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The numerous benefits of sports participation are well recognized, and as 
such, involvement in athletics has increased dramatically. The 2019 Physical 
Activity Council’s Overview Report on United States athletic participation 
stated that approximately 218.5 million individuals aged 6 and over partici-
pated in some type of sports activity [1]. In 2018, the National Federation of 
State High School Associations reported an all-time record of nearly 8 mil-
lion athletic participants, approximately 3.4 million girls and 4.6 million boys 
[2]. In 2018, over 480,000 athletes participated in collegiate sports [3].

Unfortunately, the negative effect of increased participation in sports in 
young athletes has been an upward surge in the rate of injury. For instance, 
recent investigations [4–6] estimated that in the United States, high school 
soccer knee-related injuries would occur in 259,587 girls and in 114,384 boys 
on a yearly basis, with ligament tears the most common diagnosis. Knee inju-
ries are also among the most common of all injuries sustained in collegiate 
basketball [7]. Nearly a million anterior cruciate ligament (ACL) injuries 
occur each year worldwide, most of which are sustained by young athletes 
less than 25 years of age.

The issue of return to sport (RTS) after knee injuries, particularly ACL 
tears, has become a relatively recent topic of widespread research. Over a 
decade ago, a few reports appeared in the literature citing unacceptable rein-
jury rates in both the ACL-reconstructed and contralateral knee [8, 9]. These 
injury rates were much higher than those typically reported in registry studies 
(<5%) and sounded an alarm to the orthopedic community as a whole to seri-
ously study reinjury rates as related to RTS [10–12]. We conducted a system-
atic review of studies published from 2001 to 2011 that determined factors 
used to allow RTS after ACL reconstruction and found that only 13% of 264 
studies included objective criteria. All of this information highlighted the 
serious need to re-examine the rehabilitation of serious knee injuries and the 
necessity to include further quantification of restoration of normal indices 
before release to unrestricted athletic activities.

Our Medline searches conducted in 2019 reveal hundreds of articles that 
discuss wide variability in RTS rates after ACL reconstruction, lack of con-
sensus regarding objective criteria that should be achieved before release to 
unrestricted activities, problems with psychological readiness and fear not 
usually addressed clinically, and high reinjury rates in young athletes. Issues 
regarding rehabilitation principles and practices, including advanced 
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 neuromuscular and motor retraining, have become critical topics for evidence- 
based research.

The question of what is causing the sometimes alarming rate of reinjuries 
(to either knee) upon RTS, even though patients appear to have normal or 
very good knee function restored, remains unanswered. Although we have 
made major advances in terms of ACL graft selection, positioning, tension-
ing, and fixation, the need to address associated instabilities in the knee joint, 
and decreasing postoperative complications, we have not yet achieved a stan-
dard of care in crucial rehabilitation factors that allow a safe RTS.

Collectively, these issues provided the impetus for the development of this 
textbook. We invited worldwide experts to participate and discuss their 
research findings in a manner that offers realistic and clinically feasible con-
cepts for all medical personal involved in the care of athletes. While this 
textbook focuses many chapters on ACL injuries, other common knee inju-
ries and operations are included, such as meniscus procedures, patellofemo-
ral realignment, articular cartilage restoration procedures, total knee 
arthroplasty, and partial knee arthroplasty. Four chapters focus on examina-
tion and testing to determine knee function, neuromuscular indices, muscle 
strength, dynamic balance and stability, and neurocognitive factors.

An important point to highlight is the essential team approach by medical 
professionals that is required to successfully return the high school, colle-
giate, or professional athlete to competition. As discussed recently by Wang 
et al. [13], this team encompasses not only the orthopedic surgeon but also the 
physical therapist and athletic trainer who spend the majority of time with the 
athlete over the course of rehabilitation. The therapist and trainer are respon-
sible for forming a relationship of trust with the patient immediately and must 
understand their goals, personality, potential problems with fear, and compli-
ance. This textbook provides eight chapters dedicated to rehabilitation prin-
ciples essential for the successful RTS.

There is still much work to be done to continue to advance our knowledge 
in this area. That being said, we hope the material in this textbook provides 
clinically feasible principles that medical professionals may implement 
immediately in their practice.

Cincinnati, OH, USA Frank R. Noyes 
Cincinnati, OH, USA  Sue Barber-Westin  
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WB Weight bearing
wk Week
x Times
yr Year
3-D Three dimensional
2-D Two dimensional
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1.1  Introduction

The majority of patients who undergo anterior 
cruciate ligament (ACL) reconstruction are 
athletes <25  years of age [1]. While there are 
several major goals of surgery, returning these 
individuals to their desired sport is paramount for 
patient satisfaction [2–8] and is the main 
motivating factor for patients to undergo surgery 
and months of rehabilitation. Physicians and 
others involved with patient care often believe 
return to sports (RTS) is one of the most important 
outcome criteria after ACL reconstruction [9]. 
The ultimate RTS goals vary widely and include 
returning professional athletes back to their 
careers, allowing collegiate athletes to receive 
scholarships, providing high school athletes a 
chance to play additional seasons, and returning 
recreational athletes back to their desired active 
lifestyle. Although historic rates of RTS have 
been acceptable, this topic has come under 
increased scrutiny due to high reinjury rates 
recently reported (to the ACL in either knee) 
upon return to athletics after surgery [10].

In addition to reinjury rates, several barriers 
that prevent or delay full RTS have recently come 

under rigorous investigation. These include fear, 
anxiety, depression, preoperative stress, motiva-
tion, self-esteem, locus of control, and self-effi-
cacy [3, 7, 11–26]. Persistent knee symptoms of 
pain, swelling, stiffness, and instability may also 
hamper the expected progress of rehabilitation and 
negatively affect the time to RTS [18, 27–29].

Even though many studies have reported sig-
nificant correlations of return to high-risk sports 
with ACL reinjuries, few have documented the 
results of rehabilitation in terms of restoration of 
normal muscle strength, balance, proprioception, 
and other neuromuscular indices required for 
return to high-risk activities that require pivoting, 
cutting, and jumping/landing. In addition, several 
studies have shown that changes in neurocogni-
tive function and cortical activity occur after 
ACL injury and reconstruction [30–37]. The 
question of whether modern rehabilitation pro-
grams effectively resolve these impairments 
remains to be answered [38, 39]. Therefore, rein-
juries may not be due simply to participation in 
high-risk activities; failure to restore multiple 
indices to normal (in both knees) may be one 
major source of this problem, and this will be 
explored later in this textbook.

The question of what factors play a role in the 
development of knee osteoarthritis (OA) after 
ACL reconstruction remains under study, with 
the exception of meniscectomy. Nearly every 
long-term study has reported a statistically sig-
nificant correlation between meniscectomy (per-
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formed either concurrently or after the ACL 
reconstruction) and moderate-to-severe 
radiographic evidence of OA [40–48]. Other 
factors that may influence the development of 
knee joint OA include preexisting chondral 
damage, severe bone bruising, biochemical 
alterations after the injury, older patient age, 
elevated body mass index (BMI), excessive 
uncorrected varus or valgus lower limb 
malalignment, damage of other knee ligaments, 
failure of the reconstruction to restore knee 
stability, serious complications (such as infection, 
arthrofibrosis), and poor quadriceps strength [47, 
49–54]. Whether return to high-impact sports 
after ACL reconstruction increases the rate of 
development of knee OA is unknown at present. 
Regardless of the cause, the development of 
symptomatic OA is especially concerning in 
young athletic individuals, in whom rates of total 
knee arthroplasty (TKA) continue to rise rapidly. 
In 2013, Weinstein et al. [55] estimated that over 
1.5 million individuals aged 50–69 years had 
undergone TKA in the USA, tripling the number 
compared with the proceeding decade. With TKA 
survival rates of 20  years, many younger 
individuals may require a revision arthroplasty.

1.2  Quality of Life and Patient 
Satisfaction: Correlation 
with Return to Sport

One major goal of ACL reconstruction is to return 
patients to their desired sports activity level. 
Interestingly, a review published in 2015 found 
that, in 119 ACL-reconstruction studies, only 
24% provided return to preinjury sports activity 
data [56]. The authors recommended enhanced 
reporting of these data due to the high level of 
relevance of RTS for both patients and clinicians. 
In the same year, a survey of 1779 orthopedic 
medical professionals reported a consensus of six 
measures believed important for successful 
outcome 2  years after ACL reconstruction [9]. 
These measures included no giving-way 
(indicated by 96.4% of respondents), RTS as 
indicated by playing 2 seasons at the preinjury 
level (92.4%), quadriceps strength symmetry 

>90% (90.3%), absence of joint effusion (84.1%), 
patient-reported outcomes (83.2%), and 
hamstrings strength symmetry >90% (83.1%).

Ardern et  al. [2] questioned whether satisfac-
tion of knee function according to the patient was 
associated with different measures, including psy-
chological factors and personal opinion of knee 
function. These authors followed 177 ACL-
reconstructed patients a mean of 3 years postop-
eratively, of whom 44% were satisfied with their 
outcome, 28% mostly satisfied, and 28% dissatis-
fied. There was a significantly greater percentage 
of patients in the satisfied group that returned to 
their preinjury sports level compared with the 
other groups (61%, 29%, and 22%, respectively, 
P < 0.0001). Participants who had returned to their 
preinjury activity level had 3 times increased odds 
of being satisfied (versus mostly satisfied or dis-
satisfied). The other two significant associations 
with satisfaction were knee-related self-efficacy 
and quality of life (QOL).

Another study performed a cross-sectional 
comparison of patients who underwent either 
operative or conservative treatment for acute 
ACL ruptures [57]. At 1 year post-injury or post-
operative, 350 ACL-deficient knees and 350 
ACL-reconstructed knees completed the Knee 
Injury and Osteoarthritis Outcome Score 
(KOOS). The ACL-reconstructed group had 
higher scores for pain, activities of daily living, 
sports, and quality of life 1 year postoperatively 
(Table 1.1). The authors concluded that patients 
who elected ACL reconstruction had superior 

Table 1.1 KOOS scores in ACL-deficient and ACL- 
reconstructed knees at 1 year

KOOS 
domain

ACL- 
deficient

ACL- 
reconstructed

Mean 
difference 
(P value)

Symptoms 73.7 ± 18.4 76.3 ± 18.5 2.6 (NS)
Pain 80.5 ± 16.7 84.5 ± 16.3 4.0 (<0.05)
Activities of 
daily living

88.0 ± 15.1 91.3 ± 14.0 3.4 (<0.05)

Sport 54.5 ± 29.8 66.9 ± 26.6 12.4 
(<0.05)

Quality of 
life

47.1 ± 24.3 60.3 ± 23.5 13.2 
(<0.05)

KOOS knee injury and osteoarthritis outcome score, NS 
not significant

F. R. Noyes and S. Barber-Westin
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outcomes for knee symptoms, function, and qual-
ity of life that remained for at least 5 years 
postoperatively.

Filbay et al. [4] studied QOL and psychologi-
cal health outcomes in 162 patients who had 
residual knee pain, symptoms, or functional limi-
tations a mean of 9 years (range, 5–20) postop-
erative. These investigators found that RTS was 
related to better knee-related KOOS and general 
health- related QOL (AQoL-8D) scores. In this 
study, 39% returned to competitive sports, 28% 
returned at a lower level of competition, and 32% 
did not return. When asked what activities they 
would consider most important to participate in 
(in the absence of knee pain), 80% of the patients 
indicated sports or exercise; 14%, family duties; 
4%, social activities; and 2%, work duties. This 
high rate of patients that preferred sports/exercise 
over all other activities indicates the high priority 
athletics had in this cohort many years following 
their ACL injury and surgery.

Nwachukwu et al. [7] surveyed 231 patients a 
mean of 3.7 years following ACL reconstruction 
and reported that 87% had RTS and 85.4% were 
very satisfied with the outcome of the operation. 
A significantly greater number of patients who 
RTS were very satisfied with their outcome com-
pared with those who did not return (P < 0.001). 
It is important to note that only 43.6% of the ath-
letes played with unlimited effort and perfor-
mance and no pain. The use of a patellar tendon 
autograft was associated with a significantly 
increased odds of returning to play compared 
with use of an allograft (odds ratio [OR] = 5.6; 
P = 0.02).

Faltstrom et al. [17] conducted a short-term 
study (mean follow-up, 1.5  years) in 182 
female soccer players who underwent ACL 
STG autograft reconstruction. The survey 
study found that 52% were currently playing 
soccer, 80% at the same or higher preinjury 
level and 20% at a lower level. Players that 
returned had significantly higher scores com-
pared with those who had not returned on all 
KOOS subscales and the ACL- Quality of Life 
scale. In addition, psychological readiness and 
motivation to return to sport correlated with 
return to preinjury levels. The negative effects 

of fear of reinjury and poor motivation on RTS 
are further discussed in Chap. 2.

Kocher et  al. [5] followed a cohort of 201 
patients whose mean age was 28.6 years (range, 
14.4–60) an average of 3 years after primary ACL 
reconstruction. Patients were found to be signifi-
cantly less satisfied with the outcome of surgery 
if they had a lower level of sports activity 
(P < 0.001) and if they had difficulty with spe-
cific athletic functions such as running, jumping, 
cutting, and twisting (P < 0.001). In this study, 75 
patients (37%) were participating in sports with 
no limitations.

