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Context: Swimming technique is widely believed to influence performance, but this relationship has rarely been tested
objectively using a real-time poolside assessment.Objective: To determine the (1) test–retest reliability, interrater reliability, and
criterion validity (live vs video) of real-time poolside assessment of upper limb (UL) errors in front crawl (FC) swimming
technique and (2) the relationship between UL errors and FC swimming performance. Design: Cross-sectional reliability,
validity, and correlational study. Setting: Swim team practice at a college natatorium. Participants: Thirty-nine Division III
college swimmers (21 women and 18 men, age = 19 [1] y, swimming experience = 11 [3] y). Main Outcome Measures: Seven
UL errors in FC swimming technique, many of which involved unnecessary vertical and mediolateral motions, were assessed in
real time from outside the pool during swim practice. Test–retest reliability, interrater reliability, and criterion validity were
calculated using Cohen kappa (κ) and weighted kappa (κw). Swimming performance was determined by the participants’ best FC
events relative to the conference records. The correlation between total UL errors and FC swimming performance was assessed
with Pearson r. Results: Cohen κ and κw were moderate for the majority of errors, with the following ranges: 0.46 to 0.90
(test–retest), −0.01 to 1.00 (interrater), and 0.36 to 0.66 (criterion validity). There was a significant correlation between total UL
errors and FC swimming performance: r(24) = −.59 (P = .001, R2 = .35). Conclusions:Reliability and validity were moderate for
the majority of errors. The fewer UL errors swimmers made while practicing FC, the faster their best FC race times tended to be
relative to the conference record. UL errors in FC swimming technique explained 35% of the variance in performance.
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Swimming performance is dictated by the multifactorial
interplay of anthropometric, physiological, psychological, tacti-
cal, and biomechanical factors.1,2 Of these factors, biomechanics
tends to receive the most attention during a typical training
session.3 Methods for addressing swimmers’ biomechanics in
training range from drills (eg, closed-fist swimming, catch-up
drill, the “swim golf” game) to attentional focus while swimming
(eg, “distance per stroke,” “long and strong”) and individual
coaching instructions.1 Previous studies have used a variety of
tools to quantify swimming biomechanics, from 2- and 3-dimen-
sional motion capture4 and inertial measurement units5 to
computational fluid dynamics.6 At the most fundamental level,
studies of kinematics have established that long stroke lengths
and high stroke rates maximize speed.7 Studies of swimming
kinetics demonstrate that fast swimming requires maximal pro-
pulsive forces and minimal drag.8

For coaches and swimmers, practical application of these
kinematics and kinetics findings can be limited.9,10 Most swim
coaches have neither the equipment nor the expertise to undertake
sophisticated quantitative biomechanical analyses.3 In addition, the
insights that such studies provide are mostly on a macroscopic,
whole-body scale.11 What would be most useful for practitioners
would be an objective system for qualitatively assessing proper

segmental kinematics, known in sports vernacular as “swimming
technique.”10,11 Examples of such parameters include a high elbow
and lateral (away from the midline) hand path during the under-
water pull-through phase of the stroke (Figure 1).6

Few qualitative assessments of competitive swimming tech-
nique have been published.12–14 One was an interrater reliability
study, which found significant differences between 2 evaluators’
technique ratings of 20 adolescent swimmers.14 Two studies
measured the prevalence of technique errors during front crawl
(FC) swimming.12,13 Prevalence of errors ranged from one-third to
two-thirds in age group swimmers13 as well as college swimmers.12

Virag et al12 designed their assessment based on injury risk to the
shoulder. They suggested that technique errors may impair perfor-
mance, but they did not test this relationship.

To our knowledge, only 3 English language studies have
directly reported on the relationship between swimming technique
and performance.15–17 In two of the studies, better FC technique
was associated with faster swimming times in 12 state-level and
national-level Australian swimmers (r = −.75)15 and 67 adolescent
swimmers (r = −.32).16 However, in both studies, technique was
rated subjectively on 10- or 20-point scales (from “poor” to
“excellent” or “near perfect”) with no objective scoring criteria.
Silva et al17 also found correlations between FC technique and
performance ranging from .40 to .51 in a sample of 73 adolescent
female swimmers. Interestingly, though, Silva et al17 did not find
these same relationships in the 65 males in their study. Although
Silva et al17 did report using objective scoring criteria, they did
not describe those criteria in detail. Moreover, Silva et al17 and
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Sacilotto et al15 used above water and underwater video, which
limits feasibility as some coaches do not have access to this
technology.3 In the Virag et al12 study, the investigators rated
only 1 stroke cycle. Given the variability between strokes, 1
stroke likely is not sufficient to fully represent technique.5 For a
technique assessment to be representative, field expedient, and
timely in terms of feedback for the athlete, coaches should be
able to administer it in real time from outside the pool.

