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ABSTRACT

CHEN, C-H., K. NOSAKA, H-L. CHEN, M-J. LIN, K-W. TSENG, and T. C. CHEN. Effects of Flexibility Training on Eccentric
Exercise-Induced Muscle Damage. Med. Sci. Sports Exerc., Vol. 43, No. 3, pp. 491-500, 2011. Purpose: This study investigated
whether flexibility training would attenuate muscle damage induced by maximal eccentric exercise. Methods: Thirty untrained young
men were allocated to static stretching (SS), proprioceptive neuromuscular facilitation (PNF), or control group (n = 10 per group). The SS
consisted of 30 sets of a 30-s standard SS with a 30-s rest between sets, and the PNF included 5 sets of the 30-s standard SS followed
by 3 sets of three “contract-relax—agonist—contract” procedures. These were performed three times a week for 8 wk, and all subjects
performed six sets of 10 maximal isokinetic (30°s ") lengthening contractions of the knee flexors after the 8-wk training or 8 wk after
the baseline measures (control). Changes in indirect markers of muscle damage before and for 5 d after the eccentric exercise were
compared among the groups. Results: The range of motion (ROM) of the hip joint increased by 25°, and the optimum angle of the
knee flexors shifted (P < 0.05) to a longer muscle length by 10° after training, without significant differences between SS and PNF.
No significant changes in these variables were evident for the control group. Compared with the control group, the SS and PNF groups
showed significantly (P < 0.05) smaller decreases and faster recovery of knee flexor muscle strength and smaller changes in optimum
angle, ROM, muscle soreness, and plasma creatine kinase activity and myoglobin concentration without significant differences
between the groups. The preeccentric exercise ROM or optimum angle was significantly (P < 0.05) correlated with the changes in the
muscle damage markers. Conclusions: These results suggest that both SS and PNF training are effective in attenuating eccentric
exercise-induced muscle damage and that flexible muscles are less susceptible to the damage. Key Words: PROPRIOCEPTIVE
NEUROMUSCULAR FACILITATION, STATIC STRETCHING, MUSCLE STRENGTH, OPTIMUM ANGLE, MUSCLE
SORENESS, PASSIVE RANGE OF MOTION

uscle damage induced by lengthening contrac-

tions is common in exercise, training, or competi-

tions, and its typical symptoms include muscle
weakness and delayed onset muscle soreness or DOMS
(7,8,39). Although these symptoms are generally subsided
within a week, interventions to attenuate muscle damage
and facilitate recovery are important for athletes to perform
better in subsequent training sessions and/or matches and
for general population to stay physically active (6). It is
clear that prevention is better than treatment (9), and many
studies have endeavored to find prophylactic modalities to
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attenuate the symptoms of muscle damage with limited
success (6,10,23).

One such modality is stretching, and preexercise static
stretching has been advocated to be beneficial for prevention
of soft tissue (e.g., muscle, tendon, ligament) injuries (6,10).
However, it does not seem that preexercise stretching is
beneficial for the attenuation of DOMS or other symptoms
of eccentric exercise—induced muscle damage. In fact, sev-
eral studies (21,25,40,47) failed to find its prophylactic ef-
fects on eccentric exercise—induced muscle damage. It is
also documented that preexercise static stretching has even
negative effects on strength, speed, or power performance
(16,20,43). On the other hand, it is possible that a long-term
flexibility training is beneficial for attenuating eccentric
exercise—induced muscle damage. McHugh et al. (34) re-
ported that the subjects whose hamstrings were compliant
had significantly less symptoms of muscle damage after
eccentric exercise of the knee flexors than those who had
stiff hamstrings. If a long-term flexibility training reduces
muscle stiffness or increase muscle flexibility, it is possible
that the magnitude of eccentric exercise—induced muscle
damage is attenuated.
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To the best of our knowledge, only two previous studies
(14,28) have examined the effect of flexibility training on
eccentric exercise-induced muscle damage. LaRoche and
Connolly (28) showed that 4 wk of static or ballistic stretch-
ing of the knee flexors performed three times a week in-
creased the range of motion (ROM) of the hip joint but
did not affect muscle soreness and stiffness after eccentric
exercise. Eston et al. (14) reported that 5 wk of proprioceptive
neuromuscular facilitation (PNF) training of the knee flexors
performed twice a week increased flexibility and enhanced
the recovery of isometric muscle strength at a long muscle
length but did not affect muscle soreness and changes in
isometric strength at a short muscle length and ROM after
eccentric exercise. These findings do not strongly suggest that
flexibility training reduces the symptoms of muscle damage
and do not necessarily support the findings of McHugh et al.
(34) showing that more compliant (flexible) muscles were
less susceptible to eccentric exercise-induced muscle dam-
age. It has been documented that a shift of the optimum angle
to a longer muscle length attenuates the magnitude of ec-
centric exercise—induced muscle damage in animal studies
(30,31). However, the aforementioned flexibility training
studies (14,28) did not report changes in optimum angle of
the knee flexors. It may be that if a flexibility training shifts
the optimum angle to a longer muscle length, the magnitude
of eccentric exercise—induced muscle damage is attenuated.

