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Abstract. Pettitt, RW., J.D. Symons, P.A. Eisenman, J.E. Tay-
lor, and A.T. White. Repetitive eccentric strain at long muscle
length evokes the repeated bout effect. J. Strength Cond. Res.
19(4):918-924. 2005.—The repeated bout effect (RBE) is a phe-
nomenon characterized by less delayed onset muscle soreness
(DOMS) and torque deficit after the second of 2 separate eccen-
tric exercise bouts. Previous investigators have reported that
shifting of optimum angle after an initial bout of eccentric ex-
ercise mediates the RBE. We hypothesized that an RBE for el-
bow extensor exercise occurs after an initial bout performed at
long (starting position of 50° to an end position of 130) but not
short (starting position of 0 to an end position of 80 ) muscle
length because strain at long length evokes a shifting of the
optimum angle to a longer length. Untrained women performed
an initial bout at either long or short length ( 9 per group)
followed 1 week later by a repeated bout (RB) through the full
ROM (0-130°). Extensor torque and optimum angle was evalu-
ated before, immediately after, and 2 days after each bout. A
mechanical transducer depressed on the triceps brachii quanti-
fied DOMS. Torque deficits were 3% and 7% after exercise at
short vs. long length, respectively. Two days after the RB, torque
deficit was 8% and 1% for those previously exercising at short
vs. long length (group X bout,p < 0.05). Greater DOMS (N) was
observed after exercise at long (16 + 3) vs. short (23 £ 2) length;
whereas greater DOMS occurred for the short-length (17 2)
vs. long (26 3) group after the RB (group  bout, 0.05).
Optimum angle shifted to a longer length after exercise at long
(+10 + 4°) vs. short (+1 = 3°) length (group X bout, p < 0.05).
After the RB, those exercising previously at short length expe-
rienced a shift of +15 * 4° (main effect, p < 0.05). The findings
of this study indicate that the repetitive strain at long but not
short muscle length evokes both immediate and sustained shifts
in optimum angle to longer lengths, and that this shifting me-
diates (r2= 0.71) the RBE.

Key Words. delayed onset muscle soreness, eccentric exercise,
popped sarcomere hypothesis, optimum angle

Introduction

hen previously untrained subjects perform 2
bouts of eccentric exercise more than 1 week
apart, decrements in muscle force produc-
tion (7, 10, 25) and eccentric-induced myofi-
bril damage (13, 32) are diminished after the
repeated bout (RB). This phenomenon is termed the re-
peated bout effect (RBE; Refs. 7, 29, 32). Although the
mechanisms responsible for the RBE are unclear, 2 that
have been proposed involve neuromuscular mediating
factors (39) and structural changes (2, 26, 35). Findings
from studies investigating potential neuromuscular me-
diating factors for the RBE are equivocal (25, 39). Con-
versely, independent research groups (2, 26, 35) have re-
ported that the RBE is mediated by structural changes
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within skeletal muscle that affect length-tension rela-
tions.

Numerous factors potentially contributing to eccen-
tric-induced muscle damage have been examined. The
consensus of several research groups is that strain rate
(i.e., speed of contraction) contributes little to damage,
compared with percentage strain and muscle force (19,
20, 23). Between the 2 factors, strain and muscle force,
separate groups (3, 18, 19) have concluded that strain
percentage beyond optimum length ( o), as opposed to
high muscle force (i.e., ripping from an isometric hold)
causes the greatest magnitude of peak force reduction
and histological damage. Further, eccentric-induced dam-
age from active strain appears nonuniformly, rather than
globally, and is prominent in fast- vs. slow-twitch muscle
fibers (1, 17). Nonuniform damage was hypothesized by
Morgan (27) to occur synonymously with a shiftin oto
a length favoring force production at longer muscle
length.

Both immediate and sustained shifts in optimum an-
gle to angles favoring torque production at longer lengths
have been observed for untrained humans performing
RBs of hamstring exercise (2). Along with shifting of op-
timum angle or o investigators have observed decreases
in force (torque) production along the ascending limb of
the length (angle)-tension (torque) curve in animal (1, 40)
and human (2, 26, 35) models. However, investigators us-
ing both animal (16, 28) and human (5) models have re-
ported that shifting of o (angle) only occurs after eccen-
tric contractions performed at long and not short length
(angle). Moreover, consistent with animal models (3, 18,
19), decrements in average joint torque production along
with delayed onset muscle soreness (DOMS) is greater
after exercise performed at long vs. short muscle length
(30, 33). The question ofwhether exercise at shortvs. long
muscle length results in an RBE is unanswered (24). We
tested the hypothesis that an RBE is observed after ec-
centric exercise at long but not short muscle length be-
cause strain at long length evokes a shifting of optimum
angle to longer length.

