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Due to a high incidence of anterior cruciate ligament
(ACL) re-injury in alpine ski racers, this study aims to
assess functional asymmetry in the countermovement
jump (CMJ), squat jump (SJ), and leg muscle mass in
elite ski racers with and without anterior cruciate liga-
ment reconstruction (ACL-R). Elite alpine skiers with
ACL-R (n = 9; 26.2 ± 11.8 months post-op) and uninjured
skiers (n = 9) participated in neuromuscular screening.
Vertical ground reaction force during the CMJ and SJ
was assessed using dual force plate methodology to obtain
phase-specific bilateral asymmetry indices (AIs) for
kinetic impulse (CMJ and SJ phase-specific kinetic

impulse AI). Dual x-ray absorptiometry scanning was
used to assess asymmetry in lower body muscle mass.
Compared with controls, ACL-R skiers had increased AI
in muscle mass (P < 0.001), kinetic impulse AI in the CMJ
concentric phase (P < 0.05), and the final phase of the SJ
(P < 0.05). Positive associations were observed between
muscle mass and AI in the CMJ concentric phase
(r = 0.57, P < 0.01) as well as in the late SJ phase (r = 0.66,
P < 0.01). Future research is required to assess the role of
the CMJ and SJ phase-specific kinetic impulse AI as a
part of a multifaceted approach for improving outcome
following ACL-R in elite ski racers.

Elite alpine ski racing (i.e., FIS World Cup, World
Championship, and Olympic level racing) occurs at high
speeds and in an unpredictable environment with
repeated bidirectional turning composed of forceful con-
centric but predominantly eccentric movements that
elicit near maximal levels of lower body muscle activa-
tion (Berg et al., 1995; Hintermeister et al., 1995; Bere
et al., 2011). To contend with these physical demands,
competitive alpine ski racers are characterized by having
a high degree of bilateral thigh muscle strength symme-
try (Neumayr et al., 2003) along with a high degree of
force symmetry in multi-joint closed kinetic chain move-
ments (Patterson et al., 2009).

Due to the intense nature of alpine ski racing, there is a
high risk for lower body injury, especially the knee joint
(Flørenes et al., 2009; Bere et al., 2014). Knee injuries
account for nearly one third of the injuries sustained by
elite ski racers and half of these injuries result in a
significant time loss from sport (> 28 days) (Flørenes
et al., 2009; Bere et al., 2014). Anterior cruciate ligament
(ACL) injury is the most common type of knee injury
(Flørenes et al., 2009; Bere et al., 2014) and ski racers are
at high risk for ACL re-injury (Stevenson et al., 1998;
Pujol et al., 2007). ACL injury in elite alpine ski racing is
distinct from field sports due to the existence of three

different injury mechanisms that occur in a highly unpre-
dictable and changing environment (Bere et al., 2011).
Additionally, recently conducted studies indicate there
are no sex-related differences in ACL injury rates in elite
ski racers, which has been attributed to the exclusion of
sex-related factors commonly found in field sports as a
result of the high force injury mechanisms (Flørenes
et al., 2009; Bere et al., 2014).