Some studies have documented that PNF training is more
effective in increasing flexibility than static stretching (42,45)
and showed that an increase in ROM was greater for PNF
than static stretching (18,49). If this is the case, PNF training
would shift the optimum angle to a longer muscle length to a
greater extent and would attenuate the magnitude of eccen-
tric exercise—induced muscle damage greater compared with
static stretch training. Therefore, the purposes of this study
were to test the first hypothesis that an 8-wk static stretch
and PNF training of the knee flexors would make the mus-
cles less susceptible to maximal eccentric exercise and the
second hypothesis that PNF training would be more effec-
tive than static stretching in attenuation of muscle damage.

METHODS

Subjects and study design. Thirty young men, who
had not performed regular resistance, aerobic, or flexibil-
ity training in the past 1 yr and with no previous muscle, joint,
or bone injuries of the lower extremities, gave informed
consent to participate in the study. The study was approved
by the institutional ethics committee and was conducted
in conformity with the policy statement regarding the use
of human subjects by Medicine & Sciences in Sports &
Exercisep. Because previous flexibility training studies
(14,28) used only men as subjects, and gender difference
in the magnitude of eccentric exercise—induced muscle dam-
age might exist as shown in previous studies (17,24,44), only
men were recruited in the present study. Their mean + SD age,
height, and body weight of the subjects were 20.8 + 2.3 yr,

172.7 £ 6.2 cm, and 66.9 + 7.0 kg, respectively. The subjects
were assigned to one of the three groups (n = 10 per group):
control (CON), static stretch (SS), or PNF by matching the
baseline maximal isokinetic (60°s~ "', 1.05 rad-s™ ') concen-
tric strength of the knee flexors among the groups. Other
factors such as pretraining flexibility and the level of physical
activities in daily life were not considered for the subject al-
location; however, no significant differences in age, height,
body mass, concentric strength, and straight-leg-raise ROM
at the hip were evident among the groups. The number of
subjects was determined by a sample size estimation using
the data from previous studies in which the effect of PNF
training (14) or static stretching (28) of the knee flexors on
eccentric exercise—induced muscle damage was investigated.
On the basis of the effect size of 1, « level of 0.05, and a
power (1—2) of 0.80, the minimum number of subjects was
calculated for a minimum estimated difference in the knee
flexion muscle strength at 3 d after eccentric exercise between
SS and control (10%), between PNF and control (10%), and
between PNF and SS groups (15%). The estimation showed
that 10 subjects per group were necessary.

The subjects in the SS and PNF groups performed an 8-wk
static stretching and PNF training program, respectively, three
times per week with a minimum of a 24-h interval between
sessions under supervision. Both legs received the flexibil-
ity training similarly to minimize any muscle imbalances that
could cause injuries (14,41); however, only the left leg per-
formed eccentric exercise. The subjects in the CON group
were instructed to maintain their normal lifestyle and not to
perform any resistance, aerobic, or flexibility training for the
8-wk period and performed the eccentric exercise 8 wk after
the baseline measures. All subjects were asked and reminded
to refrain from unaccustomed exercise or vigorous physical
activity, to maintain their normal diet, and not to take any
anti-inflammatory drugs or nutritional supplements such as
amino acid or protein during the experimental period. These
instructions were included in the information letter, and the
investigators asked the subjects to report if they were not
able to follow the instructions. As shown in Figure 1, the
subjects performed eccentric exercise of the knee flexors 4 d
after the last SS or PNF training session or 8 wk after the
baseline measures (control). The indirect muscle damage
markers (criterion measures) shown below were measured 1 d
(i.e., 3 d after flexibility training for the SS and PNF groups)
and immediately before eccentric exercise and immediately
after and 1-5 d after the exercise. The changes in the criterion
measures over time were compared among the groups.