1.3  Reinjury Rates After ACL 
Reconstruction

The published rates of either reinjuring an ACL- 
reconstructed knee or sustaining an ACL rupture 
on the contralateral knee vary widely (Table 1.2) 
[58–83]. One problem is the definition of ACL 
failure; some studies consider only those knees 
that required ACL revision reconstruction (or 
reconstruction of the contralateral ACL) as fail-
ures, while others include knees in which a pivot 
shift grade 2–3 and/or Lachman grade 2–3 is 
detected clinically. Large registry studies or those 
that involved meta-analyzed data typically only 
used the number of ACL revision cases to calcu-
late failure rates [65, 69, 76, 79, 81, 84]. There 
are many potential causes of ACL graft failure 
other than reinjuries that have been discussed in 
detail elsewhere [85–90]. The reinjury and failure 
rate data in Table 1.2 should therefore be inter-
preted cautiously.

Many studies have cited that the most frequent 
factors that appear to cause graft failure or injury 
to the contralateral ACL are younger patient age, 
return to cutting/pivoting sports, and use of an 
allograft. In a meta-analysis of data from 19 stud-
ies, Wiggins et  al. [62] reported, in athletes 
<25 years of age who returned to high-risk sports, 
a pooled secondary ACL injury rate (to either 
knee) of 23%. In a group of 1415 patients who 
underwent ACL autograft reconstruction, 
Shelbourne et al. [60] reported the risk of subse-
quent injury to either knee was 17% for patients 

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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Table 1.2 Rates of reinjury in ACL-reconstructed and contralateral knees

Study

Mean 
follow-up 
years

ACL grafta 
(no.)

Failed ACL 
reconstructionb 
(%)

Injured ACL 
contralateral 
knee (%)

Reinjuries 
associated with 
sports?

Factors associated 
with reinjuries, ACL 
graft failures

Salmon [58] 20 Hamstring 
adolescents 
(39)

38 13 Yes, nearly all 
associated with 
sports for both 
ipsilateral and 
contralateral

Age <18 years, 
posterior tibial slope 
≥12° for ACL- 
reconstructed knee
Posterior tibial slope 
≥12° for 
contralateral knee

Hamstring 
adults (161)

14 11

Total (200) 18.5 11

Morgan [59] 16.6 Hamstring 
(194)

19.5 17.5 Yes, cutting, 
pivoting sports 
for contralateral 
knee reinjuries

Family history ACL 
injury for ACL- 
reconstructed knee
Male gender for 
contralateral knee

BPTB (48) 8 29
Total (242) 17 20

Shelbourne 
[60]

5 BPTB (1,415) 4 5 Yes, 
participation in 
basketball or 
soccer for 
injuries to 
either knee.

Age <18 years, 
female gender for 
ACL-reconstructed 
knee
Age <18 years, 
female gender <18 
years for 
contralateral knee

Takazawa 
[61]

4.7 ST and Telos 
artificial 
ligament

16 7 All rugby 
players

Age <20 years for 
ACL-reconstructed 
knee

Wiggins [62] 4.2 9098 <25 years 
age

10 11 Yes, return to 
cutting, 
pivoting sports

Age <25 years for 
both knees

913 <25 years 
age, returned 
high-risk sports

10 12

Total 72,054 7 8
Grindem [63] 2 BPTB (33), 

hamstring (67)
Overall 8 Overall 2 Yes, return 

level I sports 
4.32 times 
higher reinjury 
rate than other 
sport levels

Quadriceps strength 
deficit for ACL- 
reconstructed knee

Webster [64] 3 Hamstring 
(561)

4.5 7.5 Yes, return to 
cutting, 
pivoting sports 
for either knee

Age <20 years, 
contact mechanism 
for injury, family 
history for 
ACL-reconstructed 
knee. Age <20 
years, family history 
for contralateral 
knee

Kaeding [65] 2 BPTB (1131) 3.2 NA Yes, higher 
preinjury 
activity levels 
for reinjuries to 
either knee

Allografts for 
ACL-reconstructed 
knee
Younger age for 
both knees

Hamstring 
(891)

4.6 NA

Allograft (466) 6.9 NA
Total (2488) 4.4 3.5

Kyritsis [66] NA BPTB (50) 14 Overall 7 Yes, all pro 
athletes

Low H:Q ratio 
60°/s, athletes did 
not meet discharge 
criteria for 
ACL-reconstructed 
knee

Hamstring 
(108)

17.5
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Table 1.2 (continued)

Study

Mean 
follow-up 
years

ACL grafta 
(no.)

Failed ACL 
reconstructionb 
(%)

Injured ACL 
contralateral 
knee (%)

Reinjuries 
associated with 
sports?

Factors associated 
with reinjuries, ACL 
graft failures

Kamath [67] NA Graft NA, 
N = 89

9 15 All collegiate 
athletes

Athletes that had 
ACL reconstruction 
before entering 
college had higher 
incidence of graft 
failure and 
contralateral ACL 
tears

Lefevre [68] 1 Hamstring 
primary (468), 
BPTB primary 
(27), hamstring 
revision (18), 
BPTB revision 
(29)

Overall 1.4 Overall 0 Yes, all 
reinjuries (7 in 
primary group, 
1 in revision 
group) during 
sports

None

Faltstrom [69] 5 Hamstring 
(20,824)

4.3 3.8 Yes for soccer Age <16 years, age 
16–25, surgery 
<90 days from 
injury, injured 
playing soccer for 
either knee

Ardern [70] 2 Hamstring 
(122)

4 2 Yes Not assessed

Myklebust 
[71]

7.8 Various grafts 22 9 Yes, all while 
playing team 
handball

Not assessed

Mohtadi [72] 2 BPTB (110) 17 5 Not 
significantly 
related to sports

Age <27 years for 
ACL-reconstructed 
knee

Hamstring 
(110)

26 5

Double bundle 
(110)

28 5

Park [73] 4.5 Hamstring 
(296)

4 NA Not related to 
sports

Grafts <8 mm in 
diameter.

Thompson 
[74]

20 BPTB (90) 10 30 Not assessed Male gender, age 
≤18 years, tunnel 
placement for 
ACL-reconstructed 
knee
Age ≤18 years, 
BTB graft for 
contralateral knee

Hamstring (90) 18 14

Pinczewski 
[75]

10 BPTB (90) 8 22 Not assessed Laxity for ACL- 
reconstructed knee
Age <21 years, 
BPTB graft for 
contralateral knee

Hamstring (90) 13 10

Hettrich [76] 6 BPTB (469) 4.1 NA Not assessed Allografts, younger 
ageHamstring 

(343)
6.1 NA

Allograft (168) 21.2 NA
Total (980) 7.7 6.4

(continued)

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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<18 years of age compared with 7% for patients 
18–25 years and 4% for patients >25 years. These 
authors attributed the reinjuries to the high-risk 
sports patients had returned to, with basketball 
and soccer accounting for 67% of the reinjuries. 
Andernord et  al. [84] reported data on 16,930 
patients from the Swedish National Knee 
Ligament Register and found in both males and 
females a significantly increased twofold risk of 
revision surgery with ages 13–19  years 
(P < 0.001). In a separate study, Andernord et al. 
[91] reported a significantly increased twofold to 
threefold risk of contralateral ACL reconstruc-

tion in patients less than 20  years of age 
(P < 0.001).

Dekker et  al. [83] followed 85 patients who 
were <18 years of age at the time of ACL auto-
graft reconstruction a mean of 4 years postopera-
tively. A majority (91%) returned to sports 
activities; however, 32% suffered a subsequent 
ACL tear (19% ipsilateral graft tear, 13% contra-
lateral ACL tear, and 1% both knees) a mean of 
2.2  years postoperatively. The only significant 
risk factor associated with reinjury was earlier 
return to sport (P < 0.05). Longer times before 
returning to athletics were protective against a 

Table 1.2 (continued)

Study

Mean 
follow-up 
years

ACL grafta 
(no.)

Failed ACL 
reconstructionb 
(%)

Injured ACL 
contralateral 
knee (%)

Reinjuries 
associated with 
sports?

Factors associated 
with reinjuries, ACL 
graft failures

Schlumberger 
[77]

5 Hamstring 
(2467)

3 3 Not assessed Male gender, age 
<25 years for 
ACL-reconstructed 
knee

Webster and 
Feller [78]

5 Hamstring 
(316)
All <20 yrs age

18 18 Not assessed Male gender, male 
age <18 years for 
ACL-reconstructed 
knee

Persson [79] 4 BPTB (3428) 2 NA Not assessed STG autograft, 
younger ageHamstring 

(9215)
5.1 NA

Total (12643) 4.2 NA
Kamien [80] >2 Hamstring (98) 15 NA Not assessed Age ≤25 years
Maletis [81] 2.4 BPTB (4231) 1.9 1.9 Not assessed Allograft or STG 

autograft, male 
gender, younger 
age, BMI ≥25 for 
ACL-reconstructed 
knee
Female gender, 
younger age, BPTB 
autograft for 
contralateral knee

Hamstring 
(5338)

2.4 1.8

Allograft 
(7116)

2.8 1.5

Total (16,685) 2.5 1.9

Leys [82] 15 BPTB (90) 8 26 Not assessed Male gender, 
non-ideal tunnel 
position for 
ACL-reconstructed 
knee
Age <18 years, 
BPTB graft for 
contralateral knee

Hamstring (90) 17 12

ACL anterior cruciate ligament, BPTB bone-patellar tendon-bone, HR hazards ratio, ST semitendinosus
aAutograft unless otherwise indicated
bFully positive pivot shift and/or Lachman tests, Grade C or D International Knee Documentation Committee ligament 
grade, >5 mm on knee arthrometer testing, or required ACL revision

F. R. Noyes and S. Barber-Westin
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second ACL injury (hazard ratio per month, 0.87 
for each 1-month increase).

Faltstrom et al. [92] followed 117 female soc-
cer players (mean age, 19.9 ± 2.5 years) a mean 
of 2 years after primary ACL reconstruction and 
compared reinjury rates, proportion of players 
who stopped playing soccer, and patient satisfac-
tion with a matched group of uninjured players. 
The ACL-reconstructed group had nearly a five-
fold higher rate of new ACL injuries (29 versus 8, 
rate ratio 4.82, P < 0.001), a higher rate of players 
who stopped playing soccer (62% versus 36%, 
P  =  0.001), and a lower satisfaction rate (47% 
versus 87%).

Several investigations have reported discour-
aging percentages of athletes who RTS even 
though muscle strength and neuromuscular func-
tion appeared to be restored to normal levels [28, 
29, 93–96]. A meta-analysis of 69 articles involv-
ing 7556 athletes reported that only 65% returned 
to their preinjury sports level and 55% returned to 
competitive sports [94]. Factors associated with 
RTS included symmetrical hopping performance, 
younger age, male gender, playing elite sports, 
and having a positive attitude. A study of 205 
soccer players reported that only 54% returned to 
the sport a mean of 3.2  years postoperatively 
[29]. Of those that returned, 39% experienced 
pain, 43% had stiffness, and 42% reported insta-
bility during or after physical activity. Male gen-
der, no cartilage injury, and no pain during 
physical activity were associated with greater 
odds of RTS.  An investigation of 99 athletes 
reported that although 92% returned to sports, 
only 51% returned to their preinjury level [23]. 
Factors associated with RTS in this study 
included female gender and higher scores on the 
International Knee Documentation Committee 
(IKDC) Subjective Knee scale and the Lysholm 
scale. Rosso et  al. [28] reported that, although 
90% of 161 patients RTS after primary ACL 
reconstruction, only 58% did so at the preinjury 
level. The main reasons for not returning were 
knee symptoms (37%), personal reasons (30%), 
or both (29%).

A meta-analysis that assessed RTS and rein-
jury rates of 1008 children and adolescents (aged 

6–19) from 19 studies reported a pooled return to 
preinjury activity level in 79% (range, 41–100%) 
[97]. ACL reinjury rates were provided for 717 
patients, 13% of whom sustained ACL graft rup-
tures. Contralateral ACL rupture rates were pro-
vided for 652 knees, 14% of whom sustained 
injuries. Ten of the studies reported that the 
majority of injuries occurred during sports 
activities.

Critical Points
• Long-term failure rates vary widely (2–32%).
• Factors correlated with ACL graft failure: 

younger age, high sports activity level, vertical 
graft angle, and use of a small STG autograft 
or allograft.

• Contralateral ACL at risk for rupture, higher 
than ACL graft in some studies.

1.4  Factors Involved 
in the Development of Knee 
Osteoarthritis After ACL 
Surgery

Long-term clinical studies documenting radio-
graphic OA after ACL reconstruction show high 
variability in the percent of knees that develop 
moderate or severe joint damage (Table 1.3) [40, 
41, 45–48, 75, 99–101, 103–106, 108, 110–114]. 
These studies most frequently used weight-bear-
ing anteroposterior (AP) and posteroanterior 
radiographs (Fig.  1.1), as well as lateral and 
Merchant, to determine the presence and severity 
of OA, although a few used MRI [110, 111, 114, 
116, 117] or computed tomography [118]. The 
two most commonly used radiographic rating 
systems to classify OA are the Kellgren-Lawrence 
(K-L) [119] and the IKDC system [120]. It is also 
important to note that few investigators have 
determined if OA is accompanied by pain, swell-
ing, and impaired knee function. The longest 
clinical studies published to date have followed 
patients for 16–24.5 years postoperatively [102, 
121–123]. As investigations obtain longer fol-
low-up periods, one may speculate that the OA 
findings will become more severe and correlate 

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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Table 1.3 Prevalence of radiographic osteoarthritis in long-term ACL reconstruction studies

Study
No. of 
patients

Mean 
follow-up 
year

ACL grafta 
(failure rateb)

OA KL grade 2–3 
IKDC grade 
abnormal, severely 
abnormal

OA related to 
sports or activity 
level resumed 
postoperatively?

