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An eccentric muscle activation is the controlled lengthen-
ing of the muscle under tension. Functionally, most leg
muscles work eccentrically for some part of a normal gait
cycle, to support the weight of the body against gravity
and to absorb shock. During downhill running the role of
eccentric work of the ‘anti-gravity’ muscles — knee
extensors, muscles of the anterior and posterior tibial
compartments and hip extensors — is accentuated. The
purpose of this paper is to review the relationship between
eccentric muscle activation and muscle damage, particular-
ly as it relates to running, and specifically, downhill
running.
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Mechanisms of muscle injury

Recent evidence indicates that skeletal muscle dam-
age may be the primary mechanism contributing to
muscle soreness and strength loss after eccentric
exercise’>. However, the relationship between
skeletal muscle damage, muscle soreness and loss of
muscle force is unclear. Muscle soreness peaks well
before muscle damage indices and muscle weakness
appears to be at its worst immediately post-exercise.
There is substantial evidence that eccentric contrac-
tions cause more damage than other types of
contraction 2. Ultrastructural changes within skeletal
muscle fibres were first demonstrated by Friden et al.3
following an exercise protocol of repeated stair
descents which caused severe delayed onset muscle
soreness (DOMS). Post-exercise samples showed
myofibrillar disturbances consisting of Z-band disrup-
tion and streaming.

Two hypotheses, metabolic overload and mecha-
nical strain, have been suggested as causative
mechanisms for muscle damage. As eccentric activa-
tion causes most muscle damage, it suggests that
high local muscle tensions are in some way more
important than extreme metabolic demand in the
aetiology of DOMS injury®.
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Appell et al.” presented evidence to suggest that
the mechanisms producing muscle damage after level
endurance running and downhill running were not
the same. A comparison was made of the histological
structure of the rat soleus muscle, subjected either to
a level endurance run or a downhill run. The loss of
striation pattern seen in 15% of fibres at 48h were
predominantly in fibres which were glycogen de-
pleted. This suggests a metabolic aetiology for the
damage. Glycogen depletion was present in 25% of
the fibres immediately after level running and
increased to 33%, 48 hours later. There were similar
levels of lysosomes in the muscle fibres. This,
combined with an immediate 16% loss of sarcomere
organization, suggested an autophagic response, due
to metabolic exhaustion and enzyme leakage. In
contrast, however, the downhill running muscle had
higher disruption levels (33% of fibres with immedi-
ate loss of sarcomere organization) but no glycogen
depletion or lysosome occurrence in the fibres. This
lack of glycogen depletion and absence of autophagic
response supports a mechanical origin of muscle
damage®.

Strength loss

Perhaps one of the more noticeable effects of
eccentric exercise induced by downhill running is the
acute loss of strength which continues for some days
after the damaging exercise’~'2. Short-term strength
loss is also experienced after concentric and isometric
exercise. The longer duration strength loss, associ-
ated with eccentric exercise, has been attributed to
sarcoplasmic reticulum damage. This latter theory
has been postulated by Clarkson et al® on the
assumption that, if the sarcoplasmic reticulum is
damaged, the restoration of normal calcium levels
would be delayed and the ability to generate normal
force levels would be impaired. Indeed, altered
sarcoplasmic reticulum function and consequent
intracellular regulation of free calcium concentration
has been reported after prolonged® and high
intensity exercise'* in animals.

An additional explanation for the loss of strength
after eccentric exercise has been put forward by
Clarkson et al®. They proposed that the sarcomeres
are stretched out by performance of the lengthening
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action. Sarcomeres are shorter towards the end of the
muscle fibres’. If the lengthening action pulls some
of the sarcomeres apart, the overlap between the
actin and myosin filaments would be reduced which
would reduce the number of cross bridges that could
form. However, they acknowledged that there are as
yet no data to substantiate such a theory.

In contrast to the rapid recuperation of strength
after concentric exercise, the loss of strength after
eccentric exercise is much longer lasting. The length
of time the muscle requires to regain full strength
does not appear to be established, as studies tend to
measure only until around 10 days, where there is
still usually a significant reduction of strength
compared to pre-trial values. Eston et al.> compared
uphill and downhill running at similar exercise
intensity (80% of the maximal heart rate, %HR.,).
They reported a decrease in the strength of the knee
extensors from 270(+40 N m) to 115(+34) immediate-
ly following five 8-min bouts of downhill running at
—10% interspersed with 2 min rest periods. Strength
was still lower (225+49N m) after 7 days. There was
no change in strength after running uphill at a similar
metabolic cost. Finney et al. using a similar protocol,
measured concentric and eccentric isokinetic strength
of the knee extensors. They reported similar strength
losses for both concentric and eccentric strength, with
values returning to normal after 4 days.