Static stretching. After jogging for 5 min on a tread-
mill at 6.4 kmh™' with 1% grade, the subjects in the SS
group performed a standard static stretching of the ham-
strings. Each subject sat on a padded floor while keeping
the knee joint of one of his legs straight and the heel of his
other leg touching the groin of the extended leg and bent
forward at the hip joint while extending the upper back. The
investigator pushed the upper back until the point where
the subject felt mild discomfort and held there for 30 s, and
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Pre-Training 8-wk Flexibility Training Pre-ECC Exercise Recovery
Day -3 -2 -1 .SS&PNF groups: 3 daysiweek -1 pre posti 2 3 4 §
FAM «Control group: no training *
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MVC,0A X X X XX X X X X
ROM X X X XX X X X X
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Reliability for MVC,
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FIGURE 1—Schematic illustration of the study protocol. The study consisted of familiarization session (FAM), baseline measures (1 d before flexibility
training), 8-wk flexibility training (SS, PNF), postflexibility training measures, maximal eccentric exercise (ECC), and posteccentric exercise measures.
The dependent variables included maximal voluntary concentric strength (MVC), optimun angle (OA), ROM, muscle soreness (soreness), plasma CK
activity, and Mb concentration. The time points of these measures are indicated in X (pre, immediately before ECC; post, immediately after ECC).

this was repeated 30 times with a 30-s rest between rep-
etitions (2). Thus, the total stretching time per session was
900 s (15 min).

PNF. The “contract-relax—agonist—contract” PNF stretch-
ing protocol, which was similar to that used in a previous
study (41), was performed after the 5-min jogging and the
five sets of 30-s static stretching of the knee flexors, which
were performed in a similar manner to that described in the
static stretch section. The static stretch was included before
PNF because it is generally included as a warm-up of PNF
and was also included in previous studies (14,41). In the
“contract-relax—agonist—contract,” each subject lay in a su-
pine position, and one investigator moved one leg slowly to a
point of mild discomfort while the second investigator kept
the other leg on a padded table. The subject was asked to
maximally contract the hamstrings isometrically for 10 s at
the point against the shoulder of the investigator followed by
a 10-s relaxation. After the subject maximally contracted the
quadriceps for 5 s, the investigator moved the leg to a further
stretched position of the hamstrings and held it there for 10 s.
This procedure was carried out two more times. One minute
later, the subject sat while fully extending his legs on a table
and was asked to flex the trunk maximally forward to reach
his toes and to perform a 10-s maximal isometric contraction
of the hamstrings against the table, while the investigator
supported his lumbar region. After the contraction, the subject
flexed his trunk forward by maximally contracting the quad-
riceps and holding for 10 s. The procedure was carried out
two more times with a 30-s rest between repetitions.

Eccentric exercise. All subjects performed six sets
of 10 maximal lengthening contractions of the left knee
flexors on an isokinetic dynamometer (Biodex System Pro
3; Biodex Medical Systems, Inc., Shirley, NY). The exercise
protocol was modified from a previous study (22). Each
subject lay prone on the platform of the dynamometer, and
the upper and lower back regions and the upper region of
the left leg were strapped to the platform. The knee joint
of the exercised (left) leg was aligned with the rotation axis
of the dynamometer, and the ankle of the leg was strapped
to the pad connected to the dynamometer level arm. In this
position, a gravity correction for the limb mass was made

in accordance with the manufacturer’s instructions. The
subjects were instructed to contract the knee flexors maxi-
mally to resist the knee extending action of the dynamom-
eter that moved the knee joint from a flexed (130°, 2.25 rad)
to an extended position (0°) at the angular velocity of
30°s~'. After each lengthening contraction, the lever arm
passively returned the knee joint to the starting position
at 10°s~ !, which gave a 13-s rest between contractions. This
was repeated 10 times, and a 1-min rest was given between
sets to complete six sets. The subjects received strong verbal
encouragement during exercise to generate maximal force.
Torque and displacement signals of each contraction were
saved in a computer (Model P4P800-TAYZ; ASUSTeK
Computer, Inc, Taiwan) connected to the isokinetic dyna-
mometer, and peak torque and work (the area under the
torque curve) of each contraction were calculated using a
software from Biodex Medical Systems (Systems 3).
Criterion measures. Criterion measures consisted of
maximal voluntary concentric torque at 60°s~ ', optimum
angle, ROM, visual analog scale (VAS) for muscle soreness,
plasma creatine kinase (CK) activity, and myoglobin (Mb)
concentration. These measures except for CK and Mb were
obtained before and 3 d after the last flexibility training
session (SS and PNF groups) or 8 wk after the baseline
measures (control group), immediately before and after, and
at 24-h interval for five consecutive days after eccentric
exercise. Plasma CK activity and Mb concentration were
measured before and 1-5 d after eccentric exercise (Fig. 1).
Maximal voluntary concentric torque and optimum
angle. Maximal voluntary concentric torque and the opti-
mum angle were determined by a modified method of that
described in the previous studies (4,13). The measurements
were taken at the same position that was described for the
eccentric exercise using the same isokinetic dynamometer.
Three maximal voluntary concentric knee flexions and ex-
tensions were performed continuously at the angular velocity
of 60°s~" (1.05 rad's™ ") for the ROM of 120° (2.08 rad).
Each subject was instructed to maximally flex his knee joint
from a knee-extended position (0°, 0 rad) to a knee-flexed
position (120°, 2.08 rad) and maximally extend his knee
joint from the knee-flexed position to the knee-extended
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position. Strong verbal encouragement was provided during
contractions. Torque, position (joint angle), and displace-
ment (ROM) signals of each contraction were saved in a com-
puter connected to the isokinetic dynamometer, and the raw
data were filtered and smoothed, then peak torque and the
joint angle (optimum angle) at peak torque values during
flexion and extension were analyzed using the software from
Biodex Medical Systems. Peak torque (highest torque of the
smoothed data) and the joint angle (optimum angle) at the
peak torque of each trial were obtained, and the average of
the three trials was used for subsequent analysis (13).