Thus, a reliable and valid real-time poolside method for
objectively assessing swimming technique relative to performance
is needed. Such a tool could remove technological barriers and add
rigor to technique assessment by reducing subjectivity in identify-
ing errors and facilitating documentation and progress tracking.3

To this end, this study had 2 objectives. The primary objective was
to determine the test–retest reliability, interrater reliability, and
criterion validity (live vs video) of real-time poolside assessment of
upper limb (UL) errors in FC swimming technique. Of the 4
competition strokes, we chose FC because it predominates racing
and training volume. We focused on the UL because it provides
upward of 85% of the propulsion in FC.1 The secondary objective
of the study was to examine the relationship between UL errors and
FC swimming performance. Based on previous reliability data and
correlation magnitudes,12,14–17 we hypothesized that the UL errors
would have at least moderate reliability and be moderately corre-
lated with performance. For the assessment to be practically useful,
minimums of moderate reliability and correlation with perfor-
mance have been recommended.18

Methods

Design

This was a cross-sectional reliability, validity, and correlational
study. It was conducted in conjunction with a prospective study
investigating intrinsic and extrinsic risk factors for injury in
swimmers.19,20

Participants

Thirty-nine National Collegiate Athletic Association Division III
college swimmers (Table 1) provided informed consent to partici-
pate in this study in accordance with the Declaration of Helsinki.
This study was approved by the Drexel University Institutional
Review Board. Swimmers were included if they were at least
18 years of age, members of a Division III swim team, and
medically cleared to participate in sport. An a priori power analysis
for a correlation between errors and performance suggested a
sample size of 29 (input parameters of α = .05, power = 0.8, and
r = .5) (G*Power, version 3.1).21

Assessment of UL Errors in FC Swimming
Technique

Seven UL errors in FC swimming technique were assessed during
the various phases of the stroke (Figure 1). We adapted these errors
from a previous study that focused on injury risk to the shoulder.12

To ensure that the assessment was comprehensive, we also inter-
viewed 5 current or former National Collegiate Athletic Associa-
tion Division I swim coaches. The coaches were a mean (SD) of 40
(8) years old and had a mean (SD) of 18 (8) years of coaching
experience. In the interviews, the coaches unanimously endorsed
the errors from the previous study and did not propose any
additional errors.12 Compared with that previous study, we modi-
fied rating criteria for some errors or defined themmore specifically
in an effort to improve reliability. Many of the techniques that we
considered errors were characterized by unnecessary vertical and
mediolateral motions that did not directly contribute to forward
propulsion.6,8 Descriptions and images of the errors are provided in
Table 2 and Figure 2, respectively. We observed 6 of the 7 errors
bilaterally, resulting in a maximum total UL error score of 13.

Procedures

During the first month of the swimmers’ college season, the
principal investigator (a biomechanist and former college swimmer
with 6 y of movement analysis experience) assessed the swimmers’
FC for UL errors. The investigator was naïve to the swimmers
and their technical and performance abilities. The rater observed
from the end of a short-course, 25-yard pool during normal swim
practice while participants swam FC at a moderate speed (ie, FC
that was not warm-up, drill, sprint, or cooldown). To minimize the
observer effect, we did not inform participants when we were
assessing them. To consider an error present, the rater had to detect
it on an estimated 51% or more of the strokes in a lap (ie, more than
half). The rater concentrated on 1 error each lap (both left and right
sides simultaneously) but was allowed to observe as many laps
as necessary, which usually totaled to 8 to 12 laps per swimmer
(200–300 yards). Our data collection sheet for the UL errors in FC
swimming technique is available in the Supplementary Material
(available online).