Statistically 
significant risk factors 
for OA unrelated to 
sports

Shelbourne 
[98]

423 22.5 BPTB (1%) 29% Unknown Lack of normal knee 
flexion or extension, 
medial 
meniscectomy, older 
age

Gerhard 
[45]

63 16 BPTB (3%) 23% Unknown Meniscectomy

Oiestad [99] 181 12.3 BPTB (8%) 26% Unknown Increased age, poor 
quadriceps strength

Holm [100] 53 11.8 BPTB (21%) 80% Unknown Meniscectomy, 
chronicity of injury

Ahn [40] 117 10.3 BPTB (9%) 31% Unknown Partial meniscectomy 
and sagittal tibial 
tunnel position in 
medial compartment, 
BMI in lateral 
compartment

Murray 
[101]

83 13 BPTB (17%) 40% Unknown Meniscectomy, 
pre-existing chondral 
damage

Shelbourne 
and Gray 
[48]

502 14.1 BPTB (1%) 23% in patients 
with bilateral 
meniscectomies
4% in patients with 
intact menisci

Hypothesized Meniscectomy, 
preexisting chondral 
damage

Pernin 
[102]

100 24.5 BPT + 
iliotibial 
band 
extra- 
articular 
procedure 
(20%)

54% Unknown Meniscectomy, 
preexisting chondral 
damage, time to 
surgery, higher age at 
injury and surgery

Inderhaug 
[103]

83 10.2 Hamstring 
(20%)

8% Unknown Meniscectomy

Salmon [58] 200 20 Hamstring 
(18.5%)

17% Unknown NA

Struewer 
[104]

52 10.2 Hamstring 
(3%)

25% Unknown Increased anterior 
tibial displacement

Streich 
[105]

40 10 Hamstring  
(8%)

7% Unknown Positive pivot shift, 
high BMI

Janssen 
[106]

88 10 Hamstring 
(NA)

54% Unknown Medial 
meniscectomy, age 
≥30 years, 
preexisting chondral 
damage

Thompson 
[74]

180 20 BPTB (10%)
Hamstring 
(18%)

BPTB 20%
Hamstring 13%

Unknown Graft type (BPTB), 
further surgery

Bjornsson 
[107]

147 16 BPTB (7%)
Hamstring 
(8%)

BPTB 49%
Hamstring 41%

Unknown NA

F. R. Noyes and S. Barber-Westin
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Table 1.3 (continued)

Study
No. of 
patients

Mean 
follow-up 
year

ACL grafta 
(failure rateb)

OA KL grade 2–3 
IKDC grade 
abnormal, severely 
abnormal

OA related to 
sports or activity 
level resumed 
postoperatively?

Statistically 
significant risk factors 
for OA unrelated to 
sports

Sanders 
[108]

600 13.7 BPTB, 
hamstring, or 
allograft 
(NA)

8.5% Unknown Age >21 at injury, 
meniscectomy, 
preexisting chondral 
damage, use of 
allograft

Cantin [42] 589 11.9 BPTB (NA)
Hamstring 
(NA)

Overall 19% Unknown Age >34 at injury, 
residual laxity (IKDC 
grade C or D), 
meniscectomy

Barenius 
[41]

134 14 BPTB (4%)
ST (5%)

BPTB 55%
ST 70%

Manual labor Meniscectomy, age at 
follow-up, BMI > 25 
kg/m2, positive pivot 
shift

Ferretti 
[109]

140 10.5 Hamstring 
isolated 
(14%) or 
combined 
with EA 
(0%)

Hamstring 18%
Hamstring + EA 
14%

Unknown Meniscectomy for 
STG isolated group 
only

AP anteroposterior, auto autograft, BMI body mass index, BPTB bone-tendon-bone, EA extra-articular, IKDC Internal 
Knee Documentation Committee, KL Kellgren-Lawrence, NA not available, OA osteoarthritis, ST semitendinosus
aAutografts unless otherwise indicated
bACL failure rate: graft rupture, knee arthrometer >5 mm, or pivot shift grade 2–3

Fig. 1.1 Standing 
radiographs of a patient 
14 years after a right 
ACL reconstruction and 
subsequent medial 
meniscectomy. The 
pivot-shift test was 
negative, indicating a 
stable reconstruction. 
However, narrowing to 
the medial tibiofemoral 
compartment is evident 
and the patient 
demonstrated 2° of varus 
alignment (Reprinted 
from Noyes and 
Barber-Westin [115])

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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with clinical symptoms such as loss of extension 
and swelling with daily activities.

Studies have shown that, regardless of the out-
come of ACL reconstruction in terms of restora-
tion of knee stability, meniscectomy accelerates 
degenerative joint changes [40, 41, 45–48, 124, 
125]. Claes et al. [43] systematically reviewed 16 
long-term ACL reconstruction studies (follow-up 
range, 10–24.5  years) involving 1554 subjects. 
The investigators reported that the estimate for 
the prevalence of moderate to severe OA (IKDC 
ratings of C or D) for all patients was 27.9%. The 
prevalence of OA was 16.4% in patients with iso-
lated ACL injuries and 50.4% in patients with 
concurrent meniscectomy (OR 3.54).

Barenius et  al. [41] followed 164 patients a 
mean of 14 years after ACL reconstruction and 
reported symptomatic OA (K-L grade ≥2) in 
57% of ACL-reconstructed knees compared with 
18% of contralateral knees. Statistically signifi-
cant risk factors for medial tibiofemoral OA were 
BMI ≥25 kg/m2 at follow-up (OR 3.3), manual 
labor (OR 3.2), positive pivot shift at 2-year fol-
low-up (OR 2.5), and medial meniscectomy (OR 
4.2). Statistically significant risk factors for lat-
eral tibiofemoral OA were lateral meniscectomy 
(OR 5.1) and use of a B-PT-B autograft (OR 2.3). 
Statistically significant risk factors for patello-
femoral OA were BMI ≥25 kg/m2 at follow-up 
(OR 3.5) and medial meniscectomy (OR 2.3). 
There was no significant difference in the preva-
lence of OA between the two graft types.

We conducted a systematic review of the treat-
ment of meniscus tears during ACL reconstruc-
tion of studies published from 2001 to 2011 
[126]. Data on 11,711 meniscus tears (in 19,531 
patients) from 159 studies showed that 65% were 
treated by meniscectomy; 26%, by repair; and 
9%, by no treatment. This was concerning 
because many meniscus tears can be successfully 
treated by repair, thereby salvaging this impor-
tant structure.

It is important to note that there are many fac-
tors other than meniscectomy that may influence 
the development of knee joint OA, including 
preexisting chondral damage, severe bone bruis-
ing, biochemical alterations in the knee joint 
after the injury, older patient age, elevated BMI, 

failure of the reconstruction to restore normal 
AP displacement, complications (such as infec-
tion, arthrofibrosis), and poor quadriceps 
strength [47, 49–54]. In many studies, these vari-
ables are not controlled for, making reaching 
conclusions on these factors difficult.

Occult injuries to the bone, commonly referred 
to as bone bruises, occur with ACL ruptures in 
80–100% of knees (Fig. 1.2) [127–133]. Occult 
osteochondral lesions vary, and therefore, the 
relationship between the presence of these inju-
ries with ACL ruptures and subsequent OA 
remains unclear. Several studies have reported 
that bone bruises resolve with time [110, 132, 
134]. Conversely, Frobell [134] followed 61 con-
secutive patients who had acute ACL injuries 
with MRI within 4 weeks of the injury and then 
2  years later. Subjects were treated either with 
early ACL reconstruction (34 subjects), delayed 
ACL reconstruction (11 subjects), or rehabilita-
tion alone (16 subjects). Posttraumatic bone mar-
row lesions noted in the lateral tibiofemoral 
compartment resolved in 57 of 61 knees by 
2  years after the ACL injury. However, new 
lesions developed in the lateral tibiofemoral joint 
for unknown reasons in one-third of the popula-
tion, and significant thinning of the cartilage in 
the trochlea was noted that was not detected dur-
ing the baseline MRI.  Evidence does exist that 
the most severe injuries are associated with future 

Fig. 1.2 Bone bruise on MRI following rupture of  
the ACL

F. R. Noyes and S. Barber-Westin
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cartilage degeneration, and they therefore should 
be considered part of the sequela of post-trau-
matic OA.

A few studies that longitudinally followed 
patients with acute ACL ruptures for several 
years demonstrated a strong potential for joint 
deterioration [54, 131, 134]. For instance Potter 
et  al. prospectively followed 40 patients who 
underwent baseline MRI within 8 weeks of the 
injury and again 7–11  years later [131]. The 
MRI evaluation used a cartilage-sensitive, pulse 
sequence evaluation with T2 techniques which 
have shown increased ability to detect traumatic 
chondral injuries. None of the patients had con-
current damage to the menisci or other knee 
ligaments or an articular cartilage lesion rated as 
Outerbridge grade 3 or higher. ACL reconstruc-
tion was performed in 28 patients, while no sur-
gery was done in 14. At baseline, all knees had 
an MRI-detectable cartilage injury, most 
severely over the lateral tibial plateau. 
Regardless of surgical intervention, by 7–11 
years after injury, the risk of cartilage damage as 
viewed on MRI for the lateral femoral condyle 
was 50 times that of baseline, 30 times for the 
patella, and 18 times for the medial femoral 
condyle. The nonsurgical group had a signifi-
cantly higher OR effect of cartilage loss over the 
medial tibial plateau compared with the surgical 
group.

ACL ruptures create biochemical alterations in 
the knee joint which many investigators hypothe-
size play a major role in the development of OA 
[135–150]. The sequence of events begins imme-
diately after the injury and continues for years 
thereafter (Table 1.4) [135, 136, 149]. The injury 
causes collagen rupture, joint hemarthrosis, sub-
chondral bone edema, elevated glycosaminogly-
can (GAG) levels, and cell necrosis. In the ensuing 
months, the inflammatory process (indicated by 
elevated levels of several cytokine mediators such 
as IL-1β, IL-6, and tumor necrosis factor α 
[TNFα]), decrease in lubricin concentrations, 
release of enzymes, production of metalloprotein-
ase (MMP), degradation of the extracellular 
matrix and proteoglycans, chondrocyte apoptosis, 
and cell death all contribute to articular cartilage 
deterioration.

Our analysis of current long-term studies 
provided no answer regarding the potential del-
eterious effect of returning to high athletic activ-
ity levels on subsequent risk of symptomatic 
OA. One may hypothesize that knees with intact 
menisci and no other ligament damage (that do 
not sustain reinjuries) will have no statistically 
significant increased risk for symptomatic OA 
compared with matched controls. The need to 
preserve meniscal function remains paramount 
for the long-term welfare of the joint, and we 
have long advocated meniscal repair for tears in 
the red/red (periphery) and red/white (central) 
regions (Fig. 1.3) [152–156]. Complex tears are 
evaluated on an individual basis for repair 
potential (Fig. 1.4). The indications and contra-
indications for meniscus repair procedures have 
been discussed in detail elsewhere [153]. Our 
long-term study (10–22 years) of single longitu-
dinal meniscus repairs that extended into the 
central region in patients ≤20  years of age 
showed the potential longevity of this procedure 
[155]. Twenty-nine repairs were evaluated; 18 
by follow-up arthroscopy, 19 by clinical evalua-
tion, 17 by MRI, and 22 by weight-bearing pos-

Table 1.4 Pathogenesis of posttraumatic articular carti-
lage deterioration after ACL injury

Initial effects of ACL injury
• Rupture of collagen
• Separation of cartilage from subchondral bone
• Edema of subchondral bone (bone bruise)
• Hemarthrosis (intraarticular joint bleeding)
• Elevated levels of GAG
• Cell necrosis
Sub-acute (months)
•  Increased levels of inflammatory cytokines mediators, 

including IL-1β, IL-6, TNFα
•  Release of enzymes and production of MMP, 

including MMP-1, MMP-3, MMP-13
•  Release of cartilage proteoglycan fragments, type II 

collagen
• Decreased levels of lubricin (lubricants)
• Degradation of proteoglycans
• Chondrocyte apoptosis (death)
Chronic (years)
• Elevated levels TNFα
• Joint tissue remodelling
• Articular cartilage deterioration, loss

GAG glycosaminoglycan, MMP metalloproteinase, TNFα 
tumor necrosis factor α
Reprinted from Noyes and Barber-Westin [151]

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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teroanterior radiographs. A 3  T MRI scanner 
with cartilage-sensitive pulse sequences was 
used and T2 mapping was performed (Fig. 1.5). 
We found that 18 (62%) of the meniscus repairs 
had normal or nearly normal characteristics. Six 
repairs (21%) required arthroscopic resection, 
two had loss of joint space on radiographs, and 
three that were asymptomatic failed according 
to MRI criteria. There was no significant differ-
ence in the mean T2 scores in the menisci that 
had not failed between the involved and contra-
lateral tibiofemoral compartments. There were 
no significant differences between the initial 
and long-term evaluations for pain, swelling, 
jumping, patient knee condition rating, or the 
Cincinnati rating score. The majority of patients 
were participating in sports without problems, 
which did not affect the failure rate. The out-

comes support the recommendation in younger 
active patients to spend as much time and atten-
tion to a meniscus repair as a concurrent ACL 
reconstruction, as the eventual function of the 
knee joint is equally dependent on the success 
of the both structures

Critical Points
• Majority OA mild or moderate; presence of 

associated symptoms not reported in most 
studies.

