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Abstract
This chapter reviews the current available 
data regarding the effectiveness of the ACL 
intervention programs in reducing injury 
rates, improving knee kinematic and kinetic 
factors, and enhancing athletic performance 
indicators. Three programs published to date 
that reported ACL injury rates in female ath-
letes according to athlete exposures statisti-
cally reduced the injury rate. A multitude of 
studies have analyzed the effectiveness of 
knee injury prevention programs in changing 
kinematic or kinetic factors in female ath-
letes. However, the effectiveness of these pro-
grams in altering neuromuscular indices 
under reactive, unplanned, actual athletic 
conditions remains largely unknown. While 
many studies have documented changes in 
athletic performance indicators following 
ACL injury prevention training in female ath-
letes, the results remain mixed.

21.1  Introduction

Since the first publications of knee ligament 
injury prevention, training programs appeared in 
the sports medicine literature for skiing in 1995 
[1] and female high school athletes in 1996 [2]; at 
least 30 intervention programs have been pub-
lished that focused on female athletes 
(Table  21.1). Multiple investigations have been 
conducted to determine the effectiveness of these 
programs in reducing anterior cruciate ligament 
(ACL) injury rates [7, 18, 20, 25, 26, 31, 32, 34, 
35, 39], improving knee kinematic and kinetic 
factors [2, 4, 5, 8–12, 15, 17, 19, 21, 22, 24, 29, 
42–45, 48–57, 59, 61–63, 65, 67–75], enhancing 
strength or other athletic performance indicators 
[3, 5, 8, 10–15, 17, 19, 22–24, 29, 38, 42, 45, 
48–51, 53, 54, 56–58, 61–63, 66, 67, 76, 77], and 
improving static and dynamic balance [13, 16, 
29, 40, 47, 60, 64, 66].

There exist differences in opinion regarding 
the frequency, intensity, duration, and compo-
nents that should comprise an ACL intervention 
training program. One issue is if a significant 
reduction in the injury rate can be accomplished 
with “warm-up programs” that are relatively 
short in session duration (10–20 min), but long in 
total training duration (for instance, one season). 
This is in contrast to preseason programs that last 
6–8 weeks but require 60–90 min of training per 
session. A second issue is whether ACL interven-
tion training should be modified according to the 
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Table 21.1 Summary of published ACL injury prevention programs for female athletes

Program or author 
(citation) Program duration Program components

ACL injury 
rate 
calculated 
by exposure 
data?

Kinematic, 
kinetic, 
balance data?

Athletic 
performance 
test data?

Sportsmetrics 
[2–17]

60–90 min, 3×/wk 
for 6 wk preseason

Plyometrics, strength, 
flexibility (Chap. 17) 
Volleyball, basketball, 
soccer, tennis-specific 
exercises added for agility, 
speed, and endurance (Chap. 
18)

Yes Yes Yes

Prevent Injury and 
Enhance 
Performance 
Program (PEP) 
[18–23]

20-min warm-up 
in-season

Running, flexibility, 
strength, plyometrics, agility 
(Table 20.3)

Yes Yes Yes

Knee Ligament 
Injury Prevention 
Program (KLIP) 
[24, 25]

20-min warm-up, 
2×/wk in-season

Plyometrics, agility (Table 
20.7)

Yes Yes Yes

International 
Football 
Federation (FIFA) 
“11” [26];
FIFA 11+ (also 
known as 
F-MARC 11+) 
[27, 28]

20-min warm-up, 
15 consecutive 
sessions, then 1×/
wk in-season
15-min warm-up, 
3×/wk for 10wk 
in-season; 20-min 
warm-up, all 
practices in-season

Core, balance, plyometrics, 
strength (Table 20.5)

Running, strength, 
plyometrics, balance (Table 
20.10)

Yes

No

No

Yes

No

Yes

Myklebust [29, 
30]

15-min warm-up, 
3×/wk for 5–7 wk, 
then 1×/wk 
in-season

Floor, mat, wobble board 
(Table 20.9)

Yes Yes Yes

Petersen [31] 10-min warm-up, 
3×/wk for 8 wk, 
then 1×/wk 
in-season

Balance, plyometrics (Table 
20.8)

Yes No No

Pasanen [32, 33] 20–30-min 
warm-up, 2–3×/wk 
in-season

Running, balance, 
plyometrics, strength (Table 
20.6)

Yes No Yes

Knee Injury 
Prevention 
Program (KIPP) 
[34]

20-min warm-up 
before practice 
in-season

Plyometrics, strength, agility 
(Table 20.14)

Yes No No

HarmoKnee [35] 20–25-min, 2 x/wk 
preseason, 1 x/wk 
in-season

Plyometrics, strength, core 
stability (Table 20.5)

Yes No No

Walden 
(Knäkontroll, 
SISU 
Idrottsböcker, 
Sweden) [36–39]

15-min warm-up, 
2×/wk in-season

Plyometrics, strength Yes Yes Yes

Myer [40–47] 90 min, 3×/wk for 
6 wk

2 programs: plyometric or 
balance and dynamic 
stabilization

No Yes Yes
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Table 21.1 (continued)

Program or author 
(citation) Program duration Program components

ACL injury 
rate 
calculated 
by exposure 
data?

Kinematic, 
kinetic, 
balance data?

Athletic 
performance 
test data?

Lephart [48] 30 min, 3×/wk for 
8 wk

2 programs: plyometric 
(flexibility, balance, strength, 
agility), basic (flexibility, 
balance, strength)

No Yes Yes

Kerlan-Jobe [49] 10–15-min 
warm-up, 6×/wk 
for 6 wk in-season 
or preseason

Strength, balance, 
plyometrics (Table 20.12)

No Yes Yes

Herman [50, 51] 45 min, 3×/wk for 
9 wk

Strength training, resistance 
bands, exercise balls
Feedback in 1 group, 3 
sessions, video landing 
technique analyzed

No

No

Yes

Yes

Yes

Yes

Oslo Sports 
Trauma Research 
Center [52, 53]

20-min warm-up, 
2×/wk for 18 wk 
in-season

Balance, agility, plyometrics, 
strength

No Yes Yes

Herrington [54] 15 min, 3×/wk for 
4 wk

Plyometrics No Yes Yes

DiStefano [55] 10–15-min 
warm-up, 3–4×/wk 
in-season

2 programs: 1 general, 1 
designed on performance on 
squat test (Table 20.13)

No Yes No

Sportsmetrics 
plyometrics only 
[56]

60 min, 3×/wk for 
8 wk

Plyometrics No Yes Yes

Functional 
Stabilization 
Training [57]

80 min, 3×/wk for 
8 wk

Hip and core strengthening No Yes Yes

Hurd [58] 60 min, 10 
sessions over 
3–4 wk

Perturbation on balance 
board, strength, agility

No Yes No

Kato [59] 20 min, 3×/wk for 
4 wk during 
practice

Strength, plyometrics, 
balance

No Yes No

McLeod [60] 90 min, 2×/wk for 
6 wk in-season

Strength, plyometrics, 
agility, balance

No Yes No

Wilderman [61] 15 min, 4 x/wk for 
6 wk in-season

Agility drills No Yes No

Nagano [62] 20 min, 3×/wk for 
5 wk

Plyometrics, balance No Yes No

Pfile [63] 20 min, 3×/wk for 
4 wk

Plyometrics or core stability 
exercises

No Yes No

Steib [64] 15-min warm-up, 
3×/wk for 11 wk

Strength, balance, 
plyometrics

No Yes No

Weltin [65] 20–40 min, 3×/wk 
for 4 wk in-season

Plyometrics only or 
plyometrics and lateral 
reactive jumps with 
perturbation

No Yes No

Hopper [66] 60 min, 3×/wk for 
6 wk during 
season

Plyometrics, resistance 
strength

No Yes No

(continued)
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athlete’s age and sport. Can a program that is suc-
cessful in adolescent soccer players has similar 
outcomes in adult handball players? A third issue 
is whether athletes identified as having a high 
risk of sustaining a noncontact ACL injury should 
undergo a different training program than those 
who are believed to be at a lower risk for this 
injury. The difficulty with this issue is that there 
does not exist to date a comprehensive model that 
predicts ACL injury risk according to all of the 
potential risk factors: anatomical, environmental, 
hormonal, neuromuscular, familial, playing sur-
face, equipment, cardiovascular conditioning, 
and nutrition.