For test–retest reliability, we selected 30 participants at ran-
dom and rated them a second time. The mean (SD) time between
ratings was 16 (5) days. Team logistics dictated the length and
variability of time between ratings. Due to a finite volume of
moderate-pace FC training, we could rate a mean (SD) of only 5 (2)
swimmers per day, and some swimmers only trained FC occasion-
ally. For interrater reliability, a second rater (a swim coach with 8 y
of experience) underwent two 1-hour training sessions. The pur-
pose of the first training session was to familiarize the second rater
with the errors. The second session consisted of practice ratings

Figure 1 — Phases of the front crawl swimming stroke: (A) recovery,
(B) hand entry, and (C) underwater pull through.
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with feedback. In the reliability study, the second rater assessed 28
randomly selected participants poolside at the same time as the first
rater assessed them. The raters were blinded to each other’s scores.

For criterion validity, a professional videographer video re-
corded 4 nonconsecutive laps of FC swimming from above water
for 30 randomly selected participants. We pulled participants out
from normal practice and put them into an end lane of the pool for
approximately 2 minutes of filming. The videographer recorded
from the front and back (transverse plane view) (HC-V770 cam-
corder, Panasonic) as well as while walking alongside the swimmer
(sagittal plane view) (EOS 5D Mark IV camera, Canon Inc). The
swimmers’ mean (SD) pace per 25-yard lap was 14 (1) seconds.
The principal investigator rated the videos, documenting and
tallying errors on each stroke individually. The rater was blinded
to the name of the swimmer on video. The rater was able to slow the
videos down and watch them as many times as necessary. The same
51% threshold was imposed for an error to be considered present
on video. The video ratings served as the standard against which

Table 1 Participant Demographics

Category Value

Sex 21 women and 18 men

Age, y, median (IQR) 19 (3)

Height, m, median (IQR) 1.73 (0.18)

Body mass, kg, mean (SD) 70.0 (11.0)

Body mass index, kg/m2, mean (SD) 22.8 (2.3)

Dominant hand 34 right and 5 left

Weekly training volume, km, mean (SD) 24.2 (3.4)20

Competitive swimming experience, y,
median (IQR)

11 (3)

Months/year swum, median (IQR) 10 (4)

Self-reported training group 19 sprint
8 middistance
12 distance

Abbreviation: IQR, interquartile range.

Table 2 Description of Upper Limb Errors in Front Crawl Swimming Technique

Stroke
phase

Technique
parameter Error(s) Description

Viewing
angle

Location of
error Laterality

Recovery Arm recovery Straight arm Recovering with wrist higher than elbow Back Above water Both sides

Recovery Shoulder roll Flat or
excessive

Flat (<30°) or excessive rotation (>60°) Back Above water Both sides

Hand entry Hand position Crossover Hand crossing over midline of body instead of in line
with shoulder

Front Above water Both sides

Hand entry Hand orientation Thumb first Hand entering water with thumb first instead of
fingertips

Front Surface of
water

Both sides

Pull
through

Elbow position Dropped
elbow

Failure to maintain high elbow Front Below water Both sides

Pull
through

Hand path Cross under Hand crossing over midline of body instead of
pulling straight back

Front Below water Both sides

Throughout Head orientation Up or down Looking up toward wall or looking down toward feet Back Surface water —

Figure 2 — Images of UL errors assessed in FC swimming technique. FC indicates front crawl; L, left; R, right; UL, upper limb.
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we compared live ratings for criterion validity.4 To confirm video
as the reference standard, we rated a random subset of 10 parti-
cipants’ videos twice and found 87% agreement across errors
between ratings.

For FC swimming performance, we extracted race times from
end-of-season championship meet results (approximately 5 mo
after the start-of-season assessment of UL errors) for the 50-, 100-,
200-, 500-, 1000-, and 1650-yard FCs.22 To synthesize data across
distances and sexes in a fair and consistent manner, we calculated
percentages relative to the conference record in each race (confer-
ence record time divided by participant’s time). For example, we
would divide a conference record of 23.45 seconds in the women’s
50-yard FC by a participant’s time of 24.38 seconds to yield a score
of 96.2%. If a participant raced multiple FC events, we used their
highest percentage score.