ROM. A straight-leg-raise ROM test was used to assess
the flexibility of the knee flexors based on a previous study
(41). It has been reported that the straight-leg-raise ROM
is highly correlated with hamstring stiffness (34,35). Each
subject lay supine on a padded table, and the subject’s
knee of the left leg was splinted by a brace (PHC.com,
Las Vegas, NV) to prevent bending the knee joint, and the
pelvis was strapped to the table to prevent any pelvic rota-
tion or other extraneous movement. A Leighton Flexometer
(Leighton, Spokane, WA) was secured to the lateral epi-
condyle of the femur of the splinted leg. The other leg was
held straight by the investigator, whereas the second in-
vestigator moved the splinted leg to the position when the
subject indicated that the maximum ROM was reached by
“stop.” The angular displacement from the supine position
(0°) to the maximal ROM was measured three times with
a 60-s rest between the trials, and the mean value of the
three measures was used for further analysis. The same in-
vestigator performed all flexibility measurements.

Plasma CK activity and Mb concentration. A
10-mL sample of venous blood was collected by a standard
venipuncture technique from the cubital fossa region into
a plasma separation tube. The blood was centrifuged for
10 min to obtain plasma, and the plasma samples were
stored at —80°C until analysis. Plasma CK activity was de-
termined spectrophotometrically by an automated clinical
chemistry analyzer (Model 7080; Hitachi Co., Ltd., Tokyo,
Japan) using a test kit (Sigma Diagnostics, St. Louis, MO).
Plasma Mb concentration was measured by an automated
clinical chemistry analyzer (Model ADVIA-Centaur; Bayer
Co., Ltd., Leverkusen, Germany) using a test kit (Denka-
Seiken Co., Ltd., Tokyo, Japan). Samples were analyzed
in duplicate, and the mean value was used for further anal-
ysis. The normal reference ranges for CK and Mb are
38-174 TU-L™ " and <110 ug-L ™", respectively, based on the
manufacturers’ information.

Muscle soreness. Muscle soreness was assessed using
a VAS consisting of a 100-mm continuous line anchoring
“no pain” at one end (0 mm) and “very, very painful” at the
other (100 mm) (5). Each subject lay prone on a padded table
and asked to indicate the soreness level on the line when an
investigator passively extended the knee joint of the left leg
from a flexed position (120°) to an extended position (0°).

Test—retest reliability. The test-retest reliability of the
criterion measures was examined by an intraclass correla-

tion coefficient (R) using the data taken 1 d and immediately
before the maximal eccentric exercise. R values for the con-
centric strength, optimum angle, ROM, and VAS of muscle
soreness were 0.96, 0.88, 0.93, and 1.00, respectively. Co-
efficient of variation (CV) was also checked for the baseline
measures, and the CV for the concentric strength, optimum
angle, ROM, and VAS was 7.8%, 11.3%, 6.7%, and 0%,
respectively.

