2max. Although differ-
ences in fuel use existed for time and percentage of V̇O2max,
crossover point differences were not identifiable from heart
rate, which is somewhat surprising because heart rate has been
previously linked to V̇O2max (12).

All athletes rely on substrates for the production of energy
during exercise, but it seems that exposure to repetitive bouts
of the same sport promotes a metabolic adaptation. For in-
stance, researchers have previously shown that, based on train-
ing status, athletes exhibit higher control over substrate use
(13). Bergouignan and colleagues (13) measured metabolic
Figure 1: Crossover point differences between sport types during V̇O2max tes
athletes (P = 0.009).

4 Volume 7 • Number 3 • Summer 2022
flexibility, defined as “the body’s ability to adapt fuel oxida-
tion to changing fuel availability and energy demand.” These
researchers reported that physical activity level increased vari-
ances in nonprotein respiratory quotients across all partici-
pants (13). Their findings suggest that those with a higher level
of activity may have a higher metabolic flexibility and there-
fore may have a greater affinity for fluctuation between sub-
strate sources.Moreover, their findings support an assumption
of our central hypothesis that sport type, or repeated exposure
to a sport, can elicit meaningful metabolic changes. Our study
is in close alignment with others who have measured crossover
point. Notably, Pettigrew (14) measured crossover point and
found that average percent V̇O2max at crossover was 55%,
with a range of 32% to 78%of V̇O2max. These data are in sim-
ilar to the triathletes in our study who had the closest V̇O2max

(43.3 ± 9.5 mL�kg-1�min-1) compared with the group in the
Pettigrew et al. study (47 mL·kg−1·min−1) (14).

It has previously been shown that exercise intensity level is
positively correlated with RER, suggesting that a higher exer-
cise intensity elicits an earlier use of carbohydrate and thus
an earlier crossover point. Peric and colleagues (15) demon-
strated this finding by examining the contributions of fat and
carbohydrates through progressive exercise intensities. They
reported that, at anaerobic threshold (~58% V̇O2max), there
ting. *Runners had significantly longer time to crossover than CrossFit

Crossover Differences between Sports



Figure 2: Differences in percentage of V̇O2max at crossover point between sport types. Data points represented by dots indicate outliers within sport
group. Triathletes’ percent V̇O2max at crossover was significantly lower than runners (P = 0.04) and rowers (P = 0.04).
was a progressive decrease in total fat oxidation and an increase
in carbohydrate utilization in both athletes and nonathletes
(15). These researchers also reported that at intensities of 87%
V̇O2max, fat oxidation is minimal and carbohydrate use contrib-
utes to almost the entirety of energy production (15). Romijn
and colleagues (16) examined a group of endurance-trained
cyclists andmeasured them using stable isotopes during varying
degrees of exercise intensities. They reported that plasma glu-
cose tissue uptake and muscle glycogen oxidation increased in
relation to exercise intensity (16). They also reported that pe-
ripheral lipolysis was maximal at the lowest exercise intensities,
and fatty acids released into plasma decreased with increasing
exercise intensities (16). In addition, athletes exercising at lower
intensities have a higher propensity to use fat for fuel. Notably,
Goedecke et al. (17) studied a group of endurance-trained cy-
clists, who represented a population participating in low to
moderate exercise intensities. They reported that metabolic
equivalents per day (indicative of exercise volume) were nega-
tively correlated with RER (17). Therefore, the more these en-
durance athletes engaged in daily activity, the higher reliance
they had on fat as an energy substrate. These studies align with
ours and suggest that sports, of varying degrees of intensity and
duration, elicit different energy substrate demands.Our findings
also suggest that CrossFit athletes and those who participate in
higher-intensity activities for shorter durations have a higher use
of carbohydrate as a fuel source, whereas runners have a higher
use of fat as a fuel source. However, previous researchers have
not considered sport type and how repeated exposure to a sport
type can dictate a propensity toward certain fuel sources.

Although our study is the first to analyze differences in sport
types, there have been previous attempts to denote differences
between sport modalities. Knechtle et al. (18) analyzed two
sport types in endurance-trained athletes. They exposed the
participants to a 30-min treadmill protocol and an identical
30-min cycling protocol at 55%, 65%, and 75% V̇O2peak (18).
Most notably, these researchers reported that participants had
significantly higher fat oxidation at all exercise intensities during
running comparedwith cycling (18). In addition, Achten et al. (2)
studied 12moderately trainedmen to determine the intensity that
exercise elicits for maximal fat oxidation. They confirmed that
http://www.acsm-tj.org
running, compared with cycling, elicited a higher rate of fat oxi-
dation, indicating that sport type can dictate fuel use, even within
the same individuals (2).