Multiple meta-analyses [78–84] that assessed 
the ability of neuromuscular training programs to 
reduce ACL injury rates concluded that these 
intervention programs were indeed effective. 
However, these studies combined data from very 
different types of training programs and did not 
answer the major issues discussed above. 
Systematic reviews (that did not combine data of 
programs) have reported that, while some pro-
grams are effective, others do not significantly 
reduce the risk of ACL injury and stress the 
importance of understanding the variation in 
training protocols and study design in ascertain-
ing the differences in outcomes [7, 85–87].

There are important qualifiers in the studies 
included in this chapter. First, nearly all of the 
investigations analyzed preplanned tasks in a 
controlled laboratory setting. The effectiveness 
of these types of programs in improving poten-

tially deleterious neuromuscular indices under 
reactive, unplanned athletic conditions is 
unknown. Secondly, few studies provided effect 
sizes (ES) in addition to P values when reporting 
effects of training [10–12, 17, 61, 69]. The ES 
measures the magnitude of the effects of treat-
ment and is especially relevant in studies with 
small sample sizes [88]. It is probable that some 
statistically significant findings (P  <  0.05) 
reported in the studies in this chapter may have 
limited clinical relevance. A third qualifier is that 
few studies conducted a prospective power calcu-
lation of the sample size required to discern a 
detectable difference (95% CI) in knee and hip 
kinetic and kinematic factors resulting from the 
training program [4, 9, 11, 15, 19, 42, 44, 52, 
68–70]. Finally, the determination of the magni-
tude of change required to actually reduce the 
risk of an ACL injury in knee and hip kinetic and 
kinematic factors remains unknown and is specu-
lative at best.

The goals of this chapter are to review the cur-
rent available data regarding the outcome of ACL 
intervention programs on the reduction of non-
contact ACL injuries, improvement of neuromus-
cular deficiencies or at-risk body positions and 
movements, and enhancement of athletic perfor-
mance indices in female athletes. This chapter 
serves to summarize the data, and the reader is 
referred to other chapters for further detail 
regarding these outcomes. Only programs that 
focused on adolescent or adult female athletes 
are included.

Table 21.1 (continued)

Program or author 
(citation) Program duration Program components

ACL injury 
rate 
calculated 
by exposure 
data?

Kinematic, 
kinetic, 
balance data?

Athletic 
performance 
test data?

Letafatkar [67] 60 min, 3×/wk for 
6 wk

Perturbation drills No Yes No

Ericksen [68] 15 min, 3×/wk for 
4 wk

Plyometrics No Yes No

Brown [69] 3 different 
programs, 
20–60 min 3×/wk 
for 6 wk

Sportsmetrics, plyometrics 
only, or core stability/
balance only

No Yes No

Stearns [70] 30 min, 3×/wk for 
4 wk

Plyometrics, balance No Yes No

S. Barber-Westin and F. R. Noyes
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Critical Points

• More than 30 ACL intervention programs are 
published.

• Differences exist regarding frequency, inten-
sity, duration, and components.

 – Effectiveness of warm-up programs
 – Modified according to age
 – Identification of at-risk athletes

• Chapter summarizes data on ability of  
programs to:
 – Reduce ACL noncontact injury rate
 – Improve neuromuscular deficiencies
 – Improve athletic performance indicators

21.2  Reducing the Incidence 
of Noncontact ACL Injuries

Ten intervention studies to date have reported 
noncontact ACL injury rates in female athletes 
according to athlete exposures (AE; Table 21.2) 
[7, 18, 20, 25, 26, 31, 32, 34, 35, 39]. Several 
other studies that reported data on intervention 
programs either did not provide ACL injury 
rates according to AE or did not indicate if the 
ACL injuries were noncontact in nature and are 
not included [1, 27, 30, 37, 89–92]. In addition, 
injury intervention studies that focused only on 
male athletes are not included in this review 
[88, 93, 94, 101].

Three programs—Sportsmetrics, Prevent 
Injury and Enhance Performance (PEP) program, 
and Knee Injury Prevention Program (KIPP)—
statistically reduced the noncontact ACL injury 
rate [7, 20, 34]. Sportsmetrics was conducted in 
700 high school female athletes before the start 
of the athletic season (see Chap. 17). The results 
from the trained athletes and 1120 control ath-
letes demonstrated ACL injury rates of 0.03 and 
0.21 per 1000 AE, respectively (P = 0.03). The 
PEP program was conducted in 1885 high school 
female soccer players over the course of one sea-
son (see also Chap. 20, Table 20.3) [20]. A sig-
nificant reduction was reported in the noncontact 
ACL injury incident rate between the trained and 
3818 control players (0.09 and 0.49 per 1000 AE, 
respectively, P < 0.0001). KIPP training was con-

ducted in 485 high school female basketball and 
soccer players before practices over the course of 
one season (see also Chap. 20, Table 20.4) [34]. 
A significant decrease was found in the noncon-
tact injury incident rate between the trained and 
370 control players (0.10 and 0.48 per 1000 AE, 
respectively, P = 0.04).

Several studies [18, 25, 26, 30–32, 35, 39] 
reported that other intervention programs failed 
to have an effect on reducing ACL injury rates. 
Issues pertaining to poor compliance with train-
ing and a small number of noncontact ACL inju-
ries were commonly cited as the reasons for the 
outcomes of these investigations. In general, 
ACL intervention programs published to date 
have had multiple methodological problems 
which preclude definitive answers regarding 
which programs are effective and which are 
ineffective. The lack of randomization and con-
trol, limited statistical power due to small num-
ber of exposures and ACL injuries, failure to 
determine ACL injury incidence according to 
AE, poor compliance with training, poor docu-
mentation of contact versus noncontact ACL 
injuries, and changes in study protocols over the 
course of investigations were found. Even with 
these acknowledged problems, recent confer-
ence and committee statements [95–97] have 
concluded that neuromuscular retraining can 
reduce the incidence of noncontact ACL injuries 
in female athletes. The International Olympic 
Committee current concepts statement [98] is 
shown below:

 1. The program should include strength and 
power exercises, neuromuscular training,  
plyometrics and agility exercises.

 2. Design as a regular warm-up program to 
increase adherence.

 3. Focus should be on performance of the hip-
knee-foot line and “kissing knees” should be 
avoided (excessive valgus strain).

 4. Maintenance and compliance of prevention 
program before, during and after the sports 
participation season are essential to minimize 
injuries.