Despite the high ACL injury rates and the uniqueness
of non-contact ACL injuries in ski racing, only a single
longitudinal study has focused on identifying modifiable
(trainable) risk factors for ACL injury (Raschner et al.,
2012). Furthermore, in consideration of the high ACL
re-injury rate (Stevenson et al., 1998; Pujol et al., 2007),
very little is known about the neuromuscular function of
elite ski racers with a history of ACL injury and ACL
reconstruction (ACL-R), and there are no scientifically
supported standards or criteria guiding the return to sport
period following ACL injury. This is important as fol-
lowing an ACL-R the primary objectives are to restore
neuromuscular function with rehabilitation exercise
(Palmieri-Smith et al., 2008), ensure athlete safety for
return to sport, and re-establish pre-injury performance
levels (Myer et al., 2006). However, known risk factors
for ACL injury, such as deficits in thigh muscle strength
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training period. However, DXA scanning and the CMJ and SJ
phase-specific kinetic impulse AI were newly introduced tests;
therefore, we were unable to obtain pre-injury data. All subjects
were highly familiar with the testing procedures and regularly
performed maximal effort CMJs and SJs as a part of their off-snow
training routines. After giving informed consent, body composi-
tion was assessed by DXA scanning. Following DXA scanning,
subjects performed a standardized warm-up including 10 min on a
cycle ergometer and light dynamic stretching for the lower body.
Dynamic stretching targeted the muscles of the lower limbs (i.e.,
quadriceps, hamstrings, gluteal muscles, hip flexors, and plantar
flexors) and included 10 repetitions of dynamic stretching with a
2-s hold in the stretched position.

Subjects then performed 10 maximal CMJs where they were
instructed to descend rapidly to a knee joint angle of 90-degree
knee flexion and ascend maximally while keeping the hands firmly
placed on the hips. Subjects were given a 5-min rest interval,
which was followed by 10 maximal SJs. For the SJs, subjects were
instructed to descend slowly to a knee joint angle of 90-degree
knee flexion and remain stationary for 3 s. After achieving a sta-
tionary baseline force, subjects were given verbal instruction to
jump. Subjects were instructed to jump maximally on each jump,
and as with the CMJs, subjects were required to keep the hands
firmly placed on the hips throughout the jump. For both the CMJ

and the SJ trials, jumps that deviated from the required technique
were discarded and then repeated. All jump variables were calcu-
lated as the mean value obtained from 10 jumps.

Force plate analysis
Subjects performed the CMJs and SJs on a dual force plate system
(Model No: PS 2142; Pasco Canada, Oakville, ON, Canada) that
was capable of simultaneously measuring the vertical ground reac-
tion force (Fz) recorded at 500-Hz sampling frequency during the
jumps. Data were recorded on a personal computer and then
exported and analyzed using a custom-built computer program
(Matlab R 2012a; Mathworks, Natick, MA, USA) according to
procedures described elsewhere (Caserotti et al., 2001; Thorlund
et al., 2008; Jakobsen et al., 2012). Briefly, the velocity of the body
center of mass (BCM) was obtained by time integration of the
instantaneous acceleration signal calculated from Fz. From the
velocity of the BCM, the eccentric deceleration phase was defined
as the time interval from the maximum negative velocity to zero
velocity (deepest BCM position), whereas the concentric phase
was defined from this instant of zero BCM velocity to the instant
of jump takeoff (Fig. 1). The total kinetic impulses for the right
and left limb were then calculated separately for the eccentric

Table 1. Subject characteristics (mean ± SD)

Status Sex n Age (years) Mass (kg) Body fat (%) Months post-op CMJ peak power (W/kg) SJ peak power (W/kg)

ACL-R skiers Female 5 23.8 ± 3.3 70.3 ± 5.7 21.6 ± 2.5 28.4 ± 13.5 40.4 ± 5.4 40.4 ± 6.2
Male 4 30.5 ± 2.1 86.6 ± 9.9 14.7 ± 3.1 23.5 ± 10.6 49.9 ± 3.9 50.1 ± 3.3
Female 4 21 ± 1.4 66.8 ± 4.5 15.3 ± 2.5 NA 45.2 ± 3.8 43.5 ± 5.0

Uninjured skiers Male 5 23.4 ± 2.5 80.7 ± 1.7 13.8 ± 2.2 NA 52.7 ± 4.9 52.3 ± 4.3

ACL-R, anterior cruciate ligament reconstruction; CMJ, countermovement jump; SJ, squat jump.
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Fig. 1. Plots on the left identify the countermovement jump (CMJ) eccentric deceleration phase and concentric phase using the
velocity of the body center of mass. Plot on the right side identifies squat jump (SJ) phase 1 (time = 0 to time = 1∕2 of total jump time)
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et al., 2008; Jakobsen et al., 2012). Briefly, the velocity of the body
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Can the kinetic impulse asymmetry index 
predict injury in elite athletes?
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Functional testing in a rested state under optimal conditions