• Meniscectomy correlates with radiographic 
evidence of osteoarthritis (OA) in nearly all 
long-term studies in which cohorts are sorted 
according to intact versus meniscectomized 
knees.

• Other risk factors associated with OA after 
ACL reconstruction include preexisting chon-

Fig. 1.3 Meniscus repair instead of meniscectomy to 
preserve knee joint function. A longitudinal meniscal tear 
site demonstrates some fragmentation inferiorly. This tear 

required multiple superior and inferior vertical divergent 
sutures to achieve anatomic reduction (Reprinted from 
Noyes and Barber-Westin [152])

F. R. Noyes and S. Barber-Westin
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dral damage, severe bone bruising, biochemi-
cal alterations, patient age, body mass index, 
failure of the reconstruction to restore normal 
anteroposterior displacement, complications, 
and poor quadriceps strength.

• ACL injury causes collagen rupture, joint 
hemarthrosis, subchondral bone edema, ele-
vated glycosaminoglycan levels, and cell 
necrosis.

• Bone bruises 80–100% acute ACL rupture, 
natural history unclear.

• Large severe bone bruises associated with 
subchondral or osteochondral injuries may 
persist for years after injury.

• Consider most severe bone injuries part of 
sequela of post-traumatic OA.

• We have long advocated repair of meniscus 
tears when appropriate indications met to pre-
serve this vital structure.

a b

c d

Fig. 1.4 Arthroscopic visualization of a lateral meniscus 
root tear. (a) A double locking loop stitch (NovoStitch, 
Ceterix) is placed through the meniscus at the tear site (b). 
Three loop stitches were used to achieve a high strength 

fixation (c). Final configuration of the lateral meniscus 
repair with the meniscus pulled flush to the repair site (d) 
(Reprinted from Noyes and Barber-Westin [115])

Fig. 1.5 T2 MRI of a 37-year-old male 17 years post- 
ACL reconstruction and lateral meniscus repair. The 
patient was asymptomatic with light sports activities. The 
lateral meniscus repair healed and the ACL reconstruction 
restored normal stability. Prolongation of T2 values is 
noted over the posterior margin with adjacent subchondral 
sclerosis (arrow) (Reprinted from Noyes et al. [155])

1 Advantages and Potential Consequences of Return to Sport After ACL Reconstruction: Quality of Life…
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2.1  Common Physical Barriers

Anterior cruciate ligament (ACL) reconstruction 
is most commonly performed in younger active 
individuals whose main goal is to return to full 
unrestricted athletic activities without lingering 
knee symptoms or functional limitations. In the 
long term, the expectation of the outcome of ACL 
reconstruction is the continuation of an active 
lifestyle as well as the prevention of further knee 
injuries and premature osteoarthritis (OA). High 
patient satisfaction and quality of life scores are 
directly associated with return to an active life-
style. Unfortunately, there are many barriers that 
prevent or delay return to sports (RTS) including 
psychological factors, psychosocial issues, inad-
equate rehabilitation, and surgical complications. 
Knee pain, swelling, and/or instability represent 
the most common symptom obstacles to RTS 
(Table 2.1) [1–11].

Flanigan et  al. [2] conducted a telephone 
interview study of 135 patients to determine the 
most common reasons for failure to RTS 
1–2 years after ACL reconstruction. In a group of 
73 patients that were unable to RTS, persistent 
knee symptoms were the most frequently cited 

reason, occurring in 68% (Fig. 2.1), followed by 
fear of reinjury, documented in 52%. Pain was 
the most frequent symptom, followed by swell-
ing, stiffness, and instability (Fig. 2.2).

Sandon et  al. [10] in a survey study of 205 
soccer players followed a mean of 3.2 years after 
ACL reconstruction reported that 46% failed to 
return to soccer. Significant predictors for failure 
to return included pain with physical activity 
(P = 0.002), female gender (P < 0.05), and articu-
lar cartilage injury (P = 0.01). There was a sig-
nificant difference between those who returned 
and those who did not return to soccer in the per-
cent of patients who experienced pain (39% and 
61%, respectively, P < 0.01), stiffness (43% and 
57%, respectively, P = 0.01), and instability (22% 
and 39%, respectively, P < 0.05, Fig. 2.3).

Lefevre et al. [5] followed 497 primary ACL 
reconstruction and 55 ACL revision patients for 
1 year postoperatively and reported that 36% and 
51%, respectively, had not resumed their usual 
sport. The majority of these patients reported 
knee symptoms of either pain, instability, or stiff-
ness as the reason (Fig. 2.4). Lentz et al. [6] docu-
mented demographic, physical impairment, and 
psychosocial factors that prohibited RTS in a 
cohort of 94 patients 1 year after ACL reconstruc-
tion. Forty-five percent had not returned to prein-
jury activity levels, and of these, 40% reported 
that the primary reason was either pain, swelling, 
instability, or weakness. A group of 62 patients 
who underwent ACL reconstruction were fol-
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lowed for 3–4 years to determine RTS rates by 
Kvist et al. [3]. Problems with knee function was 
the primary reason 47% had not returned to pre-
injury levels. Other studies reported that knee 
symptoms prevented RTS in 12.3–33% of knees 
[1, 8, 9, 11].

In addition to understanding the impact resid-
ual knee symptoms have on preventing RTS, we 
believe it is also important to identify patients 
who participate in athletics but have frequent 
symptoms during or after competition [8, 12–14]. 
In 1983, one of us [14] described the knee-abuser 
and warned of the increased risk of the develop-
ment of OA if pain, swelling, or instability was 
commonly experienced during or after sports 
activities. RTS is considered one of the most 
important outcome criteria after ACL reconstruc-

Fig. 2.1 A study of 73 patients surveyed 1–2 years post-
operatively who did not return to their prior activity level 
found that residual knee symptoms were the most fre-
quently cited reason, which was significantly greater than 
life events (such as job, family, childbirth, education, lack 
of time, lack of interest, or non-knee health reasons) [2]. 
Fear of reinjury was also cited significantly more fre-
quently than life events

Fig. 2.2 The percent of 
men, women, and all 
patients combined 
reporting symptoms and 
problems that precluded 
the return to their 
preinjury activity level 
1–2 years after ACL 
reconstruction [2]. A 
total of 68% of the 73 
patients cited at least 
one persistent symptom 
as the reason they were 
unable to return

Fig. 2.3 Symptoms/
problems during and/
or after physical activity 
in 205 soccer players 
that underwent ACL 
autograft reconstruction 
surveyed a mean of 
3.2 years postoperatively 
[10]

2 Common Symptom, Psychological, and Psychosocial Barriers to Return to Sport
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tion; however, we caution that including patients 
who are participating with pain, swelling, or 
giving-way in a successful category may be posi-
tively biasing a study’s conclusions.

Unfortunately, few investigations have deter-
mined if patients who returned to sports did so 
without symptoms or whether they participated 
with problems. Nwachukwu et  al. [8] followed 
232 patients a mean of 3.7 years after ACL recon-
struction. Although the authors reported a high 
percentage of patients who returned to preinjury 
activity levels (89%), 56% of these individuals 
reported problems of pain and/or limited perfor-
mance. Smith et al. [11] reported on the outcome 
of 77 ACL-reconstructed patients. The overall 
incidence of patients competing in sports with 
major functional impairment was 21% at 
12 months and 13% at final follow-up a mean of 
3.6 years postoperatively.

We have reported in multiple studies results 
of ACL reconstruction by providing the number 
of patients who returned to either the same sports 
activity level, a higher level, or a lower level 
without problems; the number who participated 
(in any level) with symptoms; and the number 
who did not return to athletics either due to the 
knee condition or because of non-knee-related 
factors [15–18]. An example is shown in 
Table 2.2 in patients who underwent a primary 
ACL bone- patellar tendon-bone autograft recon-
struction. Of 57 patients who had surgery for 
chronic ACL ruptures, 63% had returned to the 
same or a higher level of athletics without prob-
lems and 11% were playing with symptoms. Of 

30 patients with acute ruptures, 53% had returned 
to the same or a higher level of athletics without 
problems and 11% were participating with prob-
lems. Patients who elect to participate even 
though they experience pain, swelling, or giving- 
way are counseled regarding the heightened 
potential for reinjuries and the development of 
early knee OA.

Fig. 2.4 Causes of 
decreasing activity 
levels or not resuming 
sports at 1 year 
postoperative in a group 
of 497 primary ACL 
reconstructions and 55 
revision reconstructions 
[5]. There were no 
significant differences 
between the two groups 
in the percent with knee 
symptoms, personal 
reasons, or professional 
reasons

Table 2.2 Sports activity by subgroup using the 
Cincinnati Sports Activity Scale [17]

Preoperatively 
(%) Follow-up (%)
Chronic Acute Chronic Acute

Type of sport
Jumping, pivoting, 
cutting

9 76 16 50

Running, twisting, 
turning

21 10 23 17

Swimming, 
bicycling

21 14 47 17

Activities of daily 
living only

49 0 14 17

Change from preoperative levels
Increased level, no 
symptoms

54 3

Same level, no 
symptoms

9 50

Decreased level, no 
symptoms

12 27

Playing with 
symptoms

11 3

No participation 
due to knee 
condition

12 0

No participation 
non-knee-related 
factors

2 17

S. Barber-Westin and F. R. Noyes
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2.2  Common Psychological 
and Psychosocial Barriers

2.2.1  Fear of Reinjury and Reinjury 
Anxiety

Research over the last two decades has demon-
strated that psychological and psychosocial prob-
lems play an important role in the inability of 
athletes to return to preinjury activity levels after 
ACL reconstruction. A summary of basic termi-
nology is shown in Table 2.3, and several review 
articles have described in detail the specific factors 
that may influence the postoperative recovery of 
an athlete [19–28]. Psychosocial factors involve 
both psychological and social aspects and are typi-
cally placed into four domains: affective, cognitive, 
behavioral, and social/cultural (Table  2.4). Many 
validated questionnaires have been used to deter-
mine the psychological status of athletes before and 
after ACL surgery (Table 2.5), the most frequent 
of which include the Anterior Cruciate Ligament- 
Return to Sport After Injury (ACL-RSI) and the 
Tampa Scale for Kinesiophobia (TSK). Chapter 23 
discusses these questionnaires in further detail.

Fear of reinjury has been cited by many stud-
ies as a common barrier to RTS after ACL recon-
struction (Table 2.6) [2, 3, 6, 7, 19, 21, 24, 29–37]. 

Table 2.3 Definitions of common psychological 
terms [22]

Term Definition
Athletic 
identity

The degree to which one identifies with 
the athletic role

Catastrophizing Assuming the worst-case scenario; 
interpreting any negative stimuli as 
disaster; dwell on inability to cope with 
pain

Kinesiophobia An irrational and debilitating fear of 
physical movement; i.e., fear of reinjury

Locus of 
control

The manner in which an individual 
perceives his or her ability to control 
life events, belief in the relationship 
between action and outcome

Self-efficacy Judgment of one’s ability to organize 
and execute courses of action required 
to attain a desired goal

Reinjury 
anxiety

A negatively toned emotional response, 
with cognitive (negative thoughts and 
images) and somatic symptoms 
(feeling nauseous and tense) that arise 
due to the possibility of a reinjury 
occurring [46]

Table 2.4 Interrelated psychosocial domains of injured 
athletes [26, 27]

Domain Attributes
Affective Emotions, feelings, mood disturbances 

experienced after injury: loss, denial, 
anxiety, depression, fatigue, grief, 
confusion, frustration, burnout

Cognitive Consciousness assessments (thoughts) 
made after injury: interpretations, 
appraisals, beliefs, self-efficacy, locus of 
control, coping strategies, self-perceptions 
of esteem and worth

Behavioral Effort, actions, and activities regarding 
injury: influenced by cognitions and 
emotions. Coping skills such as goal 
setting, imagery, seeking out social support. 
Cyclical, may vary over days and weeks

Social/
cultural

Perceptions of availability of emotional 
support and guidance from family, friends, 
coaches, medical personnel

Table 2.5 Validated psychological and psychosocial 
questionnaires

Questionnaire Items assessed
Tampa Scale for 
Kinesiophobia (TSK) 
[3, 47]

Fear of movement/reinjury

Tampa Scale for 
Kinesiophobia Modified 
(TSK-11) [48]

Fear of movement/reinjury

ACL-Return to Sport 
After Injury (ACL- 
RSI) [49]

Emotions, confidence in 
performance, reinjury risk 
appraisal

Knee Self-Efficacy 
Scale (K-SES) [50]

Daily activities, sports and leisure 
activities, physical activities, knee 
function in the future

Injury-Psychological 
Readiness to Return to 
Sport Scale [51]

Confidence in ability to play, 
performance

Reinjury Anxiety 
Inventory [37]

Anxieties about rehabilitation 
and return to sport

Quick Inventory of 
Depressive 
Symptomatology [52]

Depression, sleep, appetite/
weight

Multidimensional 
Health Locus of Control 
Scale (MHLC) [53]