 5. The drop vertical jump test should be used to 
identify players at risk.

21 Effect Programs Reduction ACL Injury, Improvement Deficiences

https://doi.org/10.1007/978-3-662-56558-2_17
https://doi.org/10.1007/978-3-662-56558-2_20
https://doi.org/10.1007/978-3-662-56558-2_20


474

Ta
bl

e 
21

.2
 

E
ff

ec
t o

f 
in

te
rv

en
tio

n 
pr

og
ra

m
s 

on
 A

C
L

 n
on

co
nt

ac
t i

nj
ur

y 
ra

te
s 

in
 f

em
al

e 
at

hl
et

es
 a

cc
or

di
ng

 to
 a

th
le

te
 e

xp
os

ur
es

Pr
og

ra
m

 o
r 

au
th

or
 

(c
ita

tio
n)

N
o.

 f
em

al
e 

at
hl

et
es

, s
po

rt
s

N
o.

 a
th

le
te

 e
xp

os
ur

es
N

o.
 A

C
L

 n
on

co
nt

ac
t i

nj
ur

ie
s 

(p
er

 1
00

0 
at

hl
et

e 
ex

po
su

re
s)

C
om

m
en

ts
, s

tu
dy

 li
m

ita
tio

ns
T

ra
in

ed
C

on
tr

ol
T

ra
in

ed
C

on
tr

ol
P

 v
al

ue
Sp

or
ts

m
et

ri
cs

 [
7]

70
0 

tr
ai

ne
d,

 1
12

0 
co

nt
ro

l
H

ig
h 

sc
ho

ol
 te

am
 s

po
rt

s
36

,7
24

61
,2

44
1 

(0
.0

3)
13

 (
0.

21
)

0.
03

N
ot

 r
an

do
m

iz
ed

 o
r 

do
ub

le
-b

lin
de

d,
 lo

w
 n

o.
 

no
nc

on
ta

ct
 A

C
L

 in
ju

ri
es

K
IP

P 
[3

4]
48

5 
tr

ai
ne

d,
 3

70
 c

on
tr

ol
H

ig
h 

sc
ho

ol
 s

oc
ce

r, 
ba

sk
et

ba
ll

20
,3

45
12

,4
67

2 
(0

.1
0)

6 
(0

.4
8)

0.
04

In
ju

ri
es

 n
ot

 s
or

te
d 

ac
co

rd
in

g 
to

 s
po

rt
, o

nl
y 

37
%

 o
f 

co
ac

he
s 

in
vi

te
d 

pa
rt

ic
ip

at
ed

PE
P 

[2
0]

18
85

 tr
ai

ne
d,

 3
81

8 
co

nt
ro

l
H

ig
h 

sc
ho

ol
 s

oc
ce

r
67

,8
60

13
7,

44
8

6 
(0

.0
9)

67
 (

0.
49

)
<

0.
00

01
N

ot
 r

an
do

m
iz

ed

PE
P 

[1
8]

58
3 

tr
ai

ne
d,

 8
52

 c
on

tr
ol

C
ol

le
gi

at
e 

so
cc

er
35

,2
20

52
,9

19
2 

(0
.0

57
)

10
 (

0.
18

9)
N

S
L

ow
 n

o.
 n

on
co

nt
ac

t A
C

L
 in

ju
ri

es

W
al

de
n 

[3
9]

24
79

 tr
ai

ne
d,

 2
08

5 
co

nt
ro

l
A

do
le

sc
en

t s
oc

ce
r

14
9,

21
4

12
9,

08
4

5 
(0

.0
3)

7 
(0

.0
5)

N
S

L
ow

 a
tte

nd
an

ce
 r

at
es

, l
ow

 n
o.

 n
on

co
nt

ac
t A

C
L

 
in

ju
ri

es
H

ar
m

oK
ne

e 
[3

5]
77

7 
tr

ai
ne

d,
 7

29
 c

on
tr

ol
H

ig
h 

sc
ho

ol
 s

oc
ce

r
66

,9
81

66
,5

05
0

5 
(0

.0
7)

N
S

N
ot

 r
an

do
m

iz
ed

, l
ow

 n
o.

 n
on

co
nt

ac
t A

C
L

 in
ju

ri
es

FI
FA

 “
11

” 
[2

6]
10

73
 tr

ai
ne

d,
 9

47
 c

on
tr

ol
H

ig
h 

sc
ho

ol
 s

oc
ce

r
66

,4
23

65
,7

25
3 

(0
.0

5)
2 

(0
.0

3)
N

S
Po

or
 c

om
pl

ia
nc

e 
w

ith
 tr

ai
ni

ng
, l

ow
 n

o.
 n

on
co

nt
ac

t 
A

C
L

 in
ju

ri
es

Pa
sa

ne
n 

[3
2]

25
6 

tr
ai

ne
d,

 2
01

 c
on

tr
ol

A
du

lt 
flo

or
ba

ll
32

,3
27

25
,0

19
6 

(0
.1

8)
4 

(0
.1

6)
N

S
L

ow
 n

o.
 n

on
co

nt
ac

t A
C

L
 in

ju
ri

es

K
L

IP
 [

25
]

57
7 

tr
ai

ne
d,

 8
62

 c
on

tr
ol

H
ig

h 
sc

ho
ol

 s
oc

ce
r, 

ba
sk

et
ba

ll,
 v

ol
le

yb
al

l

17
,9

54
38

,6
62

3 
(0

.1
7)

3 
(0

.0
8)

N
S

N
ot

 r
an

do
m

iz
ed

, l
ow

 n
o.

 n
on

co
nt

ac
t A

C
L

 in
ju

ri
es

Pe
te

rs
en

 [
31

]
13

4 
tr

ai
ne

d,
 1

42
 c

on
tr

ol
Te

am
 h

an
db

al
l

N
A

N
A

0
5 

(0
.2

1)
N

S
N

ot
 r

an
do

m
iz

ed
, l

ow
 n

o.
 n

on
co

nt
ac

t A
C

L
 in

ju
ri

es

F
IF

A
 I

nt
er

na
tio

na
l F

oo
tb

al
l F

ed
er

at
io

n,
 N

S 
no

t s
ig

ni
fic

an
t, 

P
E

P
 P

re
ve

nt
 I

nj
ur

y 
an

d 
E

nh
an

ce
 P

er
fo

rm
an

ce
 P

ro
gr

am
, K

L
IP

 K
ne

e 
L

ig
am

en
t I

nj
ur

y 
Pr

ev
en

tio
n 

Pr
og

ra
m

, a
nd

 K
IP

P
 

K
ne

e 
In

ju
ry

 P
re

ve
nt

io
n 

Pr
og

ra
m

S. Barber-Westin and F. R. Noyes



475

Table 21.3 Effect of ACL intervention training on landing forces

Program or author 
(citation) Subjectsa Tests Landing forces
Sportsmetrics 
[2]

11 trained females, 9 control male
High school volleyball

Vertical jump Decreased landing forces mean 
456 N (P = 0.006, ES = NA)

KLIP [24] 14 trained, 14 control
College students

Step-land Reduced peak vertical ground 
reaction forces from 5.3 ± 1.0 to 
3.9 ± 0.6 BW (P = 0.0004, 
ES = NA), rate force development 
from 0.11 ± 0.03 to 0.08 ± 0.02 BW/
meters per s (P = 0.02, ES = NA)

Herman [50] 29 trained strength, feedback
29 feedback only
18–30 y
Recreational athletes

Stop-jump All subjects combined decreased 
peak vertical ground reaction forces 
from 1.61 ± 0.64 to 
1.26 ± 0.41 × BW (P < 0.001, 
ES = NA)

Ericksen [68] 32 trained, 16 control
College students

Rebound 
jump-land

Decreased peak vertical ground 
reaction forces mean − 0.5 ± 0.2 N/
kg (P < 0.001, ES = NA)

Myer [42] 18 trained
High school athletes

Single-leg hop Balance trained group decreased 
impact forces 7.0%, plyometric 
trained group increased forces 7.6% 
(difference between groups P < 0.05, 
ES = NA)

Sportsmetrics 
[15]

10 trained, 10 control
College intramural basketball

Vertical jump No improvement

Sportsmetrics 
[17]

11 trained, 8 control
College basketball

Forward lunge,
unilateral 
step-down

No improvement

Lephart [48] 27 trained
High school athletes

Vertical jump No improvement

Kerlan-Jobe 
[49]

30 trained
College soccer, basketball

Drop-jump, 
vertical stop-jump

No improvement

Herman [51] 33 trained, 33 control
18–30 years
Recreational athletes

3 stop-jump tasks No improvement

Wilderman [61] 15 trained, 15 control
College intramural basketball

Side-step pivot No improvement

BW body weight, ES effect size, KLIP Knee Ligament Injury Prevention Program, MS milliseconds, NA not assessed
aFemale subjects unless otherwise indicated

 6. The program must be well received by coaches 
and players to be successful.

 7. Evaluation of success or failure of a preven-
tion program requires large numbers of ath-
letes and injuries.

The American Academy of Pediatrics issued 
the following three-part policy statement in 2014 
regarding ACL injury prevention training [96]:

• Neuromuscular training appears to reduce the 
risk of injury in adolescent female athletes by 
72%. Prevention training that incorporates 

plyometric and strengthening exercises, com-
bined with feedback to athletes on proper 
technique, appears to be most effective.