Statistical analyses. Data were assessed by the
Shapiro—Wilk normality test and the Levene test for the
homogeneity of variance assumption before performing an
ANOVA. These tests showed that the data of all criterion
measures were normally distributed, the cases were inde-
pendent, and the variance was homogenous. The baseline
measures were compared among the groups by a one-way
ANOVA. Changes in muscle strength, optimum angle, and
ROM before and after the 8-wk flexibility training were
compared among the groups by a two-way repeated-measures
ANOVA with the Student’s #-test of Bonferroni adjustment
as a post hoc test. A Pearson product-moment correlation
coefficient (r) was used to determine the relationships be-
tween the magnitude of change in knee flexor muscle
strength, rightward shift of the optimum angle, and change
in ROM from before to after flexibility training. Changes
in muscle strength, optimum angle, ROM, muscle soreness,
plasma CK activity, and Mb concentration after eccentric
exercise were compared among the groups by a two-way
repeated-measures ANOVA. When the ANOVA indicated a
significant group X time interaction effect, a series of two-
way ANOVA was performed to compare between two groups
(CON vs SS, CON vs PNF, and SS vs PNF). If a significant
interaction effect (groups x time) was observed, a Bonferroni
post hoc test was conducted to compare between groups for
each time point. Using the pooled data of 30 subjects, the
relationship between the preeccentric exercise straight-leg-
raise ROM or optimum angle of the knee flexors and mus-
cle strength immediately after to 5 d after eccentric exercise,
peak plasma CK activity, peak Mb concentration, and peak
muscle soreness after the exercise were determined by a
Pearson product-moment correlation coefficient. Statistical
significance was accepted at P < 0.05. For the flexibility
training effects, 95% confidence intervals of the criterion
measures before and after training were obtained. Data are
shown as mean + SEM, unless otherwise stated.

RESULTS

Effect of flexibility training. Before the flexibility
training, no significant differences in ROM, maximal volun-
tary isokinetic concentric strength of the knee flexors and
extensors, and optimal angle were found among the groups
(Table 1). After 8 wk of flexibility training, ROM increased
significantly for SS (24° £ 3°) and PNF (28° + 4°) groups.
The optimum angle of the knee flexors increased significantly
after the flexibility training similarly for the SS (9° + 2°) and
PNF (10° + 2°) groups. The SS and PNF groups also showed
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TABLE 1. Changes (means + SEM, 95% confidence interval) in passive ROM, maximal voluntary concentric torque of the knee flexors (MVC-FIx) and extensors (MVC-Ext), and optimum
angle (OA) before (Pre) and 8 wk after flexibility training (Post) for the control (CON), static stretching (SS), and PNF groups.

Pre Post
CON SS PNF CON SS PNF
ROM (°) 976 + 3.0 96.1 + 3.6 955+ 34 99.0 + 3.1 1201 + 3.7*t 1231 +35*t
(90.4-104.9) (87.3-105.0) (86.3-104.7) (91.5-106.6) (110.9-129.3) (114.7-131.4)
MVC-Fix 70.4 + 3.9 727 +32 708 + 3.7 71.0 £ 4.0 79.0 £ 3.0*t 81.8 +3.9*t
(N-m) (60.4-80.4) (66.7-78.7) (60.8-80.8) (62.1-79.9) (71.8-86.1) (72.6-89.0)
MVC-Ext 1171 £ 6.7 1249+ 7.8 1219+ 7.0 1193 + 6.8 128.7 + 8.3 129.3 + 6.6*
(N-m) (96.9-137.1) (101.8-148.8) (103.3-144.5) (98.6-139.6) (103.9-154.2) (111.7-150.7)
0A () 356+ 24 36.5 2.2 341+23 345+28 27.9 + 26*t 239 +27*t
(29.5-41.7) (30.8-42.1) (28.3-39.9) (27.2-41.8) (21.6-34.2) (17.1-30.7)

* Significant (P < 0.05) difference from the Pre value.
1 Significant (P < 0.05) difference from the CON group.

significant increases in isokinetic concentric strength of the
knee flexors (SS = 11% = 3%, PNF = 16% = 4%). Only the
PNF group showed a significant increase (6% * 2%) in
concentric strength of the knee extensors after flexibility
training compared with baseline. No significant difference
in the changes in ROM, concentric strength of the knee
flexors, or optimal angle was evident between the SS and
PNF groups. The control group did not show any significant
changes in these variables. When looking at the relationship
between the changes in the knee flexors strength, optimum
angle, and ROM for the SS and PNF groups separately, a
significant correlation was found between the strength and
optimum angle changes (» = 0.65 for SS, » = 0.56 for PNF)
and between the optimum angle and ROM (» = 0.83 for SS,
r = 0.74 for PNF), but no significant correlation was evi-
dent between the strength and ROM (r = 0.48 for SS, r=0.35
for PNF).

Peak torque and work during eccentric exercise.
Figure 2A shows the average peak torque of 10 lengthening
contractions of each set during six sets. The decrease in peak
torque from the first to the last set was significantly greater for
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FIGURE 2—Changes (means = SEM) in peak torque (A) and work
(B) during six sets of 10 maximal eccentric contractions of the knee
flexors for the PNF, static stretching (SS), and control (CON) groups.
*Significantly (P < 0.05) different from the CON group.

the CON group (18% + 4%) compared with the SS (12% +
2%) and PNF (10% = 2%) groups, without a significant dif-
ference between the SS and PNF groups. The work during the
eccentric exercise in the SS and PNF groups was also sig-
nificantly greater than that of CON, but no significant dif-
ference between the SS and PNF groups was found (Fig. 2B).