But … 



Injury events are unpredictable
and happen quickly (Bere et al., 2011; 
Krosshaug et al., 2007)

Too fast for mechano-sensory 
feedback loops to protect the 
knee joint (Dyhre-Poulsen et al., 2000)

Preparatory muscle activation
important for ACL injury 
prevention (Hewett et al., 2005 ; Wikstrom et al., 
2006; Zebis et al., 2009)

And … 



Quadriceps-hamstring co-activity
important for stabilizing knee joint 
(Baratta et al., 1988)

Quadriceps dominant landings 
linked to ACL injury (Zebis et al., 2009)

Valgus Related Muscle Activity: 
VL-ST Co-Activity Difference 
(Zebis et al., 2009; Zebis et al., 2011)

Quadriceps
Hamstring

Quadriceps Hamstring Coactivity Difference

Quadriceps Activity – Hamstring Activity

Valgus VL-ST Coactivity Difference

VL Activity – ST Activity



Injuries happen when fatigue factors are present (Bere et al., 2014)

Fatigue impairs preparatory quadriceps-hamstring co-activity 
(Zebis et al., 2011)

Quadriceps
Activity

Hamstring
Activity

Don’t forget …

Time Clock
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FHAMSTRING

FANTERIOR SHEAR

(Barrata et al., 1988; Herzog & Read, 1993; Mac Williams et al., 1999; Markolf et al., 2004;  Prodromos et al., 2008)
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Basic Asymmetry Assessments
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Single Leg Drop Landing
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Assessing Asymmetry in Locomotion

§ Slow velocity movement – expand and contract 
solution space

§ Sled pulls

§ Water based movements
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Acute effects of whole-body vibration on peak isometric torque,
muscle twitch torque and voluntary muscle activation of the
knee extensors
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The purpose of this investigation was to compare the acute
effects of whole-body vibration (WBV) with a static squat on
resting muscle twitch torque, peak isometric torque and
voluntary muscle activation of the knee extensors during an
isometric maximal voluntary contraction (MVC). Twenty-
four healthy, strength-trained males were recruited for this
randomized, cross-over design investigation. The WBV
treatment consisted of three sets of 60 s of vibration
(30Hz, ! 4mm) while standing in a semi-squat position.
Voluntary muscle activation, peak isometric torque during
MVC and resting muscle twitch torque (RTT) through
percutaneous femoral nerve stimulation were obtained

before and following the treatment. Change in peak iso-
metric torque, voluntarymuscle activation and the RTTwere
calculated as the difference between pre- and post-treamtent
values. There was no observable post-activation potentiation
of muscle twitch torque or enhancement in voluntary muscle
activation or peak isometric torque. However, decreases in
the peak isometric torque (P5 0.0094) and voluntary muscle
activation (P5 0.0252) were significantly smaller postWBV
interventions compared with the control treatment. Based on
the current data, it is unclear whether or not this was
attributable to the effects of WBV but further research
into this possibility is warranted.

The use of strength and power exercise to augment
the subsequent performance in a movement has been
investigated extensively (Hodgson et al., 2005). This
phenomenon has been termed post-activation poten-
tiation (PAP) and there are several proposed me-
chanisms by which PAP may occur. They include one
that is muscular (myogenic) in nature and can be
quantified using muscle twitch force, and other
mechanisms that are neural (neurogenic) in nature.
The type of strength and power exercise used to

elicit PAP has included mostly traditional move-
ments such as squatting exercise with additional
load (Hodgson et al., 2005). However, whole-body
vibration (WBV) has gained attention as another
exercise modality that may elicit acute improvements
in performance for various strength, jumping and
running related tasks (Jordan et al., 2005; Rehn et al.,
2007). Administration of vibration has been shown
to lead to acute improvements in power output of the
elbow flexors (Bosco et al., 1999), increased power
output from the leg and hip extensors (Bosco et al.,
2000) and increased vertical jump height (Cormie
et al., 2006). Acute administration of WBV has
also been shown to positively influence jumping
and running performance in elite skeleton athletes