Methods
Experimental Approach to the Problem

Subjects performed an initial bout of eccentric exercise for
the elbow extensors through partial range of motion
(ROM) at either short (starting position of 0 to an end
position of 80 ) or long (starting position of 50 to an end
position of 130°) muscle length (n = 9 per group). After 1
week of rest, each group performed an RB of eccentric
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Figure 1. Flow diagram for eccentric exercise and testing.

On the second of two familiarization days (1 and 2), subjects
completed a 25 repetition test at 240°-s_1 Subjects were then
matched to either short (0-80) or long (50-130°) length
eccentric exercise conditions. One week later, subjects
performed a repeated bout through full range of motion (0-
130). Upper arm girth was evaluated before exercise and 2
days after each bout. Delayed onset muscle soreness was also
evaluated 2 days after each bout. Average extensor torque and
optimum angle were determined from 3 repetition tests
performed before exercise, immediately after exercise, and 2
days after each bout.

elbow extensions through full ROM (0-130°). We selected
the isolated joint movement of elbow extension because
the triceps brachii is the prime mover for this movement
action at any joint angle (i.e., short or long length) and,
therefore, this choice enabled us to compare our results
with those from experiments using isolated muscle prep-
arations. For each group, concentric elbow extensor
torque was evaluated before, immediately after, and 2
days after each bout (Figure 1). As a measure of DOMS,
the mechanical transducer force required to evoke ten-
derness in the triceps brachii was recorded 2 days after
each bout (25, 31). Measures of torque deficit and DOMS
determined whether an RBE occurred for the short- and
long-length groups, respectively. Muscle volume was de-
termined via girth measures of the upper arm (14) and
was used to estimate muscle inflammation (36).

Subjects

Eighteen previously untrained women ([mean + SD] age,
26 = 5 years; height, 170 + 6 cm; weight, 69 + 14 kg)
participated in this study after approval from an Insti-
tutional Review Board. Subjects did not perform resis-
tance training for 6 months before data collection and had
no history of orthopedic injury/surgery involving the up-
per extremity. Subjects were matched to the short- and
long-length groups based on their performance on a fa-
tigue test (described in next paragraph). Investigators
(39) have asserted that change in fast- vs. slow-twitch
fiber recruitment occurs as a neuromuscular mediating
factor to the RBE. Therefore, we matched on fatigability
as a surrogate measure of fast- vs. slow-twitch fiber pro-
portion (38), instead of other factors (e.g., body mass). We
instructed subjects to refrain from using analgesics and
anti-inflammatory drugs while participating in the study
and confirmed compliance of this verbally. Use of topical
agents, consumption of antioxidant supplements, and
conventional modalities were neither mentioned nor pro-
hibited because the results of such interventions to atten-
uate the time course of DOMS at the time of this study
were equivocal (8).

Familiarization

Before the initial bout, subjects for each group completed
2 familiarization concentric exercise sessions on an iso-
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Illustration of transducer used to quantify delayed
onset muscle soreness.

kinetic dynamometer (Kin-Com Ill, Chattecx, Inc., Chat-
tanooga, TN) separated by 2 days of rest (11, 12). Each
familiarization session consisted of 25 repetitions (reps)
at 60, 180, and 240°-s_1, respectively. A fatigue coefficient
of 25 reps at 240°-s 1 (15) was calculated from gravity-
corrected data collected during the second day of famil-
iarization. This coefficient was derived using the mean of
the last 5 reps divided by the mean of the first 5 reps.
Subjects were then rank ordered and matched to each
group (Figure 1).

Initial and RBs of Eccentric Exercise

Investigators have previously determined that 75 maxi-
mal-effort, eccentric reps through 80° of joint ROM at ei-
ther short or long length was sufficient to evoke DOMS
(5). From a preliminary investigation (unpublished data
on different subjects), we determined that 3 25 reps at
60°-s_1, separated by 2-3 minutes of recovery, resulted in
decreased torque and DOMS at 2 days after eccentric ex-
ercise. Our assumption was that maximal effort with
standardized dynamometer speed and standardized ROM
(i.e., 80°) would standardize the total volume ofwork per-
formed by each group. Therefore, we used 3 25 maxi-
mal reps with 2-3 minutes of recovery between sets for
each bout.