• Pediatricians and orthopedic surgeons should 
direct patients at highest risk of ACL injuries 
(e.g., adolescent female athletes, patients 
with previous ACL injury, generalized liga-
mentous laxity, or family history of ACL 
injury) to appropriate resources to reduce 
their injury risk (http://www.aap.org/cosmf). 
Such discussions also should be appropri-
ately documented in the patient’s medical 
record.

21 Effect Programs Reduction ACL Injury, Improvement Deficiences
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Table 21.4 Effect of ACL intervention training on knee and hip moments

Program Subjectsa Tests Knee moments Hip moments
Sportsmetrics 
[2]

11 trained, 9 
control 
males
High school 
athletes

Vertical 
jump

Decreased abduction from 3.4 to 
2.1% BW × Ht (P < 0.05, 
ES = NA), adduction 4.0 to 1.9% 
bw × ht (P < 0.05, ES = NA)
No improvement extension, 
flexion moments

No improvement abduction, 
adduction or flexion, 
extension moments

Myer [45] 41 trained, 
12 control
High school 
athletes

Drop-jump Decreased varus from 34.0 ± 2.8 
to 21.1 ± 1.7 Nm, valgus from 
60.4 ± 5.5 to 43.4 ± 3.3 Nm right 
knee (P < 0.001, ES = NA)
No effect varus, valgus moments 
left knee

NA

Myer [43] 18 trained
High school 
athletes

Drop-jump 12 athletes with >25.25 Nm 
abduction moment significantly 
reduced (P = 0.03, ES = NA)
6 athletes with <25.25 Nm 
abduction moment did not 
improve

NA

Lephart [48] 27 trained
High school 
athletes

Vertical 
jump

Decreased peak flexion 
0.076 ± 0.038 to 0.059 ± 0.01 Nm/
bw × ht. (P = 0.01, ES = NA)
No effect peak valgus moment

Decreased flexion 
0.170 ± 0.058 to 
0.153 ± 0.033 Nm/bw × ht. 
(P = 0.008, ES = NA)
No effect peak adduction 
moment

Kerlan-Jobe
[49]

30 trained
College 
soccer, 
basketball

Drop-
jump, 
vertical 
stop-jump

Drop-jump: decreased maximum 
flexion from 0.739 ± 0.37 to 
0.583 ± 0.30 Nm (P = 0.04, 
ES = NA), external rotation from 
−0.032 ± 0.12 to 0.027 ± 0.10 Nm 
(P = 0.03, ES = NA)
No effect valgus moments
Stop-jump: decreased valgus from 
0.863 ± 0.37 to 0.734 ± 0.31 Nm 
(P = 0.04, ES = NA)
No effect flexion, external rotation 
moments

Drop-jump: no improvement 
peak flexion, abduction, or 
external rotation moments
Stop-jump: no improvement 
peak flexion, abduction, or 
external rotation moments

Herman [50] 29 strength 
and feedback 
trained
29 feedback 
trained
18–30 y
Recreational 
athletes

Stop-jump Decreased valgus from 
0.107 ± 0.060 to 
0.064 ± 0.038 Nm/bw × ht 
(P < 0.0001, ES = NA)
No improvement extension 
moment

Decreased adduction from 
0.115 ± 0.064 to 
0.035 ± 0.130 Nm/bw × ht 
(P < 0.0001, ES = NA)

Pfile [63] 9 plyometric 
trained
9 core 
stability 
trained
6 controls
High school 
athletes

Drop-jump Plyometric: decreased flexion 
mean − 0.33 ± 0.04 (P = NA, 
ES = 2.04), valgus 0.09 Nm/kg-m 
(P = NA, ES = 1.52)
Core stability: no change

Plyometric: no change
Core stability: decreased 
flexion −0.33 ± 0.05 
(P = NA, ES = 1.51), internal 
rotation −0.06 ± 0.01 Nm/
kg m (P = NA, ES = 2.21)
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• Pediatricians and orthopedic surgeons who 
work with schools and sports organizations 
are encouraged to educate athletes, parents, 
coaches, and sports administrators about the 
benefits of neuromuscular training in reducing 
ACL injuries and direct them to appropriate 
resources (http://www.aap.org/cosmf).

The ability of neuromuscular retraining pro-
grams to reduce the incidence of noncontact ACL 
injuries in female athletes is most likely due to 
the increased awareness of injury situations and 
changes in neuromuscular indices that improve 

balance, strength, and coordination; provide for 
safer landing, pivoting, and cutting techniques; 
increase joint stabilization; and enhance muscu-
lar preactivation and reactive patterns to be dis-
cussed next.

Critical Points

• Ten studies reported ACL injury rates accord-
ing to athlete exposures in females:
 – Three significantly reduced ACL noncon-

tact injury rates: Sportsmetrics, PEP, and 
KIPP.

Table 21.4 (continued)

Program Subjectsa Tests Knee moments Hip moments
Weltin [65] 12 

perturbation 
and 
perturbation 
trained
12 
plyometric 
only trained
Soccer, 
handball, 
basketball 
players

Lateral 
jump, cut, 
both 
reactive

Both groups decreased flexion 
(P < 0.05, ES = 0.20) and internal 
rotation moments (P < 0.001, 
ES = 0.47) lateral jump
No improvement cut

NA

Stearns [70] 21 trained
Recreational 
athletes
18–25 y

Drop-jump Decreased adductor moments from 
0.06 ± 0.1 to −0.02 ± 0.1 Nm/dg 
(P < 0.001, ES = NA)

Increased extensor moment 
from 0.92 ± 0.2 to 1.10 ± 0.2 
(P = 0.002, ES = NA)

Ericksen [68] 32 trained, 
16 control
College 
students

Rebound 
jump-land

No improvement No improvement

Brown [69] 30 trained 3 
different 
programs, 13 
control
13–18 years 
athletes

Jump-land 
single and 
double-leg

No improvement No improvement

Herman [51] 33 trained, 
33 control
18–30 y
Recreational 
athletes

3 
stop-jump 
tasks

No improvement extension or 
valgus moments

No improvement adduction 
or internal rotation moments

PEP, modified 
[19]

11 trained, 
11 control
High school 
basketball

Rebound 
jump

No improvement valgus moment NA

BW body weight, ES effect size, FIFA International Football Federation, HT height, NA not assessed, PEP Prevent 
Injury and Enhance Performance Program
aFemale subjects unless otherwise indicated
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 – Others failed to reduce ACL noncontact 
injury rates:
Poor compliance with training
Too few ACL injuries, limited statistical 

power
Lack of randomization
Changes intervention protocols over time

21.3  Changes in Knee and Hip 
Kinetics and Kinematics

A wide variety of studies have been published to 
date which analyzed the effectiveness of knee 
injury prevention programs in changing kine-
matic or kinetic factors in female athletes [2, 4, 
9–12, 15, 17, 19, 21, 24, 42–45, 48–55, 59, 61, 
62, 68–70].

