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ABSTRACT

MCLEAN, S. P., D. PALMER, G. ICE, M. TRUIJENS, and J. C. SMITH. Oxygen Uptake Response to Stroke Rate Manipulation in
Freestyle Swimming. Med. Sci. Sports Exerc., Vol. 42, No. 10, pp. 1909-1913, 2010. During gait, humans choose a combination of step
length and step rate that minimizes VO,. However, little work has been reported on the existence of such optimization in swimming.
Purpose: The purpose of this study was to examine the manipulation of stroke rate on VO, in submaximal, constant speed freestyle
swimming. Methods: Preferred stroke rate for swimming freestyle at 1.0 m's ' in a flume was determined for 10 competitive swimmers
(mean + SD: age = 33.3 + 13.6 yr, height = 175.3 + 8.6 cm, weight = 74.9 + 12.2 kg). Participants then completed flume swims at
1.0 ms™! with stroke rates equal to —20%, —10%, 0%, +10%, and +20% of their preferred stroke rate in a randomized order during
which VO, was continuously monitored. Each trial continued for 1 min after steady-state VO, was verified (~4—5 min). During the final
minute of each trial, VO, was measured using the Douglas bag technique, HR was recorded, and kick rate (KR) was computed using the
time needed to complete 30 kicks. RPE was reported immediately after each trial. Results: VO, increased 11%—16% (P < 0.05) when
stroke rate was reduced but was nominally affected when stroke rate was increased. Likewise, HR increased 4%—6% (P < 0.05), and RPE
increased 15%-30% (P < 0.05) when stroke rate was reduced but not affected when stroke rate was increased. Conclusions: These data
suggest that these swimmers preferred to swim freestyle at the lowest stroke rate (or the longest stroke length) that did not require an

increase in VO,. Key Words: ECONOMY, AEROBIC DEMAND, PREFERRED CADENCE, KICKING

n cyclical forms of locomotion, average speed (S) is the

product of the average length of distance covered in

each cycle (CL) and the average number of cycles
completed in a prescribed time (CR); S = CLx CR. When
running and walking, a person chooses a combination of
stride length and stride rate that minimizes oxygen uptake
(VO,) at a given speed (1,4-6,13,21). Deviation from this
optimal combination of stride length and stride rate results
in a marked increase in VO,, suggesting that minimizing
energy cost may be an important factor contributing to ca-
dence determination in cyclical forms of locomotion.

Like running, a similar U-shaped response of VO, has
been observed for variations in cycling cadence. Trained cy-
clists typically demonstrate minimum oxygen cost at a ca-
dence of approximately 60 rpm, but unlike running, cyclists
prefer to choose a cadence that is approximately 50% greater
(90 rpm) than the cadence at which VO, is minimized, per-

Address for correspondence: Scott P. McLean, Ph.D., Kinesiology Depart-
ment, Southwestern University, 1001 E. University Ave., Georgetown, TX
78626; E-mail: mcleans@southwestern.edu.

Submitted for publication August 2009.

Accepted for publication February 2010.

0195-9131/10/4210-1909/0
MEDICINE & SCIENCE IN SPORTS & EXERCISEg
Copyright © 2010 by the American College of Sports Medicine

DOI: 10.1249/MSS.0b013e3181d9ee87

haps to minimize muscle stress (10). Thus, the choice of cycle
rate is not simply determined by minimizing energy cost.

Given the U-shaped response of VO, to changes in cycle
rate in constant speed gait and cycling, it is reasonable to
expect such a relationship for swimming as another cyclical
form of locomotion. However, data to support such a claim
are limited. Using five stroke rate (SR) conditions ranging
from 0.68 to 0.87 strokes per second, Swaine and Reilly (15)
reported that average swimming speed was maximized at the
median SR of 0.77 strokes per second. Furthermore, when
these SR were used during simulated maximal effort swim-
ming on a swim bench ergometer, VO, was also maximized
at the median SR (15). Yet, Pawelczyk et al. (12) presented
preliminary data, indicating that when swimming speed was
held constant, variations in stroke length (SL) up to +10% of
freely chosen SL at a swimming speed of 1.0 ms ™" in flume
swimming trials resulted in only small variations in HR
and VO,.