To determine whether each group experienced an
RBE, subjects performed an RB through full ROM 1 week
after the initial bout. All exercise and extensor torque
testing was performed on the same isokinetic dynamom-
eter. Stabilizing restraints were placed around the torso
and upper arm to prevent accessory movements. A wrist
brace was worn to prevent excessive contraction of mus-
cles distal to the elbow.

Estimates of DOMS and Muscle Inflammation

DOMS was quantified by depressing a calibrated me-
chanical transducer over the triceps brachii (Figure 2;
spring displacement-force calibrations = 0.99; sensitiv-
ity = 0.001 N). Two days after each bout (Figure 1), the
musculotendinous region of the triceps brachii was pal-
pated and subjects were asked to indicate the area where
tenderness was most severe. Two days was selected be-
cause this is when DOMS is typically highest during the
day-to-day time course after eccentric exercise (4-6, 9,13,
25, 30). The indicated area of the triceps was depressed
3 times using the mechanical transducer. Each time, the
force required to evoke tenderness was recorded.
Delayed, contraction-induced muscle inflammation is
associated with increased muscle volume (36). Therefore,
upper arm volume was estimated using circumference
measures (14) at 3, 5, 7, 9, and 11 cm proximal from the
lateral epicondyle (33). These circumferences were col-
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Figure 3. Average elbow extensor torque (+SE) at baseline,
2 days after initial bout, and 2 days after repeated bout.
*Significantly lower average elbow extensor torque (group X
time, p < 0.05) effect size (ES) change from baseline.

lected before each bout and 2 days after each bout (Figure
1).
Concentric Extensor Torque Testing

Before each eccentric exercise bout, immediately after ex-
ercise, and 2 days after each bout, subjects performed 3
maximal concentric elbow extensions at 60°-s_1 through
full ROM (3-rep test; Figure 1). Average extensor torque
and optimum angle were calculated from the rep with the
highest torque value.

Statistical Analyses

Descriptive statistics on all outcome measures are re-
ported as mean + SE. Normality was assessed with Kol-
mogorov-Smirnov tests and homogeneity of variance was
assessed using Levene’s test. Two-way analyses of vari-
ance (ANOVA) with repeated measures were used to test
for group differences in response to the 2 eccentric exer-
cise bouts. One factor was group, short vs. long; whereas
the second factor was the day of testing. A 2 X 2 config-
uration was used for DOMS, a 2 X 3 configuration was
used for average extensor torque and optimum angle, and
a 2 X 4 configuration was used for estimated upper arm
volume. The main effect for the day of testing was ex-
amined using univariate ANOVA with repeated measures
and Tukey’s post hoc test. Interaction was examined us-
ing multiple £-tests with Holm’s sequential Bonferonni
approach. Effect sizes were calculated using Cohen’s d.
Significance was accepted atp s 0.05.
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Figure 4. Depressive transducer force (mean + SE) required
to elicit perceived muscle soreness. A lower force measure is
synonymous with greater delayed onset muscle soreness.
*Significantly different (group X time, p < 0.05) effect size
(ES) change between the 2 testing days.

Results
Repeated Bout Effect

Data for each group were normally distributed and ho-
mogenous. Cronbach’s coefficient for test-retest reliability
of the transducer force for quantifying DOMS was 0.99.
Analysis of deficits in average extensor torque (Figure 2)
and DOMS (Figure 3) indicated that the long-length
group experienced an RBE, whereas the short-length
group exhibited the opposite effect, comparable in effect
size. Torque decrements were greater 2 days after the
initial bout for the long-length group, and were greater 2
days after the RB for subjects exercising initially at short
length for the initial bout (Table 1 and Figure 3). Subjects
exercising at long length had greater DOMS after the ini-
tial bout (Figure 4). Conversely, greater DOMS occurred
for the short-length group after their RB. Despite the in-
teraction for extensor torque decrements and DOMS
across the 2 eccentric exercise bouts, no differences were
observed in the estimated upper arm volumes between
the groups or across bouts (data not shown).

Angle-Torque Relations

Analysis of angle-torque relations revealed that shifting
of optimum angle to longer lengths occurred after the ini-
tial bout for the long-length but not the short-length
group (Table 1). Shifting of optimum angle to longer
lengths did occur for the short-length group after their
RB. Further, optimum angle remained shifted to a longer
length after the RB for the long-length group (main effect,
0.05).