(Bullock et al., 2008) and jumping performance in
field hockey players (Cochrane & Stannard, 2005).
Despite the positive findings, several investigators
have also shown no improvement in performance
measures following acute WBV and this has led
many investigators to question the value of this
training stimulus (de Ruiter et al., 2003; Erskine
et al., 2007; Torvinen et al., 2002).
Despite the mixed findings in the scientific litera-

ture and the recent popularity of WBV as a training
method for athletes, very little is known about the
physiological mechanisms underlying WBV (Jordan
et al., 2005). It is clear that skeletal muscle is highly
responsive to vibration, specifically the primary af-
ferent (Ia) ending of the muscle spindle. For example,
the administration of vibration elicits a reflex muscle
contraction known as the tonic vibration reflex
(TVR) (Bishop, 1974; Burke et al., 1976a, b; Desmedt
& Godaux, 1978; Bongiovanni & Hagbarth, 1990;
Bongiovanni et al., 1990), and in the post-vibratory
period the stretch reflex is potentiated for a period of
several minutes (Arcangel et al., 1971). In addition,
WBV at a frequency of 30Hz has been shown to elicit
the greatest muscle activity from the vastus lateralis
muscle (Cardinale & Lim, 2003). However, many of

Scand J Med Sci Sports 2010: 20: 535–540 & 2009 John Wiley & Sons A/S

doi: 10.1111/j.1600-0838.2009.00973.x

535

22



-200
0

200
400
600
800

1000
1200
1400

0 0.2 0.4 0.6 0.8 1 1.2

Fo
rc

e 
(N

)

Time (s)

BILATERAL CMJ
Left

Right

© Matt Jordan 2014



0
500

1000
1500
2000

2 3 4

Fo
rc

e 
(N

)

Time (s) -500
0

500
1000
1500
2000

1.5 2 2.5 3 3.5
Fo

rc
e 

(N
)

Time (s)

LeftRight
SINGLE LEG CMJ’S

© Matt Jordan 2014



-500

0

500

1000

1500

2000

1 2 3Fo
rc

e 
Po

st
-W

B
V 

(N
)

Time (s)

SINGLE LEG CMJ LEFT SIDE POST-VIBRATION

-500

0

500

1000

1500

2000

1.5 2 2.5 3 3.5Fo
rc

e 
Pr

e-
W

B
V 

(N
)

Time (s)

Left Before Vibration Left After Vibration

© Matt Jordan 2014



What We Can Learn from Watching?

67



Reactive Strength – See, Hear, Don’t Judge
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What is optimal?



Progressions for Eccentric Deceleration
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Eccentric Deceleration Progressions

1. Proprioceptive drills

2. Low load / high velocity drills

3. Daily drills / assessment

4. Slow velocity high load

5. Accentuated eccentric training progressions

6. High velocity / high load
30



1. Negative repetitions 
Ex: 3RM + 4 Eccentric (4/0/1, 5E)

2. Heavy load lifted with supra-maximal eccentric load

Ex: Weight releasers (105-110% 1RM for eccentric phase, 1RM for 
concentric phase)

3. Advanced Method I
Ex: 4-6 sets of 4-6 repetitions with 110-120% of 1RM (6/0/A)

3. Advanced Method II
Ex: 3-6 sets of 1-3 repetitions with 120-140% of 1RM (3/0/A)

METHODS FOR ECCENTRIC STRENGTH DEV

Poliquin, 1999 31



Case Study Examples of Asymmetry
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