Our results also revealed that crossover point occurs at dif-
ferent percentages of each sport’s V̇O2max. Specifically, triath-
letes and CrossFit athletes transitioned to using carbohydrate
at lower exercise intensities relative to their V̇O2max compared
with runners and rowers. Therefore, the stimuli of exercise in-
tensity that elicits a transition to higher carbohydrate use is
lower for these athletes compared with runners and rowers.
These results are consistent with other studies that examined
differences in fat oxidation levels between sports (19). Randell
and colleagues (20) measured FATmax, defined as the exercise
intensity at which the maximal fat oxidation was observed,
and found that FATmax varied significantly between athletes
participating in different sports and also between those in the
same sport. It should be noted that FATmax testing is designed
to identify the maximal fat oxidation of an athlete. We did not
use this method because it is not as useful to represent the bal-
ance between carbohydrate and fat as is submaximal testing.

It is important to highlight that there were no significant dif-
ferences between dietary intakes in the athletes in our study.
This finding implies that athletes’ dietary patterns do not differ
despite the metabolic demands of their respective sports.
Hence, this suggests that, even though there are metabolic dif-
ferences between these athletes, they do not differ in their fuel-
ing approaches to exercise. This has important implications,
implying that the metabolic requirements of athletes need to
be differentiated from their specific sport’smetabolic demands.

Our study was not without limitations. Our results consti-
tuted a sample of four different sports; however, three of these
would likely be classified as endurance-type activities, whereas
the other represents an activity with relatively high intensities.
To strengthen our design, it would have been beneficial to repre-
sent a greater diversity of sports types and activity intensities. In
addition, our study operates on the assumption that athletes of a
certain intensity level predominantly train in a similar fashion;
however, it is not safe to assume that CrossFit athletes, for in-
stance, do not participate in any endurance training.Moreover, al-
though we analyzed typical dietary intake, we did not control for
Translational Journal of the ACSM 5



diet before administration of the V̇O2max test. It has been reported
that diet in the weeks leading up to, or as early as 1 d before, test-
ing can have an impact on substrate use (19,21). Standardizing a
diet at least 24 h before the test would have helped with accurate
translation of the findings. In addition, we analyzed athletes for
substrate use during a V̇O2max test, a relatively high-intensity test
that may not be representative of the intensity of the exercise in
which endurance athletes participate. It would therefore have
been more valuable to include a variety of treadmill protocols
that may have better represented the progression of exercise
intensities performed for each of the individual sport types.

To the best of our knowledge, this is the first study to ana-
lyze crossover point differences between various sport types.
Our results support the notion that there are sport-specific dif-
ferences in metabolic adjustments among sports. We theorize
that this may be due tometabolic changes that occur as a result
of repeated exposure to a sport type. Based on our results, it is
clear that sports, specifically those of a polarizing nature—low
to moderate intensity versus high intensity—have different
metabolic demands that manifest themselves through meta-
bolic adaptations toward specific substrates. For instance, we
found significant differences in the transition from fat to carbo-
hydrate substrate predominance across all sport types. More
specifically, CrossFit athletes had an earlier use of carbohy-
drate, whereas runners had a longer duration of fat oxidation
during a V̇O2max test. This is highlighted in Fig. 1, which dem-
onstrates that, after the start of the test, runners were the last
group to reach anRER >0.85. In addition, the level of intensity
that elicited this transition was significantly different between
sport types. This is highlighted in Fig. 2, which demonstrates
that, on average, triathletes had a significantly lower percent
V̇O2max at the crossover point compared with runners and
rowers. Therefore, the use of certain substrates at relative in-
tensities may be dependent on the specific type of sport or ex-
ercise in which the athlete engages as part of their training pro-
gram. This is valuable for understanding the optimization of
sport performance considering sport specificity. Based on the
information herein, we hypothesize that dietary considerations
for specific training methods should be a focus of athletes be-
cause, if they can improve the efficiency of their metabolism
for their sport, they may be able to improve their performance
outcomes. This has practical implications for those participat-
ing in different modes of exercise and how their bodies meta-
bolically respond to the exercise stimuli. Furthermore, our re-
sults may imply inherent differences in how athletes of differ-
ent sport modalities have sport-specific nutritional needs.
Nonetheless, our results have yet to be elucidated. Further
analyses should consider alterations in substrate use through
dietary and training approaches, and how they influence per-
formance outcomes for different sport modalities.

The authors would like to thank all of the participants who
volunteered for the study. The authors would also like to thank all
the students who worked in the Department of Nutrition Sciences’
6 Volume 7 • Number 3 • Summer 2022
Metabolic Laboratory at Drexel University to make this study possi-
ble. The results of the present study do not constitute endorsement
by the American College of Sports Medicine.

The authors declare no conflicts of interest. There was no
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