Considering the mechanical differences between swim-
ming and other forms of cyclical locomotion, the limited
study of SR variation on swimming economy, and the
equivocal results of these studies, it is not clear what rela-
tionship exists between oxygen uptake and SL or SR at a
constant speed in swimming. However, such information
would prove useful for understanding human movement
optimization as well as for providing data upon which
decisions about choosing and/or training stroke character-
istics can be based. Therefore, the purpose of this project
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was to determine the effect of SL and SR manipulation on
the physiological response when swimming at a constant
submaximal speed. It was hypothesized that deviation from
preferred SR will result in increased VO, and HR and that
this deviation will be a U-shaped response.

METHODS

Participants. Six male and four female experienced
middle-distance freestyle swimmers currently participating
in a masters or collegiate swimming program (mean * SD:
age = 33.3 £ 13.6 yr, height = 175.3 + 8.6 cm, weight =
74.9 £ 12.2 kg) volunteered to participate in the study. The
data reported are representative of the nine swimmers who
completed all stages of data collection. All participants
provided informed consent to participate as approved by the
institutional review board of Southwestern University.

Study design. Participants completed all swimming
trials in a flume (Unidyne, Minneapolis, MN) that provided
a2.4 x 4.7-m area of flow that varied in depth from 0.6 m at
the sides to 1.2 m in the center of the channel. Flow speed in
the flume was measured at a depth of 1 ft below the water
surface (£0.03 m's~ ') using an FP101 flow probe (Global
Water, Gold River, CA). All trials were completed at a speed
of 1.0 m's™". This speed was chosen on the basis of pilot
data to accommodate the demanding requirements of the
—20% SR condition (i.e., the longest SL). SR was manip-
ulated using an aquatic metronome (Finis Tempo Trainer,
Finis USA, Livermore, CA) that emitted an audible tone at
a programmed frequency. This device was placed under a
swim cap near the swimmer’s temple. The metronome fre-
quency was twice the target SR such that the swimmer was
asked to match alternating hand entries to the frequency.

Participants first completed a 5-min accommodation free-
style swim in the flume without the use of the metronome,
hereafter called the free swimming trial. Stroke counts made
for 30-s intervals during each of the last 3 min of this swim
were averaged and used to compute preferred SR.

Participants were then fitted with a specially designed
respiratory valve that fixed the inspiratory and expiratory
tubes vertically parallel. The valves in the inspiratory and
expiratory tubing were placed in an extension of the mouth-
piece to ensure a minimal “dead space” of 30 mL (16,17).
The inspiratory tube (length = 1.65 m, diameter = 36 mm)
was open to atmospheric air. Expired gasses passed through
0.74 m of 36-mm-diameter tubing to the gas analysis system.

Participants were then accommodated to swimming with this
device in place by completing a minimum of 5 min of free-
style swimming and continued until the participants reported
that they felt comfortable swimming with the respiratory
valve in place.

Participants then completed a series of five freestyle
swims during which oxygen uptake was monitored. Five SR
conditions, 0%, £10%, and £20% of preferred SR, were
randomly presented. The participants were not informed of
the SR but were instructed to simply match their SR to
the frequency of the metronome. Each swim continued
for 1 min after steady-state oxygen uptake was established
(~4-5 min). Immediately after completion of each trial,
participants indicated their RPE using the Borg scale. Par-
ticipants were given a rest period that lasted no longer than
4 min during which the metronome was removed, repro-
grammed, and replaced on the swimmer.