Internal locus of control

State-Trait Anxiety 
Inventory [54]

State anxiety: how an athlete 
feels currently about various 
situations that may influence 
anxiety levels (i.e., not at all, very 
much so); temporary condition
Trait anxiety: how an athlete 
feels in general toward various 
situations that may influence 
anxiety levels (i.e., almost 
never, almost always); 
long-standing condition

2 Common Symptom, Psychological, and Psychosocial Barriers to Return to Sport
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Table 2.6 Associations between failure to return to preinjury sport after ACL reconstruction and psychological 
barriers

Study
No. 
patients

Percent not 
returned 
preinjury 
sport (%)

Assessment methods for 
psychological factors

Significant associations with failure to 
return to preinjury sport level

Fear of reinjury Other factors
Webster [38] 635 75 1 year postoperatively: 

ACL-RSI
Significant 
difference vs. 
returners 
(P = 0.0001)

NA

Ardern [19] 178 69 Preoperatively and 4 months 
postoperatively: ACL-RSI, SK, 
ERAIQ, SRLC; non-validated 
ISP; patients followed 1 year 
postoperatively

4 months p.o. OR 
1.17 (P = 0 0.01)

Psychological 
readiness: preop OR 
1.03 (P < 0.01); 4 
months p.o. OR 1.10 
(P < 0.001)
Locus of control 4 
months p.o.: OR 0.95 
(P = 0.05)

Faltstrom 
[30]

182 48 1.5 years postoperatively: 
ACL-RSI, Swedish Scales of 
Personality, Sport 
Multidimensional 
Perfectionism Scale, non- 
validated questionnaire

Present in 25% on 
non-returners

Low motivation 
(P < 0.001), 
psychological 
readiness (P < 0.001)

Flanigan [2] 135 54 1–2 years postoperatively: 
non-validated telephone survey

Present in 52% of 
non-returners

NA

McCullough 
[7]

94 35 2 years postoperatively: 
non-validated questionnaire

Present in 53% of 
high school and 
50% collegiate 
non-returners

NA

Muller [34] 40 20 6 months postoperatively: TSK Present in 100% of 
non-returners; 
significant 
difference vs. 
returners (P = 0.01)

NA

Kvist [3] 62 69 3–4 years postoperatively: TSK Present in 24% of 
non-returners; 
significant 
difference vs. 
returners (P = 0.01)

NA

Langford 
[32]

87 49 1 year postoperatively: 
ACL-RSI, ERAIQ

Significant 
difference returners 
vs. non-returners 
(P = 0.001)

NA

Tripp [36] 49 NA 1 year postoperatively: TSK, 
S-POMS, PCS, Sport 
Self-Confidence Inventory

Only predictor of 
return to preinjury 
sport level 
(P = 0.01)

Negative mood 
associated with lack 
of confidence in 
ability to engage in 
sports (P < 0.01)

Lentz [6] 94 45 1 year postoperatively: TSK Present in 45% of 
non-returners; 
significant 
difference vs. 
returners 
(P < 0.001)

NA

ACL-RSI Anterior Cruciate Ligament-Return to Sport After Injury, ERAIQ Emotional Responses of Athletes to Injury 
Questionnaire, K-SES Knee Self-Efficacy Scale, ISP Incredibly Short Profile of Mood States, NA not assessed, OR odds 
ratio, PCS Pain Catastrophizing Scale, S-POMS Shortened Profile of Mood States, SRLC Sport Rehabilitation Locus of 
Control, TSK Tampa Scale for Kinesiophobia (see also Table 2.5)

S. Barber-Westin and F. R. Noyes



31

Fear has been measured using the ACL- RSI and 
the TSK or determined through patient inter-
views. For instance, Flanigan et al. [2] contacted 
135 patients (67 men, 68 women) to determine 
common factors for failure to RTS 1–2  years 
after ACL reconstruction. Fear of reinjury, docu-
mented in 52% of the patients that did not return 
to preinjury activity levels, was one of the most 
common reasons and was not associated with 
gender. McCullough et al. [7] surveyed 68 high 
school and 26 collegiate American football play-
ers 2  years post-ACL reconstruction of whom 
37% and 31%, respectively, failed to return to 
their preinjury activity level. Fear of reinjury was 
the second most common reason these athletes 
did not return to football.

Webster et  al. [38] examined factors associ-
ated with psychological readiness to RTS in a 

cohort of 635 patients followed a mean of 
12  ±  1  months after ACL reconstruction. Only 
25% of the patients had returned to competitive 
sport, with significant differences noted between 
those who returned and those who had not in 
ACL-RSI scores (79  ±  17 and 60  ±  23 points, 
respectively, P = 0.0001). Statistically significant 
differences were also found between RTS groups 
in International Knee Documentation Committee 
(IKDC) subjective form scores, single-hop limb 
symmetry index, age, and gender. Only 17% of 
female patients RTS compared with 30% of male 
patients.

Lentz et  al. [6] followed 94 patients a year 
after ACL reconstruction and found that 45% had 
not returned to preinjury activity levels. Of these, 
45% reported fear of reinjury/lack of confidence 
in the knee as the primary reason for not return-
ing. Patients that did not return had a significantly 
lower TSK score compared with those that did 
return to sports (15.3 ± 4.1 and 19.6 ± 4.7 points, 
respectively, P < 0.001). Other studies have also 
reported statistically significant differences in 
TSK scores between patients that returned and 
did not return to preinjury activity levels [3, 34]. 
Tripp et al. reported that fear of reinjury assessed 
with TSK scores was predictive of RTS 
(P < 0.01). The authors noted this was an interest-
ing finding because their cohort of 49 patients 
reported very little or no pain 1 year postopera-
tively, scoring a mean of 0.5  ±  1.2 on a visual 
analogue scale that ranged from 0 to 10.

Langford et al. [32] reported significant differ-
ences in ACL-RSI mean scores between 44 
patients who RTS and 43 who had not returned 
1  year post ACL reconstruction (72.05  ±  16.25 
and 58.61 ± 18.34 points, respectively, P = 0.001). 
Lower scores on this scale represent increased 
fear of reinjury, decreased confidence, and emo-
tional difficulties. Rosso et al. [35] reported that 
ACL-RSI scores were predictive of RTS in both 
univariate and multiple logistic regression mod-
els in a cohort of 161 ACL-reconstructed patients 
(P  <  0.001 and P  =  0.0001, respectively), as a 
lower ACL-RSI score was associated with a 
lower RTP rate.

A specific questionnaire was designed for 
reinjury anxiety, which Walker et al. [37] speci-

Table 2.7 Association of patient rating of overall knee 
function on postoperative activity level and psychological 
factors 3 years after ACL reconstruction [42]

Variable

Patient rating overall knee function
P 
value

Satisfied 
(n = 74)

Mostly 
satisfied 
(n = 49)

Dissatisfied 
(n = 47)

Returned to preinjury activity level
Yes (%) 61a 29 22 NA
No (%) 39a 71 78 NA
Psychological factors, mean points (95% CI)
K-SES 
(range, 
0–10)

8.3 
(7.9–
8.7)a

6.9 
(6.4–7.4)c

4.8 
(4.3–5.2)

<0.001

TSK 
(range, 
17–68)

31.1 
(29.4–
32.8)a

35.2 
(33.2–
37.2)c

41.7 
(39.7–43.7)

<0.001

ACL-RSI 
(range, 
1–10)

6.2 
(5.8–
6.7)a

4.7 
(4.1–5.2)c

3.3 
(2.8–3.9)

<0.001

MHLC 
(range, 
6–36)

27.5 
(26.1–
28.9)b

25.7 
(24.0–
27.4)

23.2 
(21.5–24.9)

0.001

ACL-RSI Anterior Cruciate Ligament-Return to Sport 
After Injury, CI confidence interval, K-SES Knee Self- 
Efficacy Scale, MHLC Multidimensional Health Locus of 
Control scale, TSK Tampa Scale for Kinesiophobia
aSignificant difference between satisfied and mostly 
satisfied/dissatisfied groups
bSignificant difference between satisfied and dissatisfied 
groups
cSignificant difference between mostly satisfied and 
dissatisfied groups

2 Common Symptom, Psychological, and Psychosocial Barriers to Return to Sport
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fied was different from fear of reinjury. While 
fear contains a certainty of sources of danger, 
anxiety is ambiguous and is connected to antici-
pation and imagination of what might happen. 
Each individual athlete has their own perceived 
injury risk, which may be flexible and may 
change for different situations. To date, this ques-
tionnaire has not been used in  ACL- reconstructed 
cohorts. Other studies used a single question [39] 
or the validated State-Trait Anxiety Inventory 
[40] to assess the effects of rehabilitation inter-
ventions (relaxation, imagery, and modeling) on 
anxiety after ACL reconstruction. For instance, 
Cupal and Brewer [41] studied the effect of 10 
relaxation and guided imagery sessions spaced 
2 weeks apart over a 6-month period after ACL 
reconstruction. Compared with placebo and 
control groups, patients in the treatment group 
had significantly reduced injury anxiety scores 
24 weeks postoperatively (P < 0.05).

2.2.2  Self-Efficacy

In contrast to fear or anxiety of reinjury, high 
scores of perceived self-efficacy (on the Knee 
Self-Efficacy scale [K-SES]) measured preop-
eratively were found in one study to be predic-
tive of physical activity 1  year postoperatively 
[41]. Ardern et  al. [42] used the K-SES, TSK, 
and ACL-RSI questionnaires in 177 patients a 
mean of 3  years after ACL reconstruction and 
reported that the odds of being satisfied with the 
outcome increased by a factor of 3 with higher 
self-efficacy, greater knee- related quality of life, 
and returning to preinjury activity. In this study, 
74 patients rated their overall outcome as satis-
fied, 49 as mostly satisfied, and 47 as dissatisfied 
(Table  2.6). A significantly greater percentage 
of patients RTS in the satisfied group com-
pared with the mostly satisfied and dissatisfied 
groups (61% versus 29% and 22%, respectively, 
P = 0.001).

Self-efficacy was found by Thomee et al. [43] 
to be significantly higher before ACL reconstruc-
tion in patients with higher baseline activity levels 
(Tegner levels 7–10) compared with patients with 
lower activity levels (Tegner level 3–6; P = 0.005). 

One year after surgery, scores on the K-SES cor-
related with KOOS subscales (R  =  0.41–0.72). 
Self-efficacy improved throughout the first post-
operative year, but the improvement was only 
partly due to a decrease in symptoms. The authors 
noted that the increase in perceived self-efficacy 
may be explained by other factors that were not 
measured, such as coping strategies, health locus 
of control, or quality of life. In another study, 
Thomee et  al. [41] reported that preoperative 
K-SES scores in 38 patients were predictive of 
return to previous sports activity levels 1  year 
after ACL reconstruction (odds ratio 2.1, P < 0.05) 
and correlated with KOOS quality of life scores 
(odds ratio 1.4, P < 0.05).

Gobbi et  al. [44] developed a psychovitality 
questionnaire that was administered before ACL 
reconstruction in 100 patients. Patient expecta-
tions regarding treatment outcome and motivation 
to resume preinjury activity levels were analyzed, 
with scores ranging from 3 to 18 points. Two years 
postoperatively, a significant difference was found 
in scores between patients who RTS and those 
who did not; a score ≥15 points was found in 67% 
of those who returned compared with just 29% of 
those who failed to return (P < 0.001).

2.2.3  Locus of Control

Health locus of control refers to the manner in 
which an individual perceives his or her ability 
to control life events. A high internal locus of 
control score indicates a strong perception of life 
events as being a consequence of one’s behavior, 
whereas a low internal score indicates a strong 
perception of life events being more determined 
by fate, chance, or factors beyond a person’s 
control. Nyland et  al. [45] determined relation-
ships between scores from the Multidimensional 
Health Locus of Control (MHLC) scale and the 
Knee Outcome Survey (KOS) and the IKDC 
Subjective rating scale in 198 patients a mean of 
5.1 ± 2.9 years after ACL reconstruction. Patients 
with high internal locus of control scores (≥ 25 
points) had significantly greater scores com-
pared to patients with low internal locus of con-
trol scores for KOS-sports activity level scores 
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(85.2 ± 18 and 70 ± 29, respectively, P < 0.0001) 
and IKDC scores (80.9 ± 17.7 and 68.3 ± 25.2, 
respectively, P < 0.0001).

Ardern et al. [19] used the Sport Rehabilitation 
Locus of Control (SRLC) scale in 178 ACL- 
reconstructed patients to determine if correlations 
existed between scale scores and return to prein-
jury sports activity levels. SRLC scores collected 4 
months postoperatively were predictive of RTS 
(odds ratio 0.96, P < 0.05). Other predictive fac-
tors in this study of RTS included higher ACL-RSI 
scores (OR, 1.10) and TSK scores (OR 1.21). 
Thus, it appears that high internal locus of control 
and self-efficacy scores are predictive of achieving 
preinjury sports activity levels after ACL recon-
struction. te Wierike et al. [27] remarked that these 
qualities represent overall confidence which in 
turn influences motivation for rehabilitation.