21.3.1  Landing Forces

Statistically significant decreases in landing 
forces from a vertical jump [2], step-land [24], 
single-leg hop [42], rebound jump-land [68], and 
stop-jump [50] have been reported following 
neuromuscular training (Table  21.3). A mean 
reduction of 456 N (103 pounds, 46.72 kg) dur-
ing a vertical jump was reported after 
Sportsmetrics training [2] in female high school 
volleyball players (Fig. 21.1). Another study [50] 
reported a mean reduction of 22% during a stop-
jump task after training in recreational female 
athletes 18–30 years of age. One study reported 
decreases in impact forces on a single-leg hop in 
a group of patients who completed a balance 
training program; however, a group that com-
pleted a plyometrics training program demon-
strated increases in impact forces [42]. None of 
these studies reported ES.

In contrast, no reduction in landing forces 
were reported in several other investigations. 
These included tests involving a unilateral step-
down or forward lunge [17], a vertical jump [15, 
48], a drop-jump and vertical stop-jump [49], 
three stop-jump tasks [51], and a side-step pivot 
[61]. In five of these six studies, the populations 
under investigation were collegiate or recre-

ational athletes ≥18 years old. Factors believed to 
affect the ability of ACL intervention programs to 
alter landing forces include age (young versus 
adult), athletic experience (competitive versus 
recreational), type of instruction, and exercise 
protocol [15].

21.3.2  Knee and Hip Moments

Statistically significant decreases in potentially 
deleterious moments have been noted during 
planned tasks such as a vertical jump or drop-
jump by several investigations after ACL inter-

Fig. 21.1 Vertical jump test on force plate
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vention training (Table 21.4) [2, 43, 45, 48–50, 
63, 65, 70]. The Sportsmetrics training program 
produced significant decreases in knee abduction 
and adduction moments on a vertical jump [2]. A 
similar training program resulted in significant 
decreases in knee internal valgus (abduction) 
moments of 28% and internal varus (adduction) 
moments of 38% on a drop-jump test [43]. A pro-
gram performed in collegiate soccer and basket-
ball players produced mixed results in terms of 
reduction of potentially harmful moments [49]. 
Statistically significant decreases in knee exter-
nal rotation moments and knee flexion moments 
were found on a drop-jump test. However, there 
were no effects on hip external rotation, abduc-
tion, or flexion moments or knee valgus moments 
on this test. ES were not reported in any of these 
studies.

One study compared the effects of a 4-week 
core stability program with a plyometric program 
in knee and hip moments on a drop-jump in a 
small group of high school athletes [63]. In the 
plyometric group, significant decreases and mod-
erate ES were noted in knee flexion and knee val-
gus moments. There were no changes in hip 
flexion or internal rotation moments. In the core 
stability group, significant decreases and large 
ES were noted in hip flexion and hip internal 
rotation moments; however, no changes were 
reported in knee moments. Another study found 
that either plyometric training or plyometric 
training combined with perturbation techniques 
significantly decreased knee flexion and internal 
rotation moments on a reactive lateral jump, with 
large ES noted [65]. There were no effects of 
either training protocol in reducing knee moments 
on a reactive cutting task.

21.3.3  Knee and Hip Flexion Angles

Increases in knee flexion angles on landing from 
various tasks following ACL intervention train-
ing have been demonstrated in several studies, 
although the data vary in regard to the magnitude 
of change and whether the improvements 
occurred at foot strike or during the deepest point 
of the land, indicated as maximum or peak knee 

flexion (Table 21.5) [19, 42, 44, 45, 48–50, 55, 
62, 67–70]. Slight average increases in knee flex-
ion at foot strike of 5.2° [49] and 5.8° [44] during 
a drop-jump test were reported in two studies, 
and a mean increase of 4.9° on a single-leg drop 
landing was found in another study [62]. One 
study reported a mean increase of 6.2° in knee 
flexion (ES 0.83) on a two-legged landing after 
completion of a standard neuromuscular training 
program [69]. However, there was no improve-
ment in a single-leg landing task. Several other 
studies failed to observe an improvement in knee 
flexion at either foot strike or the maximum point 
of the landing during a variety of tasks [2, 21, 51, 
53, 56, 57, 59, 61, 63]. One study found a con-
cerning significant decrease in knee flexion after 
completion of either a plyometric or a core stabil-
ity program [63]. The plyometric group had a 
mean decrease of 18.5 ± 3.6° (ES 1.79), and the 
core group had a mean decrease of 16.3 ± 3.4° 
(ES 1.88).

Several studies [21, 44, 48–50, 56, 57, 68–70] 
have reported statistically significant improve-
ments in either hip flexion, abduction, adduction, 
external rotation, or internal rotation (Table 21.5). 
However, several others [2, 51, 53, 63] failed to 
find improvements in hip angles after interven-
tion training.

One study of 30 athletes reported a mean 
increase of 8.2° in hip flexion (ES 0.52) on a two-
legged landing after completion of a standard 
neuromuscular training program [69]. However, 
there was no improvement in a single-leg landing 
task. This was the only study located that included 
ES in the analysis of hip flexion angles. Increases 
in initial and peak hip flexion during a vertical 
jump were described in one study following plyo-
metric training [48]. However, there were no 
improvements for initial or peak hip abduction or 
adduction angles. Another investigation reported 
significant increases in maximum hip flexion and 
abduction angles on a stop-jump task [50]. 
Significant decreases in mean hip internal rotation 
and increases in mean hip abduction were noted 
during a drop-jump test following the PEP train-
ing program [21]. One study described significant 
decreases in hip flexion at foot strike and in maxi-
mal hip external rotation on a stop-jump task [49]. 
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Table 21.5 Effect of ACL intervention training on knee and hip flexion angles

Program Subjectsa Tests Knee angles Hip angles
Myer [45] 41 trained, 12 

control
High school 
athletes

Drop-jump Increased total flexion-extension 
on landing from 71.9 ± 1.4 to 
76.9 ± 1.4° (right knee) and from  
71.3 ± 1.5 to 77.3 ± 1.4° (left 
knee) (P < 0.001, ES = NA)

NA

Myer [42, 44] 8 trained 
plyometric
10 trained 
balance
High school 
athletes

Drop-jump, 
single-leg 
medial 
drop-land, 
single-leg 
hop

Drop-jump: Plyo group 
increased flexion initial contact 
from 29.8 ± 6.6 to 35.6 ± 7.5°, 
peak from 93.4 ± 54.2 to 
101.6 ± 50.5° (P < 0.05, 
ES = NA)
No change abduction
Medial drop: Balance group 
increased peak flexion 
(P = 0.005, ES = NA). Both 
groups decreased abduction 
initial contact and peak 
(P = 0.04, ES = NA)

Drop-jump: both groups 
decreased adduction at 
initial contact from −4.6 to 
−5.7°, peak from −2.1 to 
−3.4° (P = 0.015, 
ES = NA)
Medial drop: No change 
adduction

Lephart [48] 27 trained
High school

Vertical 
jump

Improved peak flexion from 
62.2 ± 9.7 to 86.0 ± 35.1° 
(plyometric group), from 
63.0 ± 18.1 to 70.9 ± 19.7° 
(basic training group) (P < 0.01, 
ES = NA), time to peak 
(P = 0.006, ES = NA)
No change flexion at initial 
contact

Improved flexion initial 
contact from 1.9 ± 5.3 to 
9.7 ± 8.7° (P = 0.02, 
ES = NA), peak from 
19.6 ± 9.3 to 27.2 ± 10.5° 
(P = 02, ES = NA)
No change initial contact or 
peak for abduction, 
adduction

PEP [21] 18 trained
High school 
soccer

Drop-jump No change peak flexion Reduced peak internal 
rotation from 7.1 to 1.9° 
(P = 0.01, ES = NA), 
increased abduction from 
−4.9 to −7.7° (P = 0.02, 
ES = NA)