Statistical Analyses

We calculated UL error prevalence as the number of swimmers
who committed the error divided by the total number of swim-
mers that the primary investigator observed during the first test
session. We evaluated reliability and criterion validity with
percent agreement and Cohen kappa coefficient (κ) for dichoto-
mous errors or quadratic weighted kappa coefficients (κw) for
trichotomous errors (shoulder roll and head orientation). We
interpreted these κ and κw as follows: <0 (no agreement), 0 to
0.20 (slight agreement), 0.21 to 0.40 (fair agreement), 0.41 to
0.60 (moderate agreement), 0.61 to 0.80 (substantial agreement),
and 0.81 to 0.99 (almost perfect agreement).18 We calculated
a total UL error score as the sum of the errors with at least
moderate test–retest agreement. From the test and retest total UL
error scores, we calculated an intraclass correlation coefficient
(ICC(3,1)) along with a minimum detectable difference 95%.We
interpreted the ICC as follows: <.5 (poor), .5 to .75 (moderate),
.75 to .90 (good), and >.9 (excellent).18

To assess the relationship between UL errors in FC swimming
and performance, we correlated the total UL error scores from the

principal investigator’s first rating session with performance rela-
tive to conference record using Pearson correlation coefficient (r).
We interpreted the correlation as follows: little to none (0–.25), fair
(.25–.50), moderate to good (.50–.75), and good to excellent
(>.75).18 We set statistical significance at α = .05, and we con-
ducted analyses in SPSS (version 25, IBM Corp).

Results

Prevalence, Reliability, and Criterion Validity
of Technique Errors

The 39 participants made a mean (SD) of 3 (2) total UL errors
(range from 0 to 7) in FC swimming technique. We did not observe
1 technique error (dropped elbow pull through) in any of the
swimmers’ strokes on their left or right sides. Prevalence for the
other 11 errors ranged from 5% to 39% (Table 3). For test–retest
reliability, interrater reliability, and criterion validity, mean per-
centage agreements were 86%, 82%, and 79%, respectively. Of the
11 errors with nonzero prevalence, all of the test–retest reliability κ
and κw indicated moderate, substantial, or almost perfect agree-
ment. The test–retest reliability ICC for the total UL error score was
moderate: ICC(3,1) = .68 (95% confidence interval, 0.43 to 0.83)
with a corresponding minimum detectable difference 95% of 2
errors. Seven of those 11 interrater reliability κ and κw achieved
moderate agreement or better; the other 4 errors ranged from no
agreement to fair agreement (Table 3). Poolside live rating ex-
hibited at least moderate agreement with video (ie, criterion valid-
ity) for 9 out of 11 errors, with agreement on the remaining 2 errors
considered fair (Table 3).

Relationship Between UL Errors and FC Swimming
Performance

Of the 39 study participants, 27 swam individual FC races at the
end-of-season championship meets. Of those 27 swimmers, we
excluded one from the correlation analysis due to a late-season

Table 3 Prevalence, Reliability, and Criterion Validity (Live Versus Video) of UL Errors in FC Swimming Technique

Technique
parameter (side)

Prevalence,
%

Test–retest reliability (n = 30) Interrater reliability (n = 28) Criterion validity (n = 30)

Agreement,
% κ(w) (95% CI)a

Agreement,
% κ(w) (95% CI)a

Agreement,
% κ(w) (95% CI)a

Arm recovery (R) 37 93 0.84 (0.63 to 1.05) 89 0.75 (0.48 to 1.02) 73 0.48 (0.19 to 0.76)

Arm recovery (L) 25 80 0.46 (0.10 to 0.81) 93 0.79 (0.51 to 1.07) 87 0.66 (0.36 to 0.96)

Shoulder roll (R) 26 83 0.55 (0.19 to 0.90) 64 0.16 (−0.11 to 0.43)b 80 0.46 (0.13 to 0.79)

Shoulder roll (L) 39 67 0.54 (0.28 to 0.80) 57 −0.01 (−0.40 to 0.38)b 57 0.36 (0.07 to 0.66)b

Hand position (R) 38 83 0.65 (0.38 to 0.91) 82 0.63 (0.34 to 0.92) 77 0.52 (0.21 to 0.83)

Hand position (L) 37 87 0.71 (0.46 to 0.97) 86 0.65 (0.34 to 0.96) 73 0.44 (0.12 to 0.75)