2.3  Conclusions

Some of the most common physical obstacles to 
RTS after ACL reconstruction are residual knee 
symptoms of pain, swelling, and/or instability. 
Recent research has demonstrated that psycho-
logical and psychosocial problems also play an 
important role in the inability of athletes to return 
to preinjury activity levels. Fear of reinjury or 
reinjury anxiety, poor perceived self- efficacy, 
low levels of internal locus of control, poor 
motivation, and emotional disturbances have all 
correlated with failure to RTS.  Knowledge of 
these factors is crucial for those involved with 
the medical management of athletes in order 
to screen, detect, and initiate treatment and 
counseling.
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The Arthritis Barrier: Long-Term 
Effects of ACL Trauma on Knee 
Joint Health

Emily Eichner and Bruce Beynnon

3.1  Epidemiology of Post- 
Traumatic Osteoarthritis 
Following ACL Trauma

The knee joint is a common location of osteo-
arthritis (OA). As Lohmander et  al. explain, 
“Osteoarthritis describes a common, age-related, 
heterogeneous group of disorders characterized 
by focal areas of loss of articular cartilage in 
synovial joints associated with varying degrees of 
osteophyte formation, subchondral bone change, 
and synovitis” [1]. In OA, cartilage undergoes 
gradual proteolytic degradation of matrix, with 
increased synthesis of matrix components by 
chondrocytes. Early in the disease process, car-
tilage swelling, surface fibrillation, and cleft 
formation occur, and in later stages, cartilage vol-
ume loss appears [1]. In advanced stages, plain 
radiographs can detect structural changes such as 
joint space loss, osteophytes, subchondral scle-
rosis, and bone cysts [1]. Since OA is an insidi-
ous disease, early radiographic- based structural 
changes are often evident long before any clini-
cal symptoms are present and are not necessarily 
associated with symptoms or functional abilities 
[1, 2]. Recent advancements in magnetic reso-

nance imaging (MRI) technologies have enabled 
the assessment of cartilage, meniscus, synovium, 
and bone in detail and feature earlier detection of 
the disease process than the use of radiographs 
alone. For example, MRI can be used to mea-
sure the change in articular cartilage thickness, 
progression of bone marrow lesions, synovial 
changes, capsule thickening, meniscus macera-
tion, and extrusion [1]. MRI-based T1ρ and T2 
relaxation times can be applied to study early 
cartilage degeneration in advance of radiographic 
changes [3]. T1ρ relaxation time correlates with 
the articular cartilage proteoglycan content and 
T2 relaxation time correlates with the collagen 
structure and water content such that higher 
relaxation times indicate worse cartilage matrix 
health [4–6]. Delayed gadolinium-enhanced MRI 
of cartilage (dGEMRIC) is another MRI-based 
measurement technique that detects cartilage 
degeneration by estimating the glycosamino-
glycans (GAGs) content, which are negatively 
charged molecules that attach to the matrix pro-
tein aggrecan and regulate the Donian osmotic 
gradient that attracts water into the articular car-
tilage, the primary cartilage matrix component 
that provides efficient transmission of contact 
stress across the knee joint [6, 7]. Shorter T1Gd 
correlates with lower cartilage GAG content, 
indicating decreased cartilage health [7]. Of note, 
radiographic measurement of tibiofemoral joint 
space loss and MRI-based measurement of tib-
iofemoral cartilage thickness are not correlated, 
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and these two methods of examining changes 
associated with the onset and early progression 
of OA should not be used interchangeably [8].

Symptomatic post-traumatic osteoarthritis 
(PTOA) represents a subset of OA and is a sub-
stantial burden to society, as it is estimated that 
PTOA accounts for 12% of OA cases (12.7 mil-
lion people), costing the healthcare system an 
estimated 3 billion dollars annually [9]. Trauma 
to the anterior cruciate ligament (ACL), menisci, 
or dislocation of the patella are the most com-
mon injuries that place individuals at increased 
risk of developing PTOA about the knee. The 
reported prevalence of knee PTOA following 
ACL trauma varies widely between studies due 
to many significant variables affecting its devel-
opment, including the time from injury to fol-
low-up, concomitant injuries, the delay between 
injury and treatment, the type of treatment, activ-
ity level at the time of return to sport (RTS) and 
preinjury activities, and heterogeneous diagnos-
tic criteria used to characterize the disease. For 
example, Lohmander et al. reported that 10–90% 
of ACL- injured subjects have evidence of PTOA 
at follow-up intervals that ranged between 10 
and 20 years after the index injury [1]. A meta- 
analysis by Ajuied et al. reported ACL injury to 
be associated with a 3.89 relative risk (RR) of 
developing any PTOA and a 3.64 RR of develop-
ing moderate or severe PTOA (assessed using 
Kellgren and Lawrence classification or radio-
graphs) at a mean follow-up interval of 10 years 
[10]. The factors associated with the increased 
risk of developing PTOA after ACL injury 
include increased body mass index (BMI) [11–
14], female sex [12, 15], increased age [15], 
smoking [12, 13], and lower education level 
[12]. Another potential risk factor may be genetic 
predisposition to the early onset of PTOA. For 
example, two studies have linked hand OA with 
increased frequency and severity of knee OA 
after meniscectomy [16, 17] suggesting that 
there may be genetic factors involved with the 
onset and progression of disease following 
meniscus surgery. In contrast, a more recent 
study that focused on ACL-injured patients did 
not find a relationship between the hand OA and 
knee OA rates [18]. At the current point in time, 

it is unclear if and how genetics are involved 
with the development of PTOA following ACL 
injury.

3.2  Effect of Sport on PTOA 
Following ACL Trauma

Because the knees of athletes that compete at 
high levels are exposed to elevated contact stress 
levels in comparison to the general population’s, 
many studies have attempted to understand the 
PTOA rates in an athlete or sport-specific man-
ner. One systematic review revealed OA rates, 
irrespective of the cause, to be 30% of former 
athletes [19]. Another systematic review by 
Driban et  al. reported between three and seven 
times higher prevalence of OA in athletes that 
participate in soccer, elite long-distance running, 
weightlifting, and wrestling (prevalence ranging 
4.2–8.5%) compared with nonsports participants 
(prevalence ranging 1.3–2.3%). Elite-level bas-
ketball, boxing, shooting, and track and field did 
not have a higher prevalence of OA compared 
with nonsports participants; however, these find-
ings do not consider joint injury history [20]. 
Driban et al.’s review also found that joint injury 
may be the main cause of the high rates of OA 
in athletes that take part in soccer and ice hockey 
[20]. A study of elite football athletes partici-
pating in the National Football League (NFL) 
Combine (age range, 20–26  years) reported a 
15% prevalence of OA based on MRI or radio-
graphic imaging, and this correlated with prior 
ACL injury, knee surgery, and increased BMI 
[21]. The high ACL injury rates in these sports, 
along with the high stress demands placed on 
the knee could combine to increase the risk 
of OA in athletes. Two landmark studies dem-
onstrated 51% of female soccer players (mean 
age, 31 years) and 41% of male soccer players 
(mean age, 38  years) had radiographic PTOA 
12–14 years after ACL injury, with 80% show-
ing radiographic features of OA in both groups 
[22, 23]. Simon et al. revealed PTOA rates to be 
76.7% in former Division I collegiate athletes 
(age range, 40–65 years) who had a knee injury 
requiring surgery during their collegiate career 
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[24]. In comparison, Losina et  al. reported the 
overall prevalence of symptomatic OA in the 
general population aged 45–54  years old to be 
3.61% for nonobese men and 4.26% for non-
obese women [25]. In addition to increased joint 
stresses and injuries that athletes experience, 
there are other risk factors that may be linked to 
high OA rates. For example, Madaleno et al. sug-
gest that the high prevalence of former athletes 
becoming overweight after retiring could raise 
OA risk because increased BMI is the risk fac-
tor for PTOA [19]. The increased prevalence of 
OA in the athlete population, especially PTOA, 
is significant as the studies discussed show that 
these athletes with OA are often young. The esti-
mated mean age at diagnosis of OA for the gen-
eral population is 53.5 years [25]. Since athletes 
may be at risk of experiencing OA at younger 
ages than the general population, this may have 
important economic, medical, and quality-of-life 
implications to consider.

3.3  Effect of ACL Injury 
and Concomitant Articular 
Cartilage Injury on PTOA

It is relatively rare that ACL trauma occurs in 
isolation as it is often accompanied by injury to 
other structures about the knee such as articular 
cartilage lesions (46% prevalence), traumatic 
bone marrow lesions (80% prevalence), meniscus 
tears (60–75% prevalence), and other ligament 
tears (5–24% prevalence) [26–33]. This creates 
a considerable clinical concern because ACL 
injury combined with trauma to the other struc-
tures about the knee significantly increases the 
risk of developing PTOA in comparison to ACL 
injury in isolation [1, 34]. Indeed, Risberg et al. 
revealed that subjects who have suffered ACL 
injury and undergone reconstruction should not 
be considered as a homogeneous group because 
those suffering ACL trauma in combination with 
injury to other articular and meniscal cartilage 
structures undergo progression to radiographic 
and symptomatic PTOA at a much faster rate 
than those without concomitant injury [34]. This 
is an important concern because at the time of 

ACL reconstruction, the patient age, surgical 
delay, and sex are independently associated with 
the frequency and location of articular cartilage 
injury, an early harbinger of PTOA [34, 35]. For 
example, Keays et al. reported that chondral dam-
age is a strong predictor of future development of 
tibiofemoral PTOA following ACL reconstruc-
tion [36], and articular cartilage abnormalities at 
the time of ACL injury are associated with worse 
results and patient-reported outcomes at 2- and 
6-year follow-up intervals [12, 13]. Slauterbeck 
et al. reported patients that are ≥25 years of age 
at the time of ACL reconstructions are more 
likely to have multiple articular cartilage lesions 
throughout the knee (7.7% compared with 1.3% 
for those <25 years of age) and present with more 
isolated medial femoral condyle lesions (24.2% 
compared with 13.3%) [35]. Further, at the time 
of ACL reconstruction, female patients have a 
greater proportion of grade 1 articular cartilage 
lesions of the medial femoral condyle (29% 
compared with 16% for the males), while male 
patients have a greater proportion of grade 3 and 
4 cartilage lesions of the medial femoral condyle 
(49% compared with 35% for the females) [35]. 
Patients that are ≥35 years of age at the time of 
ACL reconstruction have femoral articular car-
tilage lesions located more frequently on the 
medial side in comparison to those <35 years of 
age [35].

It is important to appreciate that ACL trauma 
not only has an immediate effect on the knee 
regarding PTBMLs, but it also affects articular 
cartilage structure in terms of thickening and 
thinning of the articular cartilage [37]. Argentieri 
et  al. reported that ACL-injured females had 
significant changes in articular cartilage thickness 
in the injured knee compared to the uninjured 
knee at a median of 15 days post injury, with an 
increased thickness in the central region of the 
medial tibial cartilage and thinning of the medial 
posterior cartilage region (Fig.  3.1) [37]. The 
medial central areas of increased thickness may 
indicate acute loss of proteoglycans from the 
cartilage caused by blunt impact forces, resulting 
in a shift in water content [37]. The medial 
posterior areas of cartilage thinning may be the 
result of injury causing increased contact stress 
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in this region that does not have the material and 
structural properties of the cartilage normally 
suited to support such contact stress [37].

3.4  Effect of ACL Injury and Post- 
Traumatic Bone Marrow 
Lesions on PTOA

Another common concomitant injury seen with 
ACL disruption is post-traumatic bone marrow 
lesions (PTBMLs). These occur at the locations 
of high-impact forces between the tibial and 
femoral articular surfaces at the time of an ACL 
tear [38] and are thought to be associated with 
edema, hemorrhage, and trabecular microfrac-
tures [39–41]. Sievanen et  al. used dual-energy 
X-ray absorptiometry to study the change in peri-
articular bone about the knee and revealed rapid 
decreases of bone mineral density soon after an 
ACL disruption, followed by a phase of partial 
recovery [42]. Although the independent effects 

of ACL disruption and ACL reconstruction 
on bone mineral density and mass are not well 
understood, reduced bone mass in the injured 
knee following ACL tears has been shown to 
exist up to 8  years after the index ACL injury 
[43–46]. Frobell et  al. reported a high preva-
lence of cortical depression fractures associated 
with larger PTBMLs and hypothesized this may 
have been produced by the articular cartilage 
and subchondral bone experiencing high magni-
tudes of compressive and shear stress at the time 
of ACL disruption [47]. These larger PTBMLs 
are primarily located in the lateral compartment 
[47, 48]. The presence of PTBML can help indi-
cate the overall mechanism of injury, showing 
where the joint surface experienced significant 
compressive and shear forces from the impact 
of loading at the time of ACL disruption [1, 38]. 
The large magnitudes of compressive and shear 
forces transmitted across the tibiofemoral joint 
at the time of ACL injury have the potential to 
harm the articular and meniscal cartilage lead-
ing to cartilage matrix disruption, accelerated 
chondrocyte senescence, chondrocyte death, and 
cell metabolism changes [1, 49, 50]. In addition, 
Coughlin et  al. proposed that bone–cartilage 
crosstalk, via molecular signaling, changes after 
a PTBML with subsequent increases in bone 
remodeling [51]. Changes in the bone–cartilage 
crosstalk may result in damage to the cartilage 
and is a potential mechanism for progression to 
PTOA [51].