PEP, modified
[19]

11 trained, 11 
control
High school 
basketball

Rebound 
jump

Increased peak flexion from 
92.66 ± 4.34 to 94.27 ± 3.44° 
(P = 0.02, ES = NA)
No change peak internal tibial 
rotation

NA

Kerlan-Jobe 
[49]

30 trained
College 
soccer, 
basketball

Drop-jump,
vertical 
stop-jump

Drop-jump: Increased flexion 
foot strike from 29.9 ± 9.0 to 
35.1 ± 7.4° (P = 0.003, 
ES = NA), stance phase from 
81.3 ± 10.5 to 86.9 ± 10.3° 
(P = 0.006, ES = NA)
Stop-jump: No change flexion at 
foot strike or stance phase, no 
change internal tibial rotation

Drop-jump: No change 
flexion, abduction, external 
rotation at foot strike or 
peak
Stop-jump: Decreased 
flexion foot strike from 
72.2 ± 11.0 to 68.0 ± 8.9°, 
(P = 0.05, ES = NA), peak 
external rotation from 
20.0 ± 12.5 to 13.1 ± 13.8° 
(P = 0.02, ES = NA)
No change abduction or 
internal rotation

DiStefano
[55]

83 trained 
females
90 trained 
males
Soccer
10–17 y

Drop-jump Improved flexion foot strike 
(P = 0.009, ES = NA) (data not 
provided)

NA
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Table 21.5 (continued)

Program Subjectsa Tests Knee angles Hip angles
Herman [50] 29 trained 

strength and 
feedback
29 trained 
feedback
18–30 y
Recreational 
athletes

Stop-jump All subjects combined increased 
peak flexion from 27.20 ± 7.02 
to 28.96 ± 5.23° (P = 0.05, 
ES = NA)

All subjects combined 
increased max flexion angle 
from 44.77 ± 10.96 to 
51.80 ± 8.91° (P < 0.001, 
ES = NA), abduction angle 
from 8.88 ± 5.88 to 
11.31 ± 8.72° (P = 0.03, 
ES = NA)

Herman [51] 33 trained, 33 
control
18–30 years
Recreational 
athletes

3 stop-jump 
tasks

No change peak flexion No change peak flexion

Nagano [62] 8 trained
College 
basketball

Single-leg 
drop landing

Increased flexion initial foot 
contact from 19.3 ± 2.5 to 
24.2 ± 2.1° (P < 0.01, ES = NA), 
peak from 34.3 ± 2.5 to 
40.2 ± 1.9° (P < 0.001, 
ES = NA)
No change external or internal 
tibial rotation

NA

Letafatkar [67] 15 trained, 14 
control
Collegiate 
athletes

Drop-jump Increased flexion initial contact 
(P = 0.001, ES = 0.4) and peak 
(P = 0.001, ES = 0.9)

NA

Ericksen [68] 32 trained, 16 
control
College 
students

Rebound 
jump-land

Increased peak flexion mean 
11.3 ± 10.4° (P < 0.001, 
ES = NA)

Increased peak flexion 
mean 10.9 ± 9.4° 
(P = 0.001, ES = NA)

Brown [69] 30 trained 3 
different 
programs, 13 
control
13–18 years 
athletes

Jump-land 
single and 
two legged

Standard program: increased 
peak flexion mean 6.2° 
(P < 0.05, ES = 0.84) bilateral 
landings. No improvement 
single-leg landings

Standard program: 
increased peak flexion 
mean 8.2° (P = 0.01, 
ES = 0.52) bilateral 
landings. No improvement 
single-leg landings

Stearns [70] 21 trained
Recreational 
athletes
18–25 years

Drop-jump Increased peak flexion from 
94.0 ± 8.5° to 98.0 ± 10.1° 
(P < 0.001, ES = NA)

Increased from 83.4 ± 7.6° 
to 89.9 ± 8.8° (P < 0.05, 
ES = NA)

Sportsmetrics 
Plyometrics 
only [56]

18 trained, 18 
control
Recreational 
athletes
20 ± 1 years

Single-leg 
squat

Decreased knee abduction from 
−9.23 to −5.75° (P = 0.01, 
ES = NA)

Decreased hip adduction 
from 10.04 to 5.70° 
(P < 0.001, ES = NA)

Functional 
Stabilization 
Training [57]

14 trained, 14 
control
Recreational 
athletes
20 ± 1 years

Single-leg 
squat

Decreased knee abduction from 
−6.86 to 1.49° (P < 0.001, 
ES = NA)

Decreased hip adduction 
from 7.08 to 5.19° 
(P < 0.05, ES = NA)

Pfile [63] 9 plyometric 
trained
9 core stability 
trained
6 controls
High school 
athletes

Drop-jump Decreased flexion 
mean − 18.5 ± 3.6° plyometric 
group (P=NA, ES = 1.79), 
mean − 16.3 ± 3.4° core group 
(P = NA, ES = 1.88)

No change hip angles both 
groups

(continued)
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However, no significant differences were observed 
in hip kinematics on a drop-jump test.

21.3.4  Lower Limb Alignment

Multiple investigations have determined the 
effects of ACL intervention training on lower 
limb alignment during various jumping tasks 
(Table  21.6). The assessment involved either 
measuring the distance between the hips, knees, 
and ankles from a single-plane video analysis 
which provides a general indicator of overall 
lower limb alignment (absolute knee separation 
distance and normalized knee separation distance 
values, Fig.  21.2) or measuring varus-valgus 
angles in multiple planes.

Statistically significant improvements in 
knee separation distance following Sportsmet-
rics training have been noted by multiple 
 studies [4, 8, 10–12]. The largest group fol-
lowed (912 trained high school athletes) 
improved the absolute knee separation distance 
from 20 ± 8 cm to 27 ± 8 cm (P < 0.0001, ES 
0.87) and the normalized knee separation dis-

tance from 47 ± 19% to 65 ± 18% (P < 0.0001, 
ES 0.97) [8]. Another group of high school 
female athletes improved knee separation dis-
tance a mean of 3.25 cm after completing the 
PEP program [19]. However, two other investi-
gations failed to find significant improvements 
in lower limb alignment after participating in 
the PEP program [21, 22].

Only a few investigations reported improve-
ments in knee valgus angles following training 
[54, 59], while several studies [21, 48–52, 55, 62, 
68–70] found no training effects.

Critical Points

• Multiple studies have assessed changes in 
kinematic or kinetic factors in female athletes 
after training:
 – Landing forces (mixed results):

May be affected by age, athletic experi-
ence, type of instruction, and exercise 
protocol

 – Moments:
Majority studies decreased knee and hip 

moments

Table 21.5 (continued)

Program Subjectsa Tests Knee angles Hip angles
Sportsmetrics
[2]

11 trained 
females
9 control 
males
High school

Vertical 
jump

No change peak flexion No change peak flexion

Kato [59] 10 trained, 10 
control
College 
basketball

Jump shot No change peak flexion NA

Oslo Sports 
Trauma 
Research 
Center [53]

20 trained
Soccer, elite 
team handball
Adults

Side-cut No change peak flexion No change peak flexion

Wilderman
[61]

15 trained, 15 
control
College 
intramural 
basketball

Side-step 
pivot

No change flexion initial foot 
contact or peak

NA

ES effect size, NA not assessed, PEP Prevent Injury and Enhance Performance Program
aFemale subjects unless otherwise indicated
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Table 21.6 Effect of ACL intervention training on lower limb alignment

Program Subjectsa Tests Lower limb alignment
Sportsmetrics
[8]