The degree to which strength decreases appears to
be related to the relative length of the muscle durin
eccentric exercise. For example, Newham et al
observed that when the elbow flexors were exercised
at long length, strength decreased to 75% of the
initial values immediately after exercise and at 24h
later. Short length exercise produced much smaller
changes in strength.

Muscle tenderness, which peaked at 48 h, was also
greatest in the muscles exercised at long length.
Newham et al.'” therefore concluded that high force
generation was not the only explanation for the
undesirable consequences of eccentric exercise. It
should also be noted that forces generated at long
length are lower than forces generated at short length
(100-250N long, 150-375N short)"”. Similarly, long
length isometric maximal voluntary contractions
(MVC) produce greater low-frequency fatigue and
pain, with relatively lower force than for MVC at
short length'®.

Newham et al.'” therefore concluded that the
differences in strength, after exercise at long and
short length, were not just due to the magnitude of
the force generated in the muscle. Changes in
strength also appear to be related to the length at
which the muscle is exercised. In downhill running
the knee extensor muscle group is worked over a
greater range than for uphill running, with more
work at its longer length.

Soreness and tenderness

Tenderness, measured by pressure transducers (e.g.
Penny and Giles Myometer, Christchurch, Dorset,
UK) is greatest in the gluteus maximus, rectus
femoris, vastus medialis, vastus laterali, tibialis
anterior, gastrocnemius and biceps femoris when
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measured 2 days after downhill running'? The
greatest tenderness occurred at the distal myotendi-
nous junction of the muscles. This corresponds with
previous investigations which have used different
protocols of inducing damage'®~2. The fact that this
tenderness appears to be immediate!® rather than
delayed may suggest that it originates in connective
tissue. Pain experienced during active extension is
accompanied by a decrease in resting angle!®, which
is perhaps due to tension on the damaged connective
tissue.

Creatine kinase

Creatine kinase is found in skeletal muscle, cardiac
muscle and the brain. Abnormally high circulating
levels of enzymes such as creatine kinase are taken to
reflect changes in the integrity of muscle fibre
membranes — either damage to, or increased
permeability, of the membrane to the enzyme.
Eccentric activation of muscle has been widely
implicated as the cause of large increases in plasma
creatine kinase (PCK) after exercise!”-22-24,

There appears to be a quantitive difference in the
PCK response between high force, maximal eccentric
exercise and downhill running. For example, after
maximal eccentric exercise of the forearm flexors,
Clarkson et al.? observed that PCK levels started to
rise quickly after 2 days and peaked at 4 days at a
level of about 2500U‘1"! High intensity eccentric
exercise in untrained men produced a mean peak
PCK response of 2143 u-17! at 5 days?. Peak levels of
around 1500-11000u-1~" were reported by Newham
et al.?® after maximal eccentric exercise. After high-
intensity eccentric exercise of the knee extensors,
PCK has also reached levels of 6988 +1913 u-1~! at the
third day after exercise®.

In contrast, PCK levels after downhill running
seem to peak much earlier, at a much lower level.
Examples of this are levels of 339+379.6u-17?,
observed by Byrnes et al. at 24h?, and a peak at 24 h
of between 425-460u-1"! observed by Schwane et
al.® %, Studies from our laboratory showed peak
levels of 400-580u-1"" occurring 2 to 4 days after
downhill running at 10% gradient'> 6. PCK levels for
downbhill walking seem to reflect the relative intensity
and duration of maximal eccentric exercise, with
levels of between 700-1500 u-1~! between 4-7 days?*.

There is a large difference in the working muscle
mass of forearm flexors compared to the eccentrically
working leg muscles in downhill running, which
makes these contrasts even more striking. There is as
yet no explanation for the difference in time course or
magnitude of PCK levels between high force eccentric
exercise and downhill running exercise®. Perhaps the
reason for the disparity in magnitude is that high
force eccentrics involve higher forces maintained
through a longer strain range than downhill running.

Oxygen drift during downhill running

Despite its relative metabolic efficiency, a number of
studies have shown a steady upward drift
of Vo, during downhill running!l.2831-33_ Sergeant
and Dolan'' observed that oxygen uptake rose
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progressively from 45% of V02 max after 10 min to 65%
VOomax at the end of a downhill running exercise.
Pierrynowski et al.?? also observed an upward drift of
Vo, during downhill running and downhill training
at a constant stride frequency, compared with a stable
Vo, during uphill training.