A series of studies have found evidence link-
ing PTBMLs with longitudinal cartilage damage. 
For example, Koster et al. reported bone marrow 
edema after knee trauma was a strong predictor 
of PTOA changes to the tibiofemoral joint at 
1 year follow-up [52]. Theologis et al. reported 
the cartilage overlying bone marrow edema-like 
lesions in the lateral tibia had elevated T1ρ times 
at 1 year follow-up [53]. Similarly, Gong et  al. 
reported that bone marrow edema- like lesions 
following ACL injury were associated with 
higher T1ρ and T2 relaxation times at 2 year fol-
low-up, indicating worse cartilage health [54]. 
These cartilage changes remained present even 
after the bone marrow edema-like lesions had 
resolved, suggesting that damage to cartilage 
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Fig. 3.1 Significant injured-to-uninjured side differences 
in articular cartilage thickness found in the medial 
compartment within ACL-injured females. Articular 
cartilage was thicker in the central region and thinner in 
the posterior region of ACL-injured knees (From 
Argentieri et al. [37])
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overlying PTBMLs may be irreversible [53, 54]. 
Although most PTBMLs resolve within 2 years 
after ACL injury, Frobell et al. theorized the high 
magnitudes of compressive and shear forces 
sustained by the bone and cartilage at the time of 
ACL injury, as indicated by a PTBML, could 
initiate biological developments that lead to 
PTOA in the long term [55]. Evidence suggests 
that PTBMLs may have a significant role in the 
mechanism of onset and progression of PTOA 
following ACL injury. As such, efforts to diagnose 
and study them in conjunction with ACL injuries 
and PTOA will be important in future research.

3.5  Effect of ACL Disruption 
and Concomitant Meniscal 
Injury on PTOA

Concomitant meniscal damage at the time of 
ACL injury significantly increases the risk of 
developing PTOA in the future, particularly in 
patients that undergo meniscectomy [11, 14, 21, 
36, 56–59]. Oiestad et al. reported the prevalence 
of PTOA ranged from 21 to 48% in those with 
meniscal injuries compared with 0–13% in those 
with isolated ACL injuries without meniscal 
injuries 10 years after the index trauma [58]. In 
a subsequent study, Oiestad et al. reported 80% 
of subjects with PTOA had combined meniscal 
and ACL injuries compared with 62% of subjects 
with isolated ACL injuries at 10–15 years follow-
up; however, there was no significant difference 
between the groups in terms of their functions 
and symptoms [60]. Further, after 20  years, 
PTOA was found in 81% of patients who under-
went meniscectomy combined with ACL injury 
compared with 54% of those who only had iso-
lated ACL injury [18].

Spindler et al. and Jones et al. have revealed 
that meniscal damage at the time of ACL injury is 
a risk factor for the development of PTOA and is 
also associated with worse results and patient- 
reported outcomes at 2- and 6-year follow-up 
intervals [12, 13]. This is a concern because the 
frequency and location of meniscus injury seen at 
the time of ACL reconstruction are associated 
with the patient sex, age, and surgical delay [35]. 

Slauterbeck et al. reported that at the time of ACL 
reconstruction, females are less likely to have a 
meniscus injury (56% compared with 71% for 
males), while males are more likely to have 
combined medial and lateral meniscus injuries 
(20% compared with 11% for females) [35]. 
Subjects with a delay between injury and ACL 
reconstructive surgery <3 months are least likely 
to have medial meniscus injury in comparison to 
those with a delay >3 months, and for subjects 
that are >35  years of age at the time of ACL 
reconstruction, meniscus injuries are more 
frequent and are more likely to occur in the 
medial compartment of the knee [35].

Many mechanisms are hypothesized to be 
associated with the increased rates of PTOA 
experienced by subjects that suffer an ACL injury 
with concomitant meniscal injury. An ACL- 
injured knee that has altered meniscus function 
has different gait patterns, increased magnitude 
of shear and compressive contact stresses during 
weight-bearing activity, cartilage proteoglycan 
changes, and increased fatigue, which combine 
to lead to progressive destruction of the collagen 
network [7]. At 10–15  year follow-up, greater 
deficits in quadriceps muscle strength were found 
in those with combined ACL and meniscal injury 
and/or chondral lesion compared with those with 
isolated ACL injuries [60]. Inferior cartilage 
proteoglycan content indicated by lower T1Gd 
was found with concomitant meniscectomy in 
the chronic phase after ACL injury [7]. Because 
meniscus damage is associated with higher risk 
of PTOA, many researchers have suggested 
repairing or preserving the meniscus as much as 
possible could be beneficial to the long-term 
health of the knee [2, 14, 34, 36, 57, 59].

Overall, concomitant meniscal injury 
increases the risk of inferior cartilage health; 
however, there is conflicting evidence in 
outcomes between ACL injury with concomitant 
medial versus lateral meniscus damage. Studies 
have reported that ACL injury in combination 
with lateral meniscus injury is associated with 
worse outcomes [1, 13], while other reports have 
linked ACL injury in combination with medial 
meniscus injury to worse outcomes [12, 61]. In 
addition, Jones et  al. reported that a lateral 
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meniscus tear and/or partial lateral meniscectomy 
were associated with better outcomes [12]. They 
hypothesized that this finding may be associated 
with the mechanism of injury, such that when the 
impact force is transmitted across the lateral 
compartment at the time of ACL causing lateral 
meniscus injury, the joint fares better than that if 
the force is transmitted elsewhere [12]. Jones 
et  al. also reported that medial meniscus injury 
correlated with the medial compartment joint 
space narrowing 2–3  years after injury [12]. A 
systematic review of this area of inquiry reported 
a small increase in PTOA rates for ACL injury 
with concomitant medial meniscus injury, no 
increases for the same ligament trauma with 
concomitant lateral meniscus injury, but, overall, 
determined the current literature was based on a 
low level of evidence [61].

3.6  Effect of Surgical Versus 
Nonsurgical Treatment 
of ACL Injury on PTOA

Despite the availability of many different sur-
gical treatment options for a disrupted ACL, a 
long- term protective effect of ACL reconstruc-
tion against the onset and progression of PTOA 
has not been established. Numerous studies have 
demonstrated that surgical reconstruction does 
not change the long-term outcomes, between 
2  years and up to 20  years postoperatively, in 
PTOA symptoms, or function when compared to 
rehabilitation without reconstruction [1, 11, 18, 
22, 56, 58, 62–64]. The knee anterior cruciate 
ligament, nonsurgical versus surgical treatment 
(KANON) randomized controlled trial dem-
onstrated that the treatment of ACL injury with 
reconstruction compared to rehabilitation with 
optional delayed surgical reconstruction had no 
significant differences in patient-reported out-
comes at 2 years and no significant differences in 
patient-reported outcomes and radiographic evi-
dence of PTOA at 5-year follow-up [62, 63]. An 
important limitation of the KANON trial is the 
transfer bias at 5-year follow-up, where 51% of 
those in the rehabilitation with optional delayed 
surgery treatment arm of the study chose to 

undergo ACL reconstruction surgery as time post 
injury progressed [63]. This high transfer rate may 
have introduced bias into the study. However, the 
study by Frobell et al. [62, 63] is the only clinical 
trail the authors could identify that has the capac-
ity to provide insight into the efficacy of surgi-
cal versus nonsurgical treatment of ACL injury. 
In contrast to the findings of numerous studies, 
one meta-analysis reported that ACL reconstruc-
tion had a lower RR of PTOA than nonoperative 
treatment at a mean follow-up of 10 years; how-
ever, they also found that ACL reconstruction had 
a higher proportion of moderate/severe PTOA 
than the nonoperative group [10]. One possible 
explanation the authors provided for this finding 
was the differences in patient expectations and 
activity modifications between the reconstruction 
versus nonsurgical treatment groups [10]. Also, 
this meta-analysis only included studies that used 
radiographic- based Kellgren and Lawrence clas-
sification of PTOA, potentially excluding the 
findings from studies that used more sensitive 
MRI-based PTOA classification systems [10].

Even though the choice to undergo ACL recon-
struction or nonsurgical treatment does not appear 
to impact long-term outcomes, reconstruction ver-
sus rehabilitation with nonsurgical treatment 
appears to undergo different biomechanical and 
biological responses. Surgical reconstruction cre-
ates additional trauma to the joint with a prolonged 
elevation of the inflammatory response after the 
initial injury [1, 65]. For example, treatment of 
ACL injury with reconstruction results in higher 
cytokine levels compared with nonsurgical treat-
ment with rehabilitation, with enduring elevations 
of synovial fluid IL-6 and TNF that activate MMPs 
and aggrecanases, increase proteolytic degrada-
tion, and decrease the synthesis of aggrecan and 
type II collagen [65]. In addition, structural 
changes associated with reconstruction have been 
noted, with increased radiographic changes in the 
patellofemoral joint and subchondral bone surface 
curvature [22, 66]. ACL reconstruction has also 
been associated with larger BMLs at 6  months 
compared with the treatment with rehabilitation 
alone; however, at 12  months, no differences in 
BMLs between surgical versus nonsurgical treat-
ments were present [67].
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Although ACL reconstruction has a significant 
impact on the knee, treatment with rehabilitation 
alone has an important impact that should be 
appreciated. ACL-deficient knees undergo biome-
chanical changes that have the potential to impact 
other knee structures including the menisci and 
cartilage. For example, the rate of meniscal inju-
ries increases in ACL-deficient knees over time 
[1, 2, 11, 57, 68]. In addition, studies have exam-
ined how the biochemical environment of the 
knee changes following an ACL injury. Chinzei 
et al. reported that untreated ACL tears leave rem-
nants of the torn ACL in the joint that may release 
mediators which affect cartilage metabolism, 
leading them to suggest that unreconstructed tears 
are not completely benign and may influence car-
tilage homeostasis [69].

3.7  Effect of Timing of ACL 
Reconstruction Surgery 
on PTOA

Risk for meniscal injury could be an indication 
for ACL reconstruction and the time frame for 
the surgery, because the longer the knee is ACL- 
deficient, the risk of developing meniscal injuries 
increases. Early reconstruction, <3–6 months after 
injury, appears to be associated with a decreased 
rate of meniscal injuries and meniscal surgeries 
including meniscectomies [1, 2, 11, 35]. These 
findings suggest that the timing of reconstruction 
is important. Barenius et al. reported that patients 
undergoing early reconstruction (<6 months after 
the ACL injury) had higher health-related quality 
of life at 8  years [11]. In addition, Slauterbeck 
et  al. reported patients undergoing ACL recon-
struction with a surgical delay of >1 year were 
more likely to have an articular cartilage lesion 
(60% compared with 47% with a delay <1 year), 
and a surgical delay of ACL reconstruction 
>1 year resulted in a greater proportion of large 
and grade 3 lesions of the lateral femoral con-
dyle [35]. However, early ACL reconstruction 
also produced higher inflammatory cytokines for 
a longer period than rehabilitation plus optional 
delayed reconstruction, suggesting that delaying 
reconstruction could have beneficial effects on 

the temporal inflammatory process of the injured 
knee [65]. Another study reported a shorter surgi-
cal delay was correlated with a slower cartilage 
recovery after running, which may be an impor-
tant factor to consider in high-demand athletes 
[70]. In contrast, other studies present evidence 
that early versus delayed reconstruction does not 
have a significant effect on patient outcomes. 
Studies have not found a difference between 
partial or full meniscectomy and meniscal repair 
surgery rates from 5 to 20  years between early 
reconstruction versus rehabilitation alone with 
optional delayed reconstruction [18, 63]. These 
findings challenge the premise that ACL-deficient 
knees are at increased risk for meniscal injuries. 
Hunter et al. found that time from injury to sur-
gery had no effect on bone curvature change 
seen after reconstruction, an outcome thought 
to reflect bone remodeling and early onset of 
PTOA [66]. In addition, other evidence suggests 
the time between injury and reconstruction is not 
a risk factor for OA and does not influence its 
development [11, 61]. Frobell et al. suggest there 
is no difference in PTOA rates between early 
reconstruction compared to delayed reconstruc-
tion 5 years following an ACL tear; however, it is 
important to note this study was not designed to 
directly assess the timing of surgery [63]. Overall, 
the literature remains unclear on whether the tim-
ing of reconstruction surgery has an impact on 
the risk of developing PTOA.

3.8  Effect of ACL Graft Material 
on PTOA

The graft material used to reconstruct the ACL 
is an important concern that impacts knee health 
and long-term outcomes; however, the effect of 
the graft material used to reconstruct the ACL on 
the risk of developing PTOA is unclear. A series of 
studies have reported that ACL reconstruction with 
a bone–patellar tendon–bone (BPTB) autograft 
results in a higher prevalence of PTOA in com-
parison to reconstruction with hamstring tendon 
autografts over an average of 2–10 and 18–20 year 
follow-up intervals [71–73]. Keays et al. reported 
that BPTB grafts had higher rates of tibiofemoral 
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OA than hamstring tendon grafts; however, the 
authors did not indicate if autografts were used 
[36]. BPTB autografts are often associated with 
patellofemoral issues such as pain when walking 
on hard ground, kneeling, and numbness of skin, 
usually due to donor site morbidity [2, 11, 74]. 
Despite the high levels of OA with BPTB auto-
grafts, they have demonstrated satisfactory out-
comes at long-term follow-up with improvement 
in function compared to preinjury levels [2, 72]. 
However, these studies investigating BPTB auto-
grafts versus hamstring tendon autografts were 
only able to establish associations and not cause-
and- effect relationships. In contrast, a few studies 
with a higher level of evidence found no differ-
ence in outcomes between BPTB or hamstring 
grafts. Two randomized controlled trials found 
no differences in PTOA rates after 10–14  years 
between BPTB or hamstring tendon autografts 
[11, 75]. Similarly, a cohort study, while finding 
higher rates of PTOA in patients reconstructed 
with BPTB autografts compared with hamstring 
tendon autografts, found equivalent long-term 
clinical outcomes between the graft types 20 years 
postoperatively [73]. Likewise, a meta-analysis by 
Xie et al. reported a slight increase in OA rates for 
BPTB autografts compared with hamstring tendon 
autografts at a minimum of 5 years, although they 
cautioned the significance of this result due to the 
overall heterogeneity of findings and differences 
in classifications of PTOA used between the stud-
ies included in the analysis [74].