Effect of flexibility training on muscle damage.
After maximal eccentric exercise, significant changes in
all criterion measures were seen for all groups; however,
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FIGURE 3—Changes (means + SEM) in optimum angle (A), maximal
isokinetic concentric torque of knee flexion at the optimum angle (B),
and range of motion at the hip (C) before (pre), immediately after
(post), and 1-5 d after maximal eccentric exercise for the control
(CON), static stretching (SS), and PNF groups. *Significantly (P < 0.05)
different from the CON group.
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significant differences in the changes were evident between
the control and flexibility training (SS and PNF) groups,
without significant differences in any of the measures be-
tween the SS and PNF groups (Figs. 3 and 4).

Figure 3 presents changes in optimum angle, peak torque
at the optimum angle, and ROM. All groups showed a sig-
nificant decrease in optimum angle after eccentric exercise,
indicating a shift toward a longer muscle length. The mag-
nitude of the shift was significantly greater for the CON
group (12° + 4°) compared with the SS (6° + 2°) and PNF
(5° £ 2°) groups (Fig. 3A). All groups showed significant
decreases in concentric strength immediately after exercise;
however, the changes were significantly greater for the CON
group compared with the SS and PNF groups (Fig. 3B). The
recovery of concentric strength after eccentric exercise was
significantly greater for the PNF and SS groups than that
for the CON group such that the concentric strength returned
to the baseline by 5 d after exercise for the SS and PNF
groups but was still 16% * 3% lower than the baseline for the
CON group.

As shown in Figure 3C, the decrease in ROM after ec-
centric exercise was significantly greater for the CON group
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FIGURE 4—Changes (means + SEM) in plasma CK activity (A), Mb
concentration (B), and muscle soreness (C) before (pre) and 1-5 d after
maximal eccentric exercise for the control (CON), static stretching
(SS), and PNF groups. *Significantly (P < 0.05) different from the
CON group.

compared with that for the SS and PNF groups. The maxi-
mal change in ROM for the CON group (15° + 4°) was
significantly greater than that of the SS (8° + 3°) and PNF
(7° + 2°) groups. ROM returned to the baseline by 5 d after
exercise for the SS and PNF groups; however, ROM was
8° + 3° smaller from the baseline for the CON group.

Figure 4 shows changes in plasma CK activity, Mb
concentration, and muscle soreness. All groups showed
significant increases in plasma CK activity and Mb concen-
tration; however, the increases were significantly smaller
for the SS and PNF groups compared with the CON group
(Figs. 4A and B). Muscle soreness developed for all groups
after eccentric exercise; however, the SS and PNF groups
showed significantly smaller values compared with the CON
group (Fig. 4C).

Correlation between flexibility and muscle dam-
age indices. The preeccentric exercise flexibility was
significantly correlated with the magnitude of change in the
markers of muscle damage. Both ROM and optimum angle
(OA) were correlated (P < 0.01) with the magnitude of
decrease in maximal voluntary concentric strength (MVC)
immediately after exercise (Figs. SA and B), 1 d (ROM:
r=0.65, OA: r = —0.69), 2 d (r = 0.66, r = —0.62), 3 d
(r=10.59,r=-0.63),4d (»=0.65 r=—0.62),and 5 d
(Figs. 5C and D) after exercise. A high correlation (P <0.01)
was also found between ROM or optimum angle and peak
CK activity (Figs. SE, F) or peak Mb concentration (ROM:
r= —0.79, OA: r = 0.55). Although significant, the corre-
lation between ROM or optimum angle and peak muscle
soreness was not high (Figs. 5G and H). The results indicate
that the greater the preeccentric exercise ROM and the
smaller the preeccentric exercise optimum angle (i.e., opti-
mum angle at a longer muscle length), the less the magni-
tude of muscle damage induced by the eccentric exercise.

DISCUSSION

The present study was the first to show that the SS and
PNF training shifted the optimum angle of the knee flexors
to a longer muscle length, together with increases in ROM
and concentric strength of the knee flexors (Table 1). Both
training attenuated the changes in ROM, concentric strength,
optimal angle, muscle soreness, plasma CK activity, and Mb
concentration after maximal eccentric exercise, without sig-
nificant differences between SS and PNF groups (Figs. 3 and
4). These results strongly support the first hypothesis that
both flexibility training protocols were effective in attenuat-
ing eccentric exercise—induced muscle damage but do not
support the second hypothesis that the protective effect
would be greater for PNF than SS training. The correlation
analyses (Fig. 5) clearly revealed that flexible muscles are less
susceptible to eccentric exercise—induced muscle damage,
supporting the previous report by McHugh et al. (34).