Iverson and McMahon™ found that the oxygen
demand at a steady 3m/sec™ " reduced with increas-
ing downhill gradient, until near —0.10rad, and then
increased as the downhill angle grew steeper. At the
angle of —0.10rad, the normal foot reaction force was
found to be maximal. It is suggested that this gradient
is the most efficient in terms of energy expenditure,
making greater use of the stored elastic energy of the
muscles, while causing most stress to the legs and
feet.

Dick and Cavanagh® compared the Vo, of experi-
enced runners, over two same-speed runs, 2 days
apart, on the level and downhill. For the level run
there were no differences in O, consumption,
integrated EMG (vastus lateralis and vastus medialis)
or stride length after 10 and 40 min. However, in the
downhill run, there was a 10% increase in O,
consumption and a 23% increase in EMG activity in
the same time period. It was hypothesized that the
upward drift in Vo, and EMG increase were a result
of increased motor unit recruitment in the eccentrical-
ly activated muscles, caused by muscle/connective
tissue damage and local muscle fatigue. However,
Westerlind et al.*® have contradicted this argument.
They observed increases in Vo, heart rate and
ventilation during two downhill runs at 40% peak
Vo, Upward drift of Vo, over time was similar for
the two downhill runs (15.6% and 14.7% respective-
ly). Serum CK activity or perceived muscle soreness
however was reduced during the second run. It was
therefore suggested that the Vo, drift increase during
downhill running is not related to muscle damage.

Adaptation and training

Previous training reduces the muscle soreness re-
sponse and reduces morphological changes, perform-
ance changes and PCK activity in the
blood!7-26.28.29,35-41_ Goreness is reduced by training
that involves eccentric contractions®® as concentric
training does not reduce DOMS in subsequent
eccentric exercise’. Similarly, in animals, the muscle
damage that occurs during downhill running is
prevented by downhill and level training, but not by
uphill training®. The protective effect of a prior bout
of exercise, that in itself may only produce minimal
soreness, lasts for prolonged periods. Byrnes et al.?
observed that the muscle soreness response to
downhill running was reduced by up to 6 weeks
following an initial bout of downhill running.
Similarly, Pierrynowski et al.>? found that as little as
two 12 min bouts of downhill running at a gradient of
10% were sufficient to protect against the occurrence
of DOMS in a subsequent downhill run 3 days later,
which had produced DOMS in the control group.
However, they also noticed that this training was not
sufficient to prevent a 2-3 day reduction in muscular
strength, suggesting that strength loss and DOMS
may have different physiological origins.

We have examined the effect of a prior bout of
maximal isokinetic eccentric exercise on DOMS,
strength loss and serum CK'¢ following a downhill
run in 10 male students. The experimental group
performed 100 maximal, isokinetic eccentric activa-
tions at 0.52rad-s~'. Two weeks later the downhill
run was performed on a motor driven treadmill. This
consisted of five bouts of 8 min at a gradient of —10%
at a speed corresponding to 80% of the maximum
heart rate. The control group performed the downhill
run as above but without the prior isokinetic session.
After isokinetic exercise, peak torque decreased by
10% (358.6+38.8 to 323.0+26.9N m) immediately
post-exercise and returned to baseline levels by day 4.
Serum creatine kinase activity increased by 403%
(86+22 against 345+234u-i™') and rating of
perceived soreness (RPS) increased from 0 to 4.8+2.8
by day 4. Following the downhill run, post-exercise
strength loss was lower in the trained group (p<0.05)
at both eccentric speeds (7N m against 68 N m at 0.52
rad-s~! and 37N m against 87N m at 2.83rad-s™! for
the trained and untrained groups, respectively) and
at the slower concentric speed (22 N m against 64 N m
for the trained and untrained group, respectively).
There was less soreness and tenderness (p<0.05) in
the trained knee extensor muscle group. Strength
also returned to baseline measures earlier for the
trained group. Serum creatine kinase acﬁvitY peaked
on day 4 for the trained group (319+109u-1"") and on
day 2 for the untrained group (578+269u-l7?)
(p<0.05). For the untrained group tenderness was
greatest (p<0.05) in the distal musculotendinous
junction, whereas it was greatest in the muscle belly
for the trained group. There were no significant
differences in tenderness measurements for the
gluteus maximus, anterior tibialis and gastrocnemius
muscles between the two groups. The results suggest
that a prior bout of isokinetic eccentric training
reduces the severity of muscle damage, reduces the
amount of strength loss and decreases the sensation
of soreness and tenderness after downhill running,