Another area of inquiry is whether the use of 
autografts versus allografts to reconstruct the 
ACL has an impact on knee health, as allografts 
would theoretically avoid problems with donor 
site morbidity. Jones et al. found the reconstruc-
tion of the ACL with allografts to be a risk factor 
for worse patient-reported outcomes 2–6  years 
postoperatively, and Amano et al. reported the use 
of allograft was associated with elevated T1ρ and 
T2 times, indicating worse cartilage health 3 years 
postoperatively [12, 15]. In contrast, one case–
control study of BPTB grafts found no significant 
differences in PTOA between auto and allografts 
at 3–13  years follow-up in high- activity level 
patients; however, this study had a small sample 
size, it used a retrospective study design, and did 

provide an a priori power analysis [76]. Overall, 
there does not appear to be a consensus in the lit-
erature on the effect of the type of graft material 
on long-term development of PTOA.

3.9  Effect of ACL Trauma 
on Patellofemoral 
and Tibiofemoral PTOA

Following ACL trauma, it is unclear if the pathoeti-
ology of the PTOA disease process is different 
between the tibiofemoral and patellofemoral joints. 
For example, 5  years following an index ACL 
injury, Frobell et  al. revealed that 12% of ACL-
injured knees had tibiofemoral OA and 20% had 
patellofemoral OA, irrespective of the surgical or 
nonsurgical treatment of the torn ligament [63]. In 
addition, they observed that patellofemoral OA was 
more common with BPTB autografts than ham-
string tendon autografts [63]. The authors hypoth-
esized this may have been produced by the surgical 
trauma associated with harvesting the BPTB graft, 
altered biomechanics of the patellofemoral joint 
caused by postoperative change of the patella 
and patellar tendon geometry, bony remodeling 
response of the patella, or some combination of 
these mechanisms [63]. In contrast, Risberg et al. 
studied subjects that underwent ACL reconstruc-
tion with either BPTB or hamstring tendon auto-
grafts and revealed the prevalence of radiographic 
tibiofemoral and patellofemoral PTOA rates were 
42% and 21%, correspondingly, 20 years postop-
eratively [34]. However, 25% and 14% had symp-
tomatic tibiofemoral and patellofemoral PTOA, 
respectively [34]. Culvenor et al. conducted a sys-
tematic review and reported that the prevalence of 
PTOA was similar between patellofemoral and 
tibiofemoral joints at 0–5, 5–10, and 10–15 years 
following ACL reconstruction [77].

3.10  Return to Sport 
Considerations for Athletes

The heterogeneity of findings on the efficacy of 
having reconstruction with early or delayed sur-
gery poses a challenge, especially for high- level 
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athletes. Overall, regardless of the treatment 
courses in athletes, ACL injury increases the risk 
of OA in the long term [18]. However, high-level 
athletes have significant demands placed on their 
knees that often differ remarkably from the gen-
eral population. As such, the findings from stud-
ies whose subject population is not from elite 
athletics may not be generalizable to active indi-
viduals. The KANON trial by Frobell et al.  dem-
onstrated no difference in outcomes following 
ACL injury between treatment with reconstruc-
tion or rehabilitation alone and explicitly stated 
that their results do not apply to professional ath-
letes [63]. Research that directly studies athletes 
may have more relevant findings. One study of 
19 Olympic-level athletes from the 1960s with 
ACL injuries that did not undergo reconstruc-
tion reported that when these athletes returned to 
high-level activity, there was a 95% prevalence 
of meniscal and cartilage damage, osteoarthritis, 
instability, and severe symptoms after 20  years 
[78]. In addition, there was a 95% meniscectomy 
rate after 20 years and a 50% rate of total knee 
replacement after 35  years [78]. In elite soccer 
and alpine skiing athletes returning to their pre-
injury sport, Hoffelner et al. found reconstruction 
did not increase the risk of PTOA, leading them 
to recommend that athletes returning to high-
level sport undergo reconstruction [79]. Another 
study of high-level athletes found the treatment 
course did not affect PTOA rates, meniscectomy 
rates, and functional outcomes after 20 years and 
that the rates of PTOA in operatively treated ath-
letes were 80% at 20 years [18]; however, these 
authors did report the reconstruction group had 
better knee stability [18].

To minimize risk from reconstruction due to 
the significant amount of acute changes it causes, 
it may be advisable to have extended recovery 
time after reconstruction and not rush back into 
sport [6, 67]. Van Ginckel et  al. found cartilage 
showed decreased resiliency 6  months after sur-
gery, with slower recovery of cartilage morpho-
logical characteristics after a running test [70]. 
This delayed cartilage recovery might cause main-
tained deformation and increased permeability of 
the articular cartilage [70]. As a result, the high-
impact loading associated with participation in 

sports may lead to degeneration in these delayed 
recovery states [70]. These findings led Van 
Ginckel et al. to recommend that it may be impor-
tant to consider a delayed RTS while cartilage is 
more fragile in the early phases after injury [70]. 
Culvenor et al. studied the impact of accelerated 
RTS after ACL reconstruction and found signifi-
cantly greater odds of BMLs in those who returned 
to sport <10 months after reconstruction compared 
with those who did not return before 10 months 
[80]. These authors were unable to determine if 
these BMLs were new or persisted from the injury/
surgery, but they theorized this may be a potential 
marker of early PTOA and an important factor to 
consider in RTS decisions [80].

It is important to note that athletes can RTS 
without the fear of guaranteeing worse outcomes 
in the long term. Oiestad et  al. found patients 
who returned to planting, cutting, and pivoting 
sports had lower risk of symptomatic and 
radiographic PTOA at 15 years than those who 
did not return [81]. Keays et  al. also found 
returning to sport did not increase the risk of 
PTOA [36]. These studies [36, 81] were not 
designed to establish the cause-and-effect 
relationships and can only show associations. 
Even though it is unclear whether RTS is due to 
confounding factors such as higher baseline knee 
function, results suggest for those with adequate 
knee function in the early phase, return to pivoting 
sport may not harm long-term knee health [81].

3.11  Limitations of the Current 
Literature

The complexity and insidious nature of PTOA 
has posed serious challenges for research. Very 
few RCTs have been designed to establish 
the mechanistic cause-and-effect relationship 
between severe knee trauma that involves dis-
ruption of the ACL to the onset and progres-
sion of PTOA.  As such, very few conclusions 
on the cause-and-effect relationships can be 
made. There are many classification systems for 
PTOA, making it hard to compare the findings 
of studies that used different classifications. 
Also, because of the long-term nature associ-
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ated with the development of PTOA, studies 
often take years if not decades to complete. As a 
result, the surgical and rehabilitation techniques 
used in studies may often become outdated, lim-
iting the generalizability of the findings to cur-
rent clinical practice. In addition, many studies 
have had heterogeneous results and relatively 
small sample sizes, making it hard to make 
overall inferences and limiting their applicabil-
ity. Studies usually have an over-representation 
of males [10], and findings from these samples 
may not be suitable to the disease processes that 
occur in females. Similarly, samples often do 
not adequately represent elite athlete popula-
tions. Because athletes have significant differ-
ences in strengths and demands placed on their 
lower extremities compared with the general 
population, findings from studies that focus on 
the general population may not apply to elite 
athletes. More research is needed to assess the 
unique factors that affect the PTOA process in 
athletes.
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Return to Sport Decision-Based 
Models

Ian Shrier

4.1  Introduction

Return to sport (RTS) decisions for any injury 
can be difficult and complex [1]. Clinicians and 
patients need to weigh a large number of factors 
when assessing RTS, including the history of 
the injury, physical examination, type of injury, 
rehabilitation, type of activity, psychological 
state, competitive level, and ability to protect the 
injury. Patients with anterior cruciate ligament 
(ACL) injuries have similar concerns as patients 
with other injuries, although some long-term con-
sequences such as osteoarthritis might be more 
worrisome and therefore be considered as more 
important than a hamstring strain. Regardless of 
the injury, injured patients often ask, “When can 
I return to play?” or “When can I safely return to 
play?” In addition, the athlete may receive advice 
from family, friends, coaches, other clinicians, 
and, in the case of elite athletes, agents. Defining 
safely is subjective, and we will see that subjec-
tivity should be embraced as part of an appropri-
ate decision-making process.

Determining prognosis is difficult because we 
simply do not have adequate research. Therefore, 
some disagreements regarding RTS will always 
occur [2]. These differences are believed to lead 
to a number of negative scenarios, including (1) 

miscommunication, (2) loss of trust, (3) potential 
litigation, (4) declines in sport participation rates 
as some individuals never “get back in the game” 
due to fear of reinjury (despite acceptable levels 
of risk), and (5) even more serious medical com-
plications, because some athletes return to activ-
ity while still at unacceptable levels of risk for 
subsequent sport-related injury [3–6].

Although two people may disagree on the 
importance of different factors, they should still be 
able to agree on the process by which RTS deci-
sions are made. The process will depend on socio-
cultural perspectives, which may differ between 
the medical doctor, coach, and athlete and by 
region. For example, the current legal culture in 
many parts of North America has the medical doc-
tor as the absolute authority. However, the recent 
movement towards shared decision-making in 
medicine could shift these norms so that athletes, 
otherwise capable of making autonomous deci-
sions, are provided with the necessary informa-
tion and take responsibility for their own choices. 
Regardless of the cultural context, RTS decisions 
should be based on a transparent framework in 
order to minimize any unnecessary conflict.

In this chapter, I review the Strategic 
Assessment of Risk and Risk Tolerance (StARRT) 
framework [7] for RTS decisions that was based 
on earlier work [8] and explain how it might fit 
into a more general framework of overall athlete 
care. The StARRT framework helps organize 
complex information; it should not be inter-
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preted as proscriptive. It is based on causal rela-
tionships and considers that differences in RTS 
decisions are partly due to differences in both 
risk assessment and risk tolerance. In validation 
studies, the framework is consistent with clini-
cians’ beliefs independent of country of practice 
or clinician specialty [9]. One advantage of the 
framework is that differences in risk assessment 
could be decreased through the application of 
research and knowledge dissemination leading to 
improved evidence- based medicine. Additionally, 
the framework supports shared decision-making 
because it acknowledges that it is appropriate for 
two persons with different risk tolerances to come 
to different decisions based on the same factual 
information [10]. Finally, the framework’s general 
approach means that it can be applied by whoever 
represents the decision-making authority: a clini-
cian, non-clinician, or a multidisciplinary team.

4.2  Overall Athlete Care

The clinician’s primary interest should be for the 
best interest of the athlete-patient. The patient 
operates within an ecosystem of other athletes, 
coaches, therapists, family, friends, and others. 
Because the interactions between these individu-
als is different for each patient and these interac-
tions may affect the mental health or motivation 
of an injured athlete, the optimal treatment pro-
gram for two athletes with the exact same pathol-
ogy will differ. This biopsychosocial approach is 
gaining popularity in health settings [2, 11–13] 
and will likely become more common in future 
RTS decision-making processes.

In a recent consensus statement [14], biologi-
cal, psychological, and social factors were all 
considered to influence rehabilitation outcomes 
and successful RTS. Several reports suggest that 
fear of reinjury (psychological) may delay RTS 
because the athlete is not mentally prepared [15]. 
Family stress may require athletes to prioritize 
other life responsibilities over rehabilitation. 
Because an effective rehabilitation or RTS pro-
gram requires the athlete to follow the program, 
clinicians should strive to understand all the bar-
riers that athletes may face and to think of facili-

tators that can help the athlete achieve their goals. 
Although the recent consensus statement was a 
good start, it was limited in its scope because it 
was focused only on the actual decision for RTS.

A more complete perspective is that RTS is 
a process which begins with a healthy athlete, 
where the clinician operates within an ecosystem 
and must understand how the different parts of the 
ecosystem interact. A healthy ecosystem would 
include transparent and clear roles for each person 
interacting with the athlete, recognizing that there 
is a natural overlap at different stages of the injury-
healing continuum. In most contexts, athletes are 
treated by therapists until they are deemed healthy 
enough to compete, and then the care is transferred 
to the coaching staff. There might be some overlap 
where the athlete continues to receive some care 
after they return to sport, but for the most part, 
each profession acts independently.

As the Consulting Medical Director for Cirque 
du Soleil, I worked with the former Director of 
Performance Medicine, Jay Mellette, who is 
currently the Director of Sports Performance 
and Head Athletic Trainer of the Vegas Golden 
Knights, National Hockey League. Jay preferred 
to frame the issue so that clinicians are concerned 
with the athlete’s health from the moment they 
become part of the organization and that they 
remain concerned about effects on health long 
after the athlete has left our care. He also believes 
that “integrated care” is the best model, where 
each relevant professional is involved through-
out the care. For example, the lead at differing 
points in the process might be the coaching staff, 
the therapy staff, or the physician. Figure 4.