It is important to note that the present study investigated
the effect of an 8-wk static stretching or PNF training on one
bout of maximal eccentric exercise, and an acute effect of
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FIGURE 5—Correlations between preeccentric exercise ROM of the hip joint or optimum angle of the knee flexors and percent changes in maximal
concentric strength (MVC) immediately after (A, B) and 5 d after exercise (C, D), peak CK activity (E, F), and peak muscle soreness (G, H) based on

pooled data from the three groups (n = 30).

stretching on muscle function and on muscle damage should
be considered separately from the findings of the present
study. In fact, it has been shown that preexercise static
stretching has negative effect on muscle function (16,20,43)
and no effect on eccentric exercise-induced muscle dam-
age (21,25,40,47). As shown in Table 1, both SS and PNF
training in the present study were effective in improving
flexibility such that the ROM increased more than 20° and

the optimal angle shifted to a long muscle length. In ad-
dition, the flexibility training increased the knee flexor
muscle strength more than 10% (Table 1). Previous studies
(19,27,48) also reported significant increases in ROM and
muscle strength after flexibility training of the knee flexors.
For example, Worrell et al. (48) reported that static stretch-
ing and PNF training of the knee flexors for 3 wk (5 d-wk ")
increased ROM by 8°-10° and knee flexor strength by 10%.
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It may be that the longer (3 vs 8 wk) training period and
greater number of sessions in the training (15 vs 24 sessions)
in the present study resulted in greater increases in ROM
compared with the previous study (48). It seems that the
isometric contractions of the knee flexors performed during
the flexibility training were responsible for the increases
in the knee flexor strength of both SS and PNF groups. A
significant increase in knee extensor strength was evident
only for the PNF group (Table 1), and this appeared to be
due to the concentric contractions of the knee extensors (six
maximal contractions per session) performed in the PNF. The
increases in knee flexor strength are reflected in the greater
force production and work during the eccentric exercise in the
PNF and SS groups compared with the control group (Fig. 2).
Alonso et al. (1) reported that no significant difference in
peak isometric torque of knee flexors was found between
less flexible and “normally” flexible subjects, but the knee
joint angle to generate the peak torque was larger (i.c.,
optimum muscle length was shorter) in the less flexible
subjects compared with the normal subjects. The present
study found a significant correlation between the increase
in knee flexors strength and the shift of the optimum angle
to a longer muscle length after the static stretching and
PNF training. It may be that increases in muscle strength
are associated with the shift of the optimum angle (i.e.,
an increase in sarcomere numbers in series). The changes
in the optimum angle and ROM after flexibility training
were significantly correlated, but the changes in strength
and ROM were not significantly correlated in the present
study. It seems that the increases in ROM were associated
with the shift of the optimum angle to a longer muscle length.
No significant correlation between the strength and ROM
may be related to the different movement of the knee flex-
ors during measurements; the knee joint was flexed in the
strength measure but was extended in the ROM measure.
The present study showed a significant shift (~10°) of the
optimum angle toward a longer muscle length after both SS
and PNF training (Table 1). It was hypothesized that the
shift of the optimum angle would be greater for the PNF
training than SS training, because isometric contractions at
a longer muscle length, which have been shown to shift the
optimum angle to a longer muscle length (38), were only
performed in the PNF training. However, the SS group also
showed a similar change in optimum angle to that of the
PNF group (Table 1). Ferreira et al. (15) reported a shift of
the optimum angle of the knee flexors to a long muscle
length (4°) after a 6-wk static stretching training (five ses-
sions per week). Animal studies (11,12) showed that static
stretching (3 d'wk ', 40 min-d~") during a 3-wk period of
the latissimus dorsi or soleus muscles resulted in a 4%—25%
increase in the number of sarcomeres in series. These sug-
gest that static stretching shifts the optimum angle to a longer
muscle length by increasing the sarcomere number in series
(4,39); however, further human studies are necessary to in-
vestigate the relationship between optimal angle shift and
sarcomerogenesis in flexibility training. It should be noted

that static stretching was included in the PNF in the present
study, although the volume of the static stretching in the
PNF (5 sets of 30 s per session) was less than 20% of that in
the static stretching (30 sets of 30 s per session). It might be
that static stretching in the PNF played a major role in the
shift of the optimal angle to a longer muscle length. How-
ever, Handel et al. (19) reported that a contract-relax PNF
training (10 min-d ™', 3 d'wk™ ', 8 wk) shifted the optimum
angle of the knee flexors to a longer muscle length, although
the magnitude of the shift (4°) was smaller than that of the
present study. Thus, it seems likely that the shift of the opti-
mum angle after PNF training shown in the present study
was the combination effects of the static stretching and the
PNF-specific protocols.