1000 trained, 1120 control
High school athletes

Drop-jump Improved normalized knee separation distance 
from 47 ± 19 to 65 ± 18% (P < 0.0001, 
ES = 0.97), absolute knee separation distance 
from 20 ± 8 to 27 ± 8 cm (P < 0.0001, 
ES = 0.87)

Sportsmetrics 
Volleyball [10]

34 trained
High school volleyball

Drop-jump Improved normalized knee separation distance 
from 56.3 ± 19.1 to 63.3 ± 12.7% (P = 0.04, 
ES = 0.43), absolute knee separation distance 
from 21.1 ± 8.2 to 25.9 ± 5.2 cm (P = 0.002, 
ES = 0.70)

Sportsmetrics 
Volleyball [4]

16 trained
High school volleyball

Drop-jump Improved normalized knee separation distance 
immediately after training from 50 ± 16 to 
67 ± 17% (P < 0.01, ES = NA) and 1 year 
later to 74 ± 17% (P < 0.001, ES = NA)

Sportsmetrics 
Basketball [11]

57 trained
High school basketball

Drop-jump Improved normalized knee separation distance 
from 44.9 ± 17.2 to 74.2 ± 18.8% (P < 0.0001, 
ES = 0.63), absolute knee separation distance 
from 18.5 ± 7.4 to 31.8 ± 10.36 cm 
(P < 0.0001, ES = 0.59)

Sportsmetrics 
Soccer [12]

62 trained
High school soccer

Drop-jump Improved normalized knee separation distance 
from 35.9 ± 7.4 to 54.2 ± 13.7% (P < 0.0001, 
ES = 0.64), absolute knee separation distance 
from 14.6 ± 3.6 to 23.1 ± 6.4 cm (P < 0.0001, 
ES = 0.63)

Kato [59] 10 trained, 10 control
College basketball

Jump shot Improved peak lower extremity angle in 
coronal plane from 36.9 ± 19.5 to 15.1 ± 6.5° 
(P < 0.05, ES = NA), torsion angle in 
horizontal plane from 22.5 ± 12.8 to 
17.1 ± 4.6° (P < 0.05, ES = NA)

Herrington [54] 15 trained
Adult elite basketball

Drop-jump, 
jump shot

Drop-jump: Decreased knee valgus angle,  
9.8° left leg (P = 0.002, ES = NA), 12.3° right 
leg (P = 0.0001, ES = NA)
Jump shot: Decreased knee valgus angle, 4.5° 
left leg (P = 0.03, ES = NA), 4.3° right leg 
(P = 0.01, ES = NA)

PEP, modified [19] 11 trained, 11 control
High school basketball

Rebound 
jump

Improved knee separation distance from 
17.56 ± 2.92 to 20.81 ± 1.37 cm (P = 0.004, 
ES = NA)

PEP [21] 18 trained
High school soccer

Drop-jump No change peak knee valgus angle

PEP [22] 20 trained
Adult elite soccer

Drop-jump No change knee separation distance

Lephart [48] 27 trained
High school athletes

Vertical 
jump

No change knee valgus angle at foot strike or 
peak

Kerlan-Jobe
[49]

30 trained
College soccer, basketball

Drop-jump, 
vertical 
stop-jump

No change knee valgus angle at foot strike or 
peak

Herman [51] 33 trained, 33 control
Recreational athletes
18–30 years

3 stop-jump 
tasks

No change peak knee valgus angle

Herman [50] 29 strength and feedback 
trained
29 feedback trained
Recreational athletes
18–30 years

Stop-jump No change peak knee valgus angle

(continued)
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Table 21.6 (continued)

Program Subjectsa Tests Lower limb alignment
DiStefano [55] 83 trained females, 90 

trained males
Soccer
10–17 years

Drop-jump No change knee valgus

Nagano [62] 8 trained
College basketball

Single-leg 
drop landing

No change valgus angle at foot strike or peak

Oslo Sports 
Trauma Research 
Center [52]

20 trained, 20 control
15–16 years
Soccer, handball

Side-cut No change valgus angle at initial contact

Ericksen [68] 32 trained, 16 control
College students

Rebound 
jump-land

No change knee abduction angle

Brown [69] 30 trained 3 different 
programs, 13 control
13–18 years athletes

Jump-land 
single and 
double 
legged

No change peak knee abduction angle

Stearns [70] 21 trained
Recreational athletes
18–25 years

Drop-jump No change peak knee abduction angle

ES effect size, NA not assessed, PEP Prevent Injury and Enhance Performance Program; WIPP Warm-up for Injury 
Prevention and Performance
aFemale subjects unless otherwise indicated

Prelanding

Landing

Takeoff

42.7 cm 100 %

60 %

118 %

100 %

31 %

117 %

100 %

54 %

111 %

Hip sep

Knee sep

Ankle sep

Hip sep

Knee sep

Ankle sep

Hip sep

Knee sep

Ankle sep

25.4 cm

50.5 cm

44.0 cm

13.5 cm

51.7 cm

45.1 cm

24.2 cm

50.1 cm

Fig. 21.2 Drop-jump video test. Three photographs are 
produced from the prelanding, landing, and take-off 
phases. The centimeters of distance between the hips, 
knees, and ankles are calculated along with normalized 
knee and ankle separation distances (according to the hip 
separation distance) using commercially available soft-

ware (Cincinnati SportsMedicine Research and Education 
Foundation, Cincinnati, OH). Shown is the test result of a 
16-year-old female subject before beginning the 
Sportsmetrics neuromuscular training program depicting 
poor knee separation distance and an obvious overall 
lower limb valgus alignment

S. Barber-Westin and F. R. Noyes



485

 – Knee flexion angles:
Increased in several studies but varied in 

amount of change and when improve-
ments occurred during tasks

 – Hip flexion angles:
Mixed results

 – Lower limb alignment:
Improved overall lower limb alignment in 

coronal plane in several studies on drop-
jump test after Sportsmetrics training, 
but no change in knee valgus angles in 
multiple studies upon completion of 
other programs

 – Several methodological problems found:
Nearly all investigations analyzed preplanned 

tasks in a controlled laboratory setting.
Few provided effect sizes or conducted 

prospective power analyses to deter-
mine adequate sample size.

 – The determination of the magnitude of 
change required to actually reduce the risk 
of an ACL injury in knee and hip kinetic 
and kinematic factors remains unknown 
and is speculative at best.

21.4  Alterations in Lower 
Extremity Strength 
and Muscle Activation 
Patterns

A frequent finding among the studies included in 
this chapter was a statistically significant increase 
in lower extremity isokinetic (Fig. 21.3) or iso-
metric strength (Table  21.7). Improvements in 
the strength of the hamstrings [2, 8, 9, 14, 17, 19, 
22, 42, 50, 51, 57, 61, 62], quadriceps [8, 22, 48, 
50, 51, 57, 99], gluteus maximum and medius 
[50, 51], hip abductors [19, 56, 70], and hip 
extensors [70] and in the hamstrings to quadri-
ceps ratio [2, 8, 9, 14, 17, 19, 42] have been 
reported after 6–9 weeks of training. Only a few 
studies reported no improvements in muscle 
strength after training [13, 29, 77].

In addition, several studies [5, 16, 48, 52, 53, 
58, 61, 62, 67] reported changes in electromyo-
graphic muscle activation patterns after ACL 
intervention training that appear to demonstrate 
an earlier onset of hamstrings activity, along with 
a reduction in quadriceps activity during drop-

Fig. 21.3 Isokinetic knee flexion-extension strength test on Biodex isokinetic dynamometer (Biodex Corporation, 
Shirley, NY)

21 Effect Programs Reduction ACL Injury, Improvement Deficiences
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jump, vertical jump, and side-cut activities. These 
alterations in muscle activation patterns are 
believed to be important in the prevention of ACL 
ruptures.