Ebbeling and Clarkson*® suggested that the muscle
repairs itself after the first bout of damage-inducing
exercise and that adaptations within the muscle
surrounding connective tissue were the reasons for
the rapid training effect after one eccentric exercise
bout. However, Clarkson et al.” have now suggested
that this theory is unlikely, as over time periods of 6
months, with the constant turnover of cellular
components, the ‘conditioned’ fibres were unlikely to
retain their adaptations. They hypothesized that the
first bout of eccentric exercise adapts the motor-unit
recruitment pattern over the movement range, to
more equally distribute the force between the muscle
fibres, reducing the chance of severe damage to any
one motor unit. Motor skills are ‘stored’ for a long
time, giving credence to this neurological theory;
along with a cellular response as the reason for the
long training effect.

Biomechanics of downhill running

During normal locomotion (walking and running) the
extensor muscles in the lower limbs perform eccentric
contraction during each stride to decelerate the centre
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of mass after the foot touches the ground*.
Following downhill running, greater DOMS is
produced in the gluteal muscles, the quadriceps, and
the anterior and posterior tibial muscles, than for an
equivalent bout of level running'?

Armstrong et al.? suggested that it is primarily the
eccentric contraction phase that causes muscle
damage during normal level running since the
highest tensions in the leg extensor muscles are
produced whilst the muscles are lengthening after
the foot touches the ground and the centre of mass is
decelerating.

Few studies have examined the kinematic differ-
ences between downhill and level running and
highlighted the differences in the knee angle between
footstrike and peak flexion angle* 6. The overall
change in angle is greater in downhill running, with
peak flexion angle significantly greater. This means
that the muscle is working eccentrically at a greater
length during downhill running. As alluded to
earlier, there appears to be a length-dependant
component in the production of muscle damage’. In
downhill running the knee extensor muscle group is
worked over a greater length, with more work at its
longer length. This is exemplified from the following
kinematic data.

During downhill running, the overall change in
knee angle from footstrike to peak flexion angle is
much greater than in level running. Values cited in
the literature for downhill and level running are
0.52rad (30.9°) at a gradient of —8.3% against 0.34rad
(19.3°%, 0.61rad (35.1°) at a gradient of —10%
against 0.47rad (27.2°)*°, and 0.57rad (32.5°) at a
gradient of —9% against 0.36 rad (20.5°) (results from
our laboratory). This movement takes place in the
first half of the stance phase of gait, with peak flexion
angle occurring significantly later (40.7% and 33.6%
of stance), for downhill and level running respective-
ly*®. Values from our laboratory are 50.0% against
47.6% of the stance phase for downhill and level
running respectively. This appears to be the major
phase of negative or eccentric work for the knee
extensors, which control knee flexion and absorb
shock. The initial knee flexion angle at footstrike is
less in downhill compared to level running 0.30rad
(17.0°) against 0.43rad (24.6°) and the peak flexion
angle is greater 0.84rad (47.9°) against 0.77rad
(43.9°)%. Corresponding values for the initial knee
flexion angle at heelstrike from our laboratory are
0.12rad (7.1°) at —9% gradient and 4m-s™?, against
0.30rad (17.4°) for the level running. Despite these
differences the angle between leg and the vertical
does not change during downhill running®.

In downhill running, the knee extensor muscle
group is being actively strained to a greater degree
than in level running, while undergoing a simul-
taneous contraction. Leiber and Fridén’s* work
demonstrated that it is the degree of active strain on a
contracting muscle, independent of the relative force
exerted by the muscle, that produces the characteris-
tic signs and symptoms of muscle damage, not found
in level running.

The timing of maximum dorsiflexion is also later as
a percentage of stance in downhill compared to level
running (49.3% against 45.0%). Peak dorsiflexion
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velocity is the same for both downhill and level
running, but there are significant differences in the
timing, with peak values occurring later in stance
(28.6% against 21.4%)*.