The most striking finding of the present study was that the
changes in the criterion measures after eccentric exercise
were significantly smaller for the PNF and SS groups com-
pared with the control group as shown in Figures 3 and 4.
The changes in muscle strength and muscle soreness after
eccentric exercise of the control group were similar to those
reported in a previous study (14) in which a similar maximal
eccentric exercise of the knee flexors to that of the present
study was performed. Thus, it seems reasonable to state that
the PNF and SS groups had attenuated responses to the ec-
centric exercise. It should be noted that the force and work
during the eccentric exercise were greater for the PNF and
SS groups compared with the control group (Fig. 2). Be-
cause muscle damage is generally greater with greater force
production during eccentric contractions (32,46), the mag-
nitude of muscle damage should have been greater for the
PNF and SS groups than that for the control group if the
flexibility training induced no protective effect; however,
the opposite was found. This strongly suggests that the
flexibility training provided prophylactic effects on eccen-
tric exercise—induced muscle damage. In contrast, previous
studies (14,28) did not find strong protective effects of
flexibility training (4-5 wk) on muscle damage induced by
eccentric exercise of the knee flexors, despite significant
increases in the flexibility after the training. LaRoche and
Connolly (28) found a 10% increase in ROM, and Eston
et al. (14) reported a 14% increase in sit-and-reach test. It
is possible that the duration of the flexibility training and
the total time that the muscles under stretching were not
long enough to produce a protective effect against eccentric
exercise—induced muscle damage in the previous studies
(14,28). The similar protective effects conferred by SS and
PNF training are likely to be explained by the similar changes
in ROM, optimum angle, and muscle strength of the knee
flexors between the two flexibility training protocols. The
magnitude of the shift of the optimum angle after the flexi-
bility training of the present study (~10°) was comparable
to the difference in the optimum angle (~10°) between the
normal group and the group with less hamstring flexibility
shown in a previous study (1).

It is important to note that significant correlations between
preeccentric exercise ROM/optimum angle and changes in
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muscle damage indices were evident, especially for MVC,
peak CK activity, and Mb concentration (Fig. 5). This sug-
gests that the greater the ROM or the longer the optimum
muscle length, the less the muscle damage developed after
eccentric exercise. This supports the previous study by
McHugh et al. (34), reporting that subjects who had greater
hamstring flexibility were less susceptible to eccentric
exercise-induced muscle damage of the hamstrings. Thus, it
seems reasonable to assume that flexibility of the muscle is
a factor determining the magnitude of eccentric exercise—
induced muscle damage. It may be that a large variability in
the magnitude of muscle damage among subjects reported
in previous studies (e.g., Clarkson et al. [8] and Nosaka et al.
[36]) can be, at least partially, explained by a difference in
muscle flexibility or optimum angle of the muscle.

The mechanisms by which a flexibility training confers
the protective effect against the subsequent bout of maximal
eccentric exercise are not clear, but some speculations can
be made. As mentioned previously, McHugh et al. (34)
showed that compliant hamstrings were less susceptible to
muscle damage after eccentric exercise of the knee flexors
and postulated that the tendon—aponeurosis complex of
compliant muscles can absorb lengthening and limit muscle
strain. Because no measures of the tendon or muscle-tendon
unit were made in the present study, further studies are
necessary to investigate the changes in muscle-tendon be-
havior during eccentric contractions after static stretching
and PNF training in relation to muscle damage. An increase
in sarcomere number in series might also be related to the
protective effect conferred by the flexibility training. When
the sarcomere number in series increases, it is likely that
the tension across the muscle during eccentric contractions
decreases, which could attenuate the severity of muscle
damage (33). Proske and Morgan (39) stated that a shift of
the optimum angle to a longer muscle length could represent
an increase in the number of sarcomeres in series. In the
present study, the optimum angle of the knee flexors after
flexibility training shifted to a long muscle length by 10°
(Table 1), suggesting that the flexibility training increased
the number of sarcomeres. Further studies are necessary to
investigate changes in sarcomere number in series after
flexibility training in humans and how this affects the sar-
comere behavior during eccentric contractions. Moreover,
Lavender and Nosaka (29) reported that eccentric exercise
with a light dumbbell (10% of MVC), which did not induce
significant changes in any of the indirect markers of muscle
damage, attenuated decreases in isometric strength and
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