Hand orientation (R) 36 80 0.57 (0.27 to 0.87) 75 0.44 (0.09 to 0.79) 73 0.43 (0.09 to 0.76)

Hand orientation (L) 24 83 0.56 (0.21 to 0.90) 79 0.48 (0.12 to 0.83) 77 0.38 (0.00 to 0.76)b

Elbow position (R) 0 N/A N/A N/A N/A N/A N/A

Elbow position (L) 0 N/A N/A N/A N/A N/A N/A

Hand path (R) 11 93 0.71 (0.35 to 1.08) 89 0.34 (−0.23 to 0.92)b 93 0.63 (0.16 to 1.10)

Hand path (L) 17 97 0.90 (0.71 to 1.09) 100 1.00 (1.00 to 1.00) 90 0.52 (0.04 to 0.99)

Head orientation 5 97 0.67 (0.07 to 1.26) 89 0.00 (−0.07 to 0.07)b 93 0.50 (−0.10 to 1.10)

Abbreviations: CI, confidence interval; FC, front crawl; κ, Cohen kappa coefficient; κw, Cohen weighted kappa coefficient; L, left; N/A, not applicable; R, right; UL, upper
limb.
aκw for shoulder roll (right and left) and head orientation, κ for all other technique parameters. bκ(w) < 0.40, indicating less than moderate agreement.
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injury that affected their ability to train and compete. Of the
remaining 26 participants, based on their best FC event, 11
were sprinters (50- and 100-yard FCs), 10 were middle-distance
swimmers (200-yard FC), and 5 were distance swimmers (500- and
1000-yard FCs). They performed at a mean (SD) of 94.0% (3.4%)
relative the conference record (range from 87.0% to 99.1%). There
was a significant negative correlation of moderate strength be-
tween the total UL error score and FC swimming performance:
r(24) = −.59 (P = .001, R2 = .35) (Figure 3).

Discussion

The objectives of this study were to determine (1) the test–retest
reliability, interrater reliability, and criterion validity of real-time
poolside assessment of UL errors in FC swimming technique and
(2) the relationship between UL errors and FC swimming perfor-
mance. Our hypotheses were confirmed: The total UL error score
had moderate reliability (ICC(3,1) = .68; 95% confidence interval,
0.43 to 0.83) and was moderately correlated with FC swimming
performance (r = −.59).

Prevalence, Reliability, and Criterion Validity
of Technique Errors

The prevalence of 2 of the errors, crossover hand entry position and
thumb first hand entry orientation, was similar to previously reported
data for 31 college swimmers.12 The prevalence of the other errors
differed substantially from Virag et al’s12 findings, likely due to
differences in rating criteria, vantage point, and number of strokes
assessed.We live rated several laps of swimming from the pool deck,
whereas Virag et al12 rated above water and underwater video
footage of 1 stroke. In this study, we did not observe the dropped
elbow error during the underwater pull through in any of the
participants (ie, a floor effect). Given that high-level swimmers
tend to pull with a higher elbow compared with novice swimmers,23

it is possible that no participant made this error. However, it could
also be that we could not view this portion of the stroke accurately
from above the water.4 This challenge reflects the tradeoff between
field expedience and optimal viewing conditions.

As stated in our hypothesis, moderate reliability and criterion
validity are minimum thresholds for an assessment tool to be used
in practice. Assessments with moderate reliability can be consid-
ered preferable to no formal rating system; however, caution should
be applied in decision making derived thereof.18 Based on our test–
retest reliability data, a knowledgeable rater can assess moderate-
pace FC technique from poolside between days with moderate
agreement or better. In terms of interrater reliability, 2 knowledge-
able raters can observe 7 of the errors with at least moderate
agreement. This finding is consistent with a previous interrater
reliability study, which found that 2 raters agreed on the frequency
of approximately 60% of FC errors.14 The measures with lower
agreement were shoulder roll (bilaterally), cross-under hand path
(right side), and head orientation. The difficulty in rating shoulder
roll could have been due to the trichotomous rating system as well
as high variability in shoulder roll with respect to breathing.
Swimmers tend to roll their shoulders more on breathing strokes
than nonbreathing strokes.24 Between-rater agreement for shoulder
roll was also low in a previous study (κ < 0.40).12 In the present
study, agreement may have been low on the right side for the cross-
under hand path due to high variability in this aspect of the stroke as
a swimmer approaches the wall. During practice, swimmers in the
United States always swim down the right side of the lane. As they
near the wall, they steer toward the center of the lane before
performing a flip turn. This repositioning may increase the likeli-
hood of committing the cross-under hand path error on the right
side. Disregarding the last 2 stroke cycles of each lap could
improve agreement for the right side cross-under hand path.
Agreement statistics for the right side cross-under hand path and
head position were also hindered by low error prevalence (11% and
5%, respectively) in a relatively small sample size. Additional
procedural training and practice beyond the 2 sessions provided in
this study may improve interrater reliability.