However, there is no difference in the peak
dorsiflexion angle at the ankle. This may explain why
there is no greater incidence of muscle damage in the
posterior calf muscles during downhill running. Most
studies of downhill running and muscle damage have
concentrated on the quadriceps group, with very
little mention of posterior calf pain. The ankle is a less
mobile joint than the knee, with dorsiflexion from
neutral restricted to less than 0.44rad (25°)%. This
lack of range of movement may explain the finding of
Winter® that the ankle is a net generator of force,
while the knee is a net absorber in level jogging.
There may not be sufficient range in the ankle to let
the calf muscles act efficiently as absorbers of force.
Because of the functional position of the ankle, the
posterior calf muscles may simply be more adapted to
working at their long length, protecting them from
muscle damage in downhill running. Power genera-
tion/absorption is the product of joint moment and
joint angular velocity and is either a positive or
negative quantity, depending on the directions of
joint moment and angular velocity. Buczec and
Cavanagh® reported a much greater total of negative
work in both knee and ankle in downhill, compared
to level, running. Values for absorption at the knee
were about twice those for the ankle in both downhill
and level running. Specifically, the negative (absorp-
tion) work of the knee extensors in stance phase was
58] and 30] for downhill and level running,
respectively. Negative work done on extensor mus-
cles at the ankle was 26.1] for downhill running
compared to 12.6] for level running. It was proposed
that it was the higher power absorption require-
ments, rather than the greater range of joint
movement in downhill running that caused the
muscle damage and soreness. Overall in level
running, it has been shown that the knee extensors
absorb 3.5 times as much energy as they generate
(69.2] against 19.6]), with the ankle plantarflexors
generating 3 times more energy than they absorb
(59.0] against 19.6])*.

At the knee, the negative work period as a
percentage of total stance time is significantly greater
for downhill running (42.1% against 35.7%), with no
significant difference in the duration of stance phase
between downhill and level running. In the ankle the
negative work period is also significantly greater for
downhill running (43.6% against 28.6%)*.

In the lower leg, the plantarflexors of the ankle —
soleus and gastrocnemius — work eccentrically to
control the forward momentum of the leg over the
foot in early stance phase and facilitate heel lift. The
ankle extensors (dorsiflexors) tibialis anterior, exten-
sor hallucis longus and extensor digitorum longus,
also have a considerable eccentric work component in
gait to control the descent of the forefoot®.

In a study of ground reaction forces during level
and downhill running, support time was again
almost identical between conditions™. Vertical im-
pact peak force was 14% higher for downhill
compared to level running. The anteroposterior
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braking impulse in downhill running was almost
double that of the propulsive impulse. In level
running, these two impulses were not significantly
different. The peak impact vertical force during
downhill running at —12% gradient is approximately
1800N or 2.8 times body weight>.

Anterior compartment

Friden and colleagues have concentrated on the
effects of eccentric muscle action on the anterior
compartment of the leg?>!. This compartment has
non-elastic fascial sheaths and may be predisposed to
anterior tibial compartment syndrome with repeated
downhill running,

Eccentric exercise causes a significant increase in
intramuscular pressure in a non-compliant compart-
ment, compared with concentric exercise. Muscle
fibre swelling is a predominant feature after eccentric
exercise. This was thought to be a factor in the
development of DOMS in a tight compartment®.
However, intramuscular pressure is raised immedi-
ately after eccentric exercise, before the muscles
become painful. Once pain starts there are still the
same raised pressures. Newham and Jones’ work™
on DOMS in the biceps, found there was no
detectable difference in pressure between sore and
control arms. It appears therefore that eccentric
exercise may cause an increase in pressure in
non-compliant compartments (with the possibility of
compartment syndrome) but is not directly associated
with DOMS pain®!.

It has been reported® that anterior compartment
syndrome develops mainly in runners, while soccer
players and cyclists develop posterior compartment
syndrome. Perhaps there is a connection between the
eccentric work done in the anterior compartment in
runners, to control forefoot loading. This movement
is not found in cyclists. In downhill running there
may be more eccentric work done by these muscles,
which may contribute to a higher incidence of
compartment syndrome.

Summary

There are striking differences in the timing of events
in stance phase between downhill and level running,
alth01,31§h contact phase is independant of downhill
angle®, Peak knee flexion angle, peak flexion
velocity, maximum ankle dorsiflexion and peak
dorsiflexion velocity all occur significantly later in
stance phase in downhill running®. Possibly because
there is a longer period of negative work for the knee
extensors and ankle flexors, there is more resultant
muscle damage.

Variation in intensity of the eccentric exercise may
be the reason for the differences in both time course
and magnitude of PCK response between downbhill
running and high intensity eccentric exercise. Most
protocols using high-intensity eccentric exercise were
careful to eliminate all concentric components from
the tests. In contrast, downhill running is a much
more functional activity, combining concentric and
eccentric exercise. The physiological consequences of
downhill running seem to be closer to normal

reactions to muscle damage with moderate PCK
increases. There is evidence to suggest that a prior
bout of eccentric exercise does reduce decrements in
strength, severity of muscle damage and perceived
muscle soreness after a subsequent bout of downhill
running.
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