Measures. Oxygen uptake was measured simulta-
neously with the Douglas bag technique and an online sys-
tem for breath-by-breath measurements. Douglas bags were
considered standard for all VO, measurements. Breath-by-
breath data served as backup and were used for identifica-
tion of steady states. The online system for breath-by-breath
measurements consisted of four one-way valves to direct
flow, two sample lines to measure gas fractions, and a tur-
bine flow meter (VMM, Interface Associates, Aliso Viejo,
CA) to measure ventilation. Breath-by-breath data were
stored on a computer and analyzed using customized soft-
ware. The Douglas bag gas fractions were analyzed by a
mass spectrometer (Marquette MGA 1100, St. Louis, MO)
calibrated before each test. Ventilatory volume was mea-
sured with a Tissot spirometer. HR was recorded using a
Polar S610i HR monitor (Polar USA, Lake Success, NY)
and was averaged across the final minute of data collection
to correspond to steady-state VO,.

SR was monitored during each minute of each trial by
measuring the time needed to complete 10 stroke cycles.
These values were compared with target values to ensure
that the swimmer maintained the appropriate SR. A video
camera operating at 60 Hz was positioned to record under-
water stroke movements through an underwater window
located in the flume. From the video recording, kick rate
(KR) was determined by measuring the time needed to
complete 60 kicks (30 kick cycles) during the final minute of
each trial.

Analysis. A one-way repeated-measures analysis of var-
iance with a Tukey post hoc analysis was used to evaluate

TABLE 1. Mean (SEM) stroke rate (SR) and kick rate (KR) data expressed as absolute measures and relative to the preferred swimming condition.

SR KR

Absolute (strokess ™) Relative (%) Absolute (kicks's™") Relative (%)
—20% 0.40 (0.01)* —18.5 (0.8) 3.8* (0.3) 49.3 (10.0)
—-10% 0.45 (0.01)* —9.8 (0.3) 3.1%(0.3) 23.4 (11.2)
Preferred free swimming 0.50 (0.01)
0% 0.50 (0.02) 0.0 (0.4) 2.6 (0.2) 0
+10% 0.55 (0.02)* 10.1 (1.0) 2.7 (0.3) 5.3 (6.8)
+20% 0.60 (0.02)* 18.8 (1.3) 2.8 (0.3) 7.7 (7.7)

* Significantly different from 0% condition (P < 0.05).
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changes in VO, as a function of SR, with VO, as the repeated
dependent variable and five levels of SR as the independent
variable. Partial n* and Rosenthal’s (14) effect size (ES) were
reported to aid interpretation of mean comparisons. Similar
repeated-measures ANOVA were used to evaluate RPE, HR,
and KR data as a function of SR.

RESULTS

When using a metronome to control SR, swimmers were
able to match SR to the predetermined frequency across all
conditions (Table 1). Furthermore, on the basis of the results
of a dependent #-test, preferred SR, as measured during the
free swimming trial (i.e., no metronome), was not different
from the measured SR during the 0% preferred SR trial
(i.e., with metronome) (#8) = 1.01, P = 0.341). Differences
between the measured SR for the five SR conditions were
verified using a one-way repeated-measures ANOVA
(F(4, 32) = 1146.2, P < 0.001, partial n* = 0.993) with
pairwise comparisons, indicating that all SR were signifi-
cantly different (P < 0.001) from each other. KR was sig-
nificantly affected by altering SR from the preferred cadence
(F(4, 32) = 10.371, P < 0.001, partial n* = 0.565). Specifi-
cally, when SR was decreased by 10%, KR increased by
21% (P = 0.107, ES = 0.72) compared with the KR mea-
sured at the preferred cadence and by 36% (P < 0.001, ES =
0.95) when SR was decreased by 20%. However, when SR
was increased above the preferred cadence, KR increased by
a modest 5%—-8%, which was not significantly increased
relative to that measured at the preferred SR.

Oxygen uptake was significantly (F(4, 32) = 12.012,
P = 0.002, partial > = 0.60) affected by altering SR from
the preferred cadence (Fig. 1). Specifically, VO, increased
by 11.4% (P = 0.015, ES = 0.73) over the VO, at the pre-
ferred cadence when SR was decreased by 10% and by
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FIGURE 1—Mean oxygen uptake (SEM) and mean HR (SEM) plotted
as a function of SR condition expressed as a percentage of preferred
SR (mean values significantly different than 0% condition, P < 0.05
denoted by horizontal lines).
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FIGURE 2—Mean RPE (SEM) plotted as a function of SR condition
expressed as a percentage of preferred SR (mean values significantly
different than 0% condition, P < 0.05 denoted by horizontal lines).
Mean oxygen uptake (SEM) plotted as function of SR condition for
comparison.

16.4% (P < 0.001, ES = 1.11) when SR was decreased by
20%. However, when SR was increased above the preferred
cadence, VO, was not significantly increased relative to that
measured at the preferred SR (ES = 0.22 and 0.03 at +10%
and +20% SR, respectively).

Similarly, HR was significantly (F(4, 32) = 8.728,
P <0.001, partial n> = 0.52) affected by altering SR from the
preferred cadence (Fig. 1). When SR was decreased by 10%,
HR increased by 4.0% (P = 0.039, ES = 0.31) compared
with the HR measured at the preferred cadence and by 6.1%
(P =0.001, ES = 0.46) when SR was decreased by 20%.
However, when SR was increased above the preferred ca-
dence, HR was not significantly increased relative to that
measured at the preferred SR (ES = 0.04 and 0.15 at +10%
and +20% SR, respectively).

RPE was significantly (F(4, 32) = 9.466, P < 0.001, par-
tial n* = 0.54) affected by altering SR from the preferred
cadence (Fig. 2). Specifically, when SR was decreased
by 10%, RPE increased by 15.4% (P = 0.106, ES = 0.91)
compared with the RPE measured at the preferred cadence
and by 29.8% (P < 0.001, ES = 1.44) when SR was de-
creased by 20%. However, when SR was increased above
the preferred cadence, RPE was not significantly increased
relative to that measured at the preferred SR (ES = 0.16 and
0.41 at +10% and +20% SR, respectively).

DISCUSSION

Numerous studies have examined the manipulation of
cycle length and rate on physiological demands but only for
activities that have little, if any, upper-body contribution to
movement speed. The present study demonstrated that in
swimming, an activity that derives substantial propulsion
from the arms, alterations in SR accounted for more than
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60% of the variance in VO, and 52% of the variance in
HR. Although visual inspection of these data suggested a U-
shaped response across SR conditions, when these data were
fit to a quadratic equation, the coefficient of the quadratic
term in these fits was not significantly different from zero
(P =0.17 and 0.43, respectively). This suggested that in this
sample of participants, these physiological responses did
not follow the U-shaped pattern observed in other forms of
locomotion.

Although alterations in SR did not produce U-shaped
responses in VO, and HR, the response to reducing SR (i.e.,
lengthening SL) was an increased VO, and HR, which was
similar to what has been observed in leg-dominated cyclical
activities. When walking, a 5% deviation in stride rate
resulted in an 8%—10% increase in VO, (6), whereas a 10%
reduction in SR achieved a similar 11% increase in VO,.
However, an increased SR did not substantially increase
VO, or HR when swimming. This response was unlike that
reported for arm cranking, another form of exercise depen-
dent on the upper extremity, where aerobic demand was
minimized at lower cadences (13) and preferred cadences
were higher than the most economical cadence (19).

Unlike gait or cycling, swimming is a movement that
relies heavily on the interaction of upper- and lower-body
movements (20). Propulsion in swimming is generated from
the actions of the arms and the legs. Alterations in these
propulsive components across conditions may have affected
VO,. Swimming with a lower SR was accompanied by a
substantial increase in KR. This increase in KR paralleled
the increase in VO,, suggesting that a greater degree of in-
volvement of the muscle mass in the legs likely accounted
for the increased oxygen uptake (Fig. 3).

As a whole body activity, swimming may not be charac-
terized by the typical U-shaped response in VO, and HR
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FIGURE 3—Mean kick rate (SEM) plotted as a function of SR condi-
tion expressed as a percentage of preferred SR (mean values signifi-
cantly different than 0% condition, P < 0.05 denoted by horizontal
lines). Mean oxygen uptake (SEM) plotted as function of SR condition
for comparison.

because the contributions from the upper- and lower-body
change disproportionately to meet the demands of the con-
ditions. At lower SR, higher KR are used to maintain speed
and vice versa. Given that VO, remains relatively stable at
higher SR, these data suggest that swimmers choose an SR
that keeps VO, low but with the longest SL. This is unlike
cyclists who choose a cadence higher than the most eco-
nomical or runners who choose a stride rate that minimizes
VO, (10).

Contrary to the present study, increasing cycle rate in
constant power arm-cranking exercise increased submaxi-
mal oxygen consumption (8,9). It is possible that the phys-
iological response may have been different if the movement
was constrained to the arms only, but such a situation would
not adequately portray a natural swimming movement and
may have had unintended consequences on body position.
Yanai (20) describes the interaction of the upper- and lower-
body movements in freestyle swimming and how they con-
tribute to “maintaining the bodyroll cycle” (p. 38). This
suggests that the upper- and lower-body movements are
coupled and necessary in swimming freestyle. When per-
forming an arms-only condition, the legs would have been
either left to drag behind the swimmer or needed to be
supported (such as by a pull buoy). Letting them drag behind
the swimmer would have resulted in increased drag because
of the legs dropping further below the surface and creating a
greater frontal area exposed to the oncoming flow of water.
This would have increased the demand on the arms to
overcome this drag and inflated the oxygen consumption
costs. Conversely, if the legs were supported by a pull buoy,
then the body position may have been artificially improved
by raising the legs higher in the water than naturally occur-
ring. This would reduce the frontal area exposed to the on-
coming flow of water and reduce drag. In turn, this would
artificially reduce oxygen consumption. Despite the attrac-
tion of using an arms-only condition, the inclusion of kick-
ing was deemed to be necessary given the desire to study
natural swimming movements. The choice to use whole
body swimming in the current study precluded examination
of separate upper- and lower-body contributions to swim-
ming economy, but given the interaction of these compo-
nents, it may not be possible to examine these contributions
separately.

The relationship of cycle length and cadence to speed
varies with mode of locomotion. For example, runners ini-
tially increase speed by increasing stride length while main-
taining stride rate (7). Further increases in running speed are
the result of increased stride rate while stride length is main-
tained. In contrast, Craig and Pendergast (3) found that
swimmers sacrifice SL while increasing SR to increase speed.
Thus, an emphasis in the coaching of competitive swimming
has been to increase speed by increasing SL without sacri-
ficing SR. Although the present study offers little insight as to
adaptations associated with this type of training, it is impor-
tant to understand the physiological cost and technique
changes associated with such strategies. The current study
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suggests that, at least initially, acute increases in SL will result
in substantially greater VO,, perhaps because of a substan-
tially higher KR. Longitudinally, increases in swimming
speed have been associated with increases in SL (2,18). This
suggests that improvements in SL. with experienced swim-
mers may develop naturally with training and improved fit-
ness, thus limiting the need to expose the swimmers to the
consequences of acute changes in SL.

Although the physiological responses to altering cadence
did not follow the U-shaped pattern observed in other forms
of locomotion, the absence of this pattern in the psycho-
logical response was not as clear. For the +20% SR condi-
tion, RPE increased 8% over that reported for the preferred
SR. This change was characterized by a moderate effect size
(ES = 0.41), suggesting an elevated perception of effort at
the higher SR. Furthermore, when the RPE data were fit to a
quadratic equation, the coefficient of the quadratic term was
significantly different from zero (P = 0.003). This suggested
that the U-shaped response was present in these data despite
the lack of significant differences between the preferred SR
condition and the higher SR conditions. Thus, at least in
the analysis of RPE, it was possible that a type II error
existed. If such errors occurred in the analyses, increasing
the number of participants studied may have revealed psy-
chological and possibly physiological responses at the
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