Live versus video agreement was lower than both test–retest
and interrater for almost half of the errors. The errors for which this
agreement was lowest were shoulder roll (left side) and thumb first
hand entry orientation (left side). Although criterion validity failed
to reach moderate agreement on the left side for both of these errors
(κw = 0.36 and κ = 0.38, respectively), it did on the right side
(κw = 0.46 and κ = 0.43, respectively). The lower agreement for
live versus video may be due to the different testing conditions
between live and video. We conducted test–retest and interrater
observations in the flow of practice, during which time we observed
many consecutive laps of swimming and estimated the 51%
threshold for errors. The raters were able to change position to
optimize viewing angle. Conversely, we standardized video
recording to have 1 swimmer in a lane by themselves, swimming
1 lap at a time and resting briefly after each lap. We stationed the
video camera for transverse plane viewing in the middle of the lane.
Despite instruction to swim down the middle, swimmers often
swam down the right side of the lane to the right of camera (based
on habit as 38 out of 39 participants were from the United States).
This slightly off-center viewing angle may have impacted video
rating. In addition, video provided a limited sample of strokes for
observation (as few as 5 per arm per viewing angle), and we
counted the 51% threshold exactly. Finally, and perhaps most
importantly, participants knew they were being filmed, which
could have caused them to alter their technique despite our
instruction to swim normally (ie, the Hawthorne effect). Whereas
we prioritized standardized video recording procedures in this
study, future studies should record swimmers in the flow of normal
practice.

Figure 3 — Correlation between number of UL errors in FC swimming
technique and FC swimming performance (the swimmer’s best FC event
relative to the conference record). FC indicates front crawl; UL, upper
limb.
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Relationship Between UL Errors and FC Swimming
Performance

The fewer UL errors swimmers made while practicing FC, the
faster their best FC race times tended to be relative to the confer-
ence record. This finding is consistent with age-old coaches’
intuition: better technique corresponds with better performance.11

This study is one of the first to support that commonly held belief
using objective criteria that coaches can easily employ, which
coaches rank as a top requirement for adoption.3 The magnitude of
the relationship between UL errors and FC swimming performance
that we observed in the present study (r = −.59) is consistent with
previous studies, falling about halfway between the extrema of
previously observed correlations (r = .32 and r = .75).15,16 UL
errors in FC swimming technique explained 35% of the variance
in FC swimming performance. In a sport where split seconds can
differentiate between podium placements, this contribution is
practically meaningful.

The remaining variance in performance may be explained by
anthropometric, physiological, psychological, tactical, and other
biomechanical factors that we did not assess in this study.1,2 In terms
of these other biomechanical factors, there are aspects of the stroke
that we did not investigate as well as phases of racing separate from
the stroke itself. Within the stroke, performance is likely affected by
the position of the hand when exiting the water; trunk and breathing
mechanics; pelvis, hip, and kicking mechanics; horizontal body
position (ie, angle of attack); and coordinative timing of arm
strokes.25 Some of these technique aspects would be best captured
with underwater video. These aspects fall outside the scope of this
study, which focused on the UL errors that are most accessible to
coaches poolside in real time.3 Apart from the stroke, a swimmer’s
start, flip turns, and underwater kicking impact race performance. In
a short-course pool, these phases of the race account for as much as
30% to 35% of the total race time.26 The relationship between
technique and performance may be stronger if performance mea-
sures come from long-course meters races, which have fewer turns
than short-course yards races. In addition to stroke technique, future
assessments could include qualitative ratings of start, flip turn, and
underwater kicking technique.