Critical Points

• Improved lower extremity muscle strength:
 – Hamstrings: ten studies
 – Quadriceps: five studies
 – Hamstrings to quadriceps ratio: six studies

• Improved hip muscle strength: two studies
• Muscle activation patterns:

 – Alterations in eight studies: earlier onset 
hamstrings activity, reduced quadriceps 
activity

21.5  Effect on Balance

Several studies have demonstrated improved bal-
ance following ACL intervention training programs 
(Table 21.8). The Star Excursion Balance Test has 
been used the most frequently to determine dynamic 
balance, with improvements found in reach dis-
tances in several studies [13, 40, 60, 64, 66].

Table 21.8 Effect of ACL intervention training on balance

Program Subjectsa Tests Results
Sportsmetrics 
[13]

11 trained
College 
basketball

LESS, SEBT Improved SEBT composite score (P = 0.01, 
ES = NA), LESS score (P = 0.009, ES = NA) 
immediately after training and 9 months later

Hopper [66] 13 trained, 10 
control
Netball, 
12.17 ± 0.94 
years

SEBT Improved anterior, posteromedial, 
posterolateral directions (P < 0.05, ES = NA)

Steib [64] 21 trained, 20 
control
Handball, 
24.0 ± 5.9 
years

SEBT, single-leg stand for 
sway velocity

Improved all reach distances, significant 
differences compared with control group began 
at wk 6, largest differences at wk 11

Walden [38] 23 trained, 18 
control
12–16 years 
soccer players

SEBT No improvement

Filipa [40] 13 trained, 7 
control
High school 
soccer

SEBT Improved SEBT composite (P < 0.05, 
ES = 0.13)

McLeod [60] 27 trained, 23 
control
High school 
athletes

BESS and SEBT BESS: trained group fewer errors than pre-train 
and control group (P = 0.03, ES = NA)
SEBT: improved anteromedial, medial, 
posterior, and lateral directions (P < 0.001, 
ES = NA)

Myer [47] 41 trained
High school 
athletes

Biodex stability system: total 
stability index, 
anteroposterior stability 
index, medial-lateral stability 
index, single leg

Improved total stability (P = 0.004, ES = NA) 
and anteroposterior stability (P = 0.001, 
ES-NA)

Myklebust
[29]

27 trained
Elite team 
handball, adult

KAT 2000 balance index 
score single and two legs

Improved score for two legs (P = 0.003, 
ES = NA), no change single leg

BESS Balance Error Scoring System, ES effect size, LESS Landing Error Scoring System, NA not assessed, SEBT Star 
Excursion Balance Test
aFemale subjects unless otherwise indicated
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One study [47] involving high school athletes 
reported improvements in single-leg total stabil-
ity and anteroposterior stability on the Biodex 
Stability System (Biodex Corporation, Shirley, 
NY, Fig.  21.4) after training. There was no 
improvement in medial-lateral stability in these 
subjects. Another investigation [60] found sig-
nificant improvements in the Balance Error 
Scoring System, which is comprised of six differ-
ent 20-s balance tests in different stances and on 
different surfaces. A group of 27 athletes who 
completed the training program had fewer errors 
than that recorded before training and also com-
pared with a control group. These subjects also 
improved scores on the Star Excursion Balance 
Test in distances successfully reached with a sin-
gle leg in anteromedial, medial, posterior, and 
lateral directions.

Critical Point

• Improvements in Star Excursion Balance test 
reach distances found in several studies.

21.6  Enhancing Athletic 
Performance

There have been multiple studies which docu-
mented changes in athletic performance indica-
tors following ACL injury prevention training in 
female athletes (Table 21.9) [5, 8, 10–12, 45, 49, 
53, 54, 56, 57, 66]. Vertical jump height is one of 
the most common indices tested, with mixed 
results reported. Improvements have been noted 
in several studies, with mean published post-train 
increases ranging from 1.2 to 4  cm; however, 
most of the studies reported small ES [8, 10, 11, 
45, 49, 53, 66]. Several other studies [12, 15, 19, 
22–24, 32, 38, 77] found no significant increases 
in jump height after training.

Statistically significant increases in the dis-
tance hopped during various single-leg hop tests 
have been reported after training [8, 45, 49, 54, 
56, 57]. In a study of 280 high school athletes, a 
mean increase in the triple crossover hop test of 
33 ± 54 cm (P < 0.0001, ES 0.47) was found fol-
lowing Sportsmetrics training [8]. In a group of 
18 recreational adult athletes, improvements in 
the triple hop test (mean, 43 cm, P < 0.001, ES 
not provided) were reported after 8 weeks of ply-
ometric training [56]. Elite adult basketball play-
ers improved the distance on the triple hop test by 
a mean of 110–111 cm (P = 0.001, ES not pro-
vided) after 4 weeks of plyometric training [54].

Sprint times have been assessed in several 
investigations before and after training, with 
conflicting results reported. In a group of 221 
high school athletes, the agility T-test time 
improved from 12.10 ± 1.01 s to 11.51 ± 0.83 s 
(P < 0.0001, ES 0.64) after Sportsmetrics train-
ing [8]. Similar findings were reported in 62 high 
school soccer players [12]. One study reported 
improvements in 10-m and 20-m sprints 
(P  <  0.05, ES 1.2). However, several studies 
reported no improvements in sprint speed after 
training [5, 11, 23, 32, 38, 77].

Fig. 21.4 Single-leg balance test on Biodex Stability 
System (Biodex Corporation, Shirley, NY)
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Estimated VO2max has been measured follow-
ing Sportsmetrics training using the multistage 
fitness test [100]. One study [10] involving 34 
female high school volleyball players reported a 
mean improvement following training from 
39.4 ± 4.8 to 41.4 ± 4.0 mL/kg/min (P < 0.001, 
ES 0.45). A second study [11] of 57 female high 
school basketball players reported a mean 
improvement from 34.6 ± 4.5 to 39.5 ± 5.7 mL/
kg/min (P < 0.0001, ES 0.43). A third investiga-
tion [12] of female high school soccer players 
found a mean improvement from 37.9  ±  4.5 to 
410.1 ± 4.7 mL/kg/min (P < 0.0001, ES 0.23).

Critical Points

• Vertical jump height: mixed results
• Single-leg hop: distance hopped consistently 

improved
• Sprint tests: mixed results
• Agility tests: consistently improved
• Estimated VO2max: improved after Sports-

metrics training

 Conclusions
Few ACL intervention training programs have 
undergone rigorous investigation regarding 
their effectiveness in reducing injury rates, 
improving potentially deleterious lower limb 
kinematic and kinetic factors, and enhancing 
athletic performance indicators. Only three 
programs significantly reduced the incidence 
of noncontact ACL injuries (Sportsmetrics, 
PEP, and KIPP). At the time of writing, only 
one investigation on the effectiveness of KIPP 
program (on reducing landing impact forces) 
had been published; no other analyses of this 
program in terms of kinematic or kinetic fac-
tors were available. The PEP program, studied 
in four investigations [15, 19, 21, 22], showed 
little effect in improving the knee valgus 
moment, knee valgus angle, vertical jump 
height, sprint time, and agility. However, this 
program did result in increased knee flexion 
and hip abduction, decreased hip internal rota-
tion, and improvements in the strength of the 
quadriceps and hamstrings. The Sportsmetrics 
program has been analyzed in several investi-

gations, both within the authors’ center [2–4, 
6–12, 16] and at independent institutions [5, 
13–15, 17]. The majority of studies have 
shown improvements in lower limb align-
ment, hamstrings strength, hamstrings to 
quadriceps ratio, vertical jump height, single-
leg hop test distances, speed, and estimated 
maximal aerobic capacity. Future investiga-
tions should prospectively determine adequate 
sample size using power analyses, report ES 
in addition to P values, and analyze unplanned, 
reactive tests in laboratory studies.
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