Table 1. Average extensor torque, optimum angle, and transducer force required to elicit delayed onset muscle soreness (DOMS)
for the short (S) and long (L) length groups at baseline, 2 days after initial bout (IB), and 2 days after repeated bout (RB).*

Baseline 2 days after IB 2 days after RB
s 1 L s L
Extensor
torque (N-m) 261 1b 255 1b 25.4 + 1b 237 1la 240 1la 252 1b
Optimum
angle () 88.7  4a 86.8 + 4a 89.0 3a 97.2 4b 103.8 4b 989 3b
DOMS (N) 255 3b 158 3a 169 2a 236 2b

*Data are reported as mean + SE. Letters in rows indicate significant differences (p < 0.05) where values for aare lower than

values for b,



Figure S. Angle-torque relations (mean + SE) at baseline, 2
days after the initial bout (2-d post-1B), and 1 week after the
initial bout, before the repeated bout (1-wk post-1B, prior to
RB). In response to the initial bout, lower torque values were
observed on the ascending limb of the angle-torque curves
after exercise at long but not short muscle length.

Differences in the ascending limb of extensor angle-
torque curves were observed between the short- and long-
length groups across the number of days of testing. Spe-
cifically, decreased torque production at joint angles on
the ascending limb (i.e., corresponding to shorter muscle
lengths) occurred after the initial bout for the long-length
group (Figure 5a) but not for the short-length group (Fig-
ure 5b). Similar patterns between each group occurred 1
week after the initial bout (Figure 5c¢ and 5d), before per-
forming the RB. Decreased torque on the ascending limb
occurred after the RB for the short-length group (Figure
6b) and presented as a sustained shift for the long-length
group (Figure 6a). To quantify this phenomenon, differ-
ences in torque at angles below 100° (i.e., mean optimum
angle for both groups) were calculated at 2 days after the
initial bout and RB. There was a 10.5 + 1.4% decrease in
torque on the ascending limb for the long-length group
and a 4.1 £ 0.5% decrease for the short-length group after
the initial bout (group X bout, p < 0.05). Two days after
the RB, the short-length group experienced an 11.6
0.9% decrease on the ascending limb, whereas the long-
length group experienced an 3.4 1.4% decrease (same
main effect and interaction for optimum angle appearing
in Table 1). Coefficient of determination indicated that a
strong, shared variance (r2 = 0.71) existed between the
concentric extensor torque deficit after the RB and the
average percent change of torque of the ascending limb
of the angle-torque curve after the initial bout.

Angle-torque relations from baseline were also com-
pared with angle-torque relations immediately after each
eccentric exercise bout. As illustrated in Figure 7, a de-
crease in the ascending limb of the angle-torque curve
was observed immediately after the initial bout for the
long-length but not the short-length group. This imme-
diate shift, however, was observed for the short-length
group after the RB, a bout performed through full ROM

Repetitive Eccentric Strain and the RBE 921

Angle-torque relations (mean ) at baseline
and 2 days after the repeated bout (2-d post-RB). A decrease
in torque on the ascending limb of the angle-torque curve was
now observed for subjects who completed their initial bout at
short length.

(i.e., a longer length of eccentric exercise compared with
the length for the initial bout).

Discussion

Consistent with our hypothesis, an initial bout of eccen-
tric exercise at short muscle length caused decrements in
average extensor torque production (Figure 3) and DOMS
(Figure 4), yet failed to evoke an RBE, whereas eccentric
exercise at long muscle length did evoke an RBE. Subjects
who initially exercised at short length experienced great-
er torque decrements and DOMS after the RB (Table 1).
Previous investigators (5, 30, 33) have reported that an
isolated bout of eccentric exercise performed at long vs.
short muscle length causes greater torque decrements
and DOMS.
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Figure 7. Angle-torque relations (mean + SE) at baseline
and immediately after (IM) eccentric exercise for the initial
bout (IB) and repeated bout (RB). Note that the long-length
group experienced a decrease in torque on the ascending limb
of the angle-torque curve after the IB and RB, whereas the
short-length group only experienced this after the RB, a bout
performed through full range of motion.