“Textbook technique” posits that what is optimal for sprinters
and distance swimmers differs;27 however, there is evidence that
disputes this claim.28,29 One aspect of stroke technique in particular
that may differ across distance specializations is shoulder roll, with
sprinters tending to roll their shoulders less than distance swim-
mers.30 However, in the present study we considered the entire
range of shoulder rolls observed in previous studies (45–60°)
to be optimal. Calculating the correlation between UL errors
and FC swimming performance separately for sprinters (n = 11)
and middle-distance/long-distance swimmers (n = 15) in this study,
we found r(9) = −.32 (P = .34, R2 = .10) for sprinters and
r(13) = −.49 (P = .06, R2 = .24) for middle-distance and distance
swimmers. Although the sample sizes for these subgroups are
small, the lower correlation for sprinters could underscore the
relative importance of the start in shorter distance races. Another
disputed aspect of FC swimming technique is arm recovery.31 In
keeping with previous research,12 we considered a high elbow
recovery to be correct. With that said, there are examples of elite
swimmers who exhibit a straight-arm recovery (eg, Janet Evans).
Thus, although most errors can be considered incontrovertible, arm
recovery may be optimized on an individual basis.31

This study had a number of limitations. As previously stated,
we observed floor effects for elbow position as well as head

orientation due to low prevalence and a small sample, and the
UL errors we assessed are only a subset of the biomechanical
factors that affect FC swimming performance. Future work is
needed to refine the assessment of those errors as well as expand
the assessment to the trunk and lower-extremity. In addition, we
assessed for UL errors in FC swimming technique at the beginning
of the competitive season during practice with swimmers training at
a moderate pace. Conversely, we drew performance data from end-
of-season championship meets (approximately 5 mo later) in which
swimming was at race pace. It is possible that participants’
technique changed in the time between the start-of-season assess-
ment of UL errors and the championship meets. It is also possible
that their race technique differed from their moderate-pace practice
technique.32 Moreover, to rate all participants within the confines
of normal practice time (during which there was a finite volume of
moderate-pace FC training), we could not control for fatigue. In
summary, the correlation between actual race technique and race
performance may differ from the correlation we observed. Fur-
thermore, given the cross-sectional design of this study, although
we observed a correlation between UL errors and performance, we
cannot infer causation. Although it seems logical that improving
technique (ie, reducing UL errors) would result in faster swimming
performance, we need intervention studies to investigate such a
cause and effect relationship. Additional research is also needed to
weight errors and total error scoring based on the magnitude of the
errors’ effects on performance (as opposed to a simple arithmetic
sum). Lastly, this study was conducted with Division III college
swimmers and raters with ample swimming and coaching experi-
ence. Our results cannot necessarily be generalized to other com-
petition levels or raters with differing experience.

This study has important implications for swim coaches, sports
rehabilitation professionals, and future research. The newly refined
assessment of UL errors in FC swimming technique is a low-
technology, field-expedient tool. It removes the barriers that above
water and underwater cameras introduce, requires no sophisticated
biomechanical expertise, and may have practical implications for
swimming instruction. Based on our reliability data, a knowledge-
able rater can assess FC swimming technique to objectively detect,
document, and track UL errors with moderate between-day reliabil-
ity. In the presence of pain or for return to sport decision making,
sports rehabilitation professionals may find utility in comparing UL
errors with a baseline assessment. More research is needed to
improve interrater reliability and criterion validity for several of
the errors. Importantly, the relationship we observed between
technique and performance supports the emphasis that coaches
place on technique in training.3 Given the observed correlation,
additional work is also needed to determine whether correcting UL
errors in FC swimming technique would improve performance.
Given the minimum detectable difference 95%, a 2-point improve-
ment in total UL error score would exceed measurement error.

Conclusion

Swimming technique is considered a key determinant of perfor-
mance. This study was one of the first to investigate this relation-
ship using an objective, real-time, poolside assessment of
technique. Our reliability and validity data showed moderate
agreement for the majority of errors. The fewer UL errors swim-
mers made while practicing FC, the faster their best FC race times
tended to be relative to the conference record. UL errors explained
35% of the variance in FC swimming performance.
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