Our results indicate that eccentric exercise at short
muscle length fails to evoke shifting of angle-torque re-
lations immediately after (Figure 7b), 2 days after (Figure
5b), or 1 week after (Figure 5d) exercise, a result consis-
tent with previous research (5). Only in response to the
RB, did subjects in the short-length group experience im-
mediate (Figure 7c¢) and sustained (Figure 6b) shifts of
angle-torque relations to longer lengths, presumably be-
cause this bout was performed at longer muscle length.
Despite exercising through limited ROM (50-130°), sub-
jects exercising at long length during the initial bout ex-
perienced an RBE (Table 1 and Figures 3 and 4) along
with immediate (Figure 7a) and sustained (Figure 5a,c)
shifts of angle-torque relations to longer lengths. Indeed,
the effect size or magnitude of torque deficit and DOMS
experienced by the short-length group 2 days after their
RB were similar to those observed for the long-length
group after their initial bout (Table 1). These findings
suggest that muscle strain (i.e., length of muscle during
exercise), as opposed to ROM, per se, is responsible for
the shifting of angle-torque relations in previously un-
trained individuals, and that shifting of angle-torque re-
lations to longer lengths mediates the RBE.

Data from in situ muscle preparations have indicated
that rightward shifting of ooccurs only from repetitive
eccentric strain performed at lengths beyond Lo (16, 28).
Based on a computer model, Morgan (27) originally hy-
pothesized that nonuniform sarcomere lengthening oc-
curred after “popping” of actin-myosin units of weaker
sarcomeres. This observation is consistent with more re-
cent analyses of electron micrographs (37) and laser dif-
fraction analysis techniques (22). The immediate postex-
ercise change in angle-torque relations observed in the
present study (Figure 7) indicated that shifting of angle-
torque relations to longer lengths required repetitive ec-
centric strain through angles beyond optimum (i.e., >100°
for the elbow extensors). This observation parallels ani-
mal experiments (16, 28), and is consistent with Morgan’s
popped sarcomere hypothesis (27).

Our findings support a second aspect of Morgan’s
popped sarcomere hypothesis, which states that weaker
sarcomeres, stretched beyond filament overlap, “pop” and
are replaced by a greater number of sarcomeres in series.
This would explain the sustained shifts of angle-torque
relations we observed 2 days and 1 week after the initial
bout for the long-length group. For example, earlier work
by Lynn and Morgan (21) showed that the mean sarco-
mere count in series was greater for animals completing
a short-term eccentric vs. concentric running protocol. In
the present study, both short- and long-length groups had
full recovery of extensor torque 1 week after the initial
bout, however, the long-length group had sustained shift-
ing of angle-torque relations. After the RB, the long-
length group experienced an RBE, whereas the short-
length group experienced the opposite effect. Serialized
addition of sarcomeres could explain why the elbow ex-
tensors of the subjects in the long-length group were more
resilient to decrements in torque production and experi-
enced less DOMS after the RB.

Practical Applications

DOMS often discourages individuals from continuing a
progressive resistance exercise program. Therefore, it is
important to understand the mechanisms contributing to
the RBE so that measures can be implemented to prevent



and/or lessen soreness, and/or hasten recovery from sore-
ness. The results of this study provide insight into factors
evoking the RBE and, by extension, are useful to those
designing and monitoring resistance exercise programs
for previously untrained individuals.

Our results combined with previous research allow us
to advance the following explanation for the RBE in pre-
viously untrained individuals. To evoke an RBE for a par-
ticular joint, exercise should be performed through a
ROM exceeding optimum angle to promote strain at long
muscle length, although full ROM, per se, is not required.
Eccentric exercise at long length causes greater DOMS
and decrements in muscle force production (5, 30, 33);
however, this seems to be necessary to cause immediate
shifting of angle-torque relations (Figure 7) synonymous
with underlying nonuniform sarcomere lengthening (22,
27). In the days that follow an initial bout performed at
longer lengths, angle-torque relations remain shifted to
longer lengths, presumably because of the serialized ad-
dition of sarcomeres (21). Exercise of limited motion that
does not exceed optimum angle (i.e., shorter lengths) does
not evoke shifting of angle-torque relations to longer
lengths, a change that seems to mediate (2 0.71) the
RBE.

A recent experiment by Nosaka and colleagues (34)
determined that the protective effect of an initial bout of
eccentric exercise may last up to 6 months. Our results
illustrate that relying solely on a client’s reporting of
DOMS may not guarantee attainment of this protective
effect from eccentric exercise. Indeed, subjects in our
short-length group experienced DOMS and torque dec-
rements, albeit in less magnitude than those in the long-
length group.

Strength and conditioning professionals starting a
sedentary individual on a training program may consider
initially prescribing a larger variety of single-joint exer-
cises, with the movement of the joint ending at full ROM,
before advancing to a program with a smaller number of
multi-joint exercises. The rationale for this recommen-
dation is that a larger number of single-joint exercises
would expose a larger number of muscles to strain at lon-
ger lengths. The result of this beginning program would
be better global protection from future eccentric-induced
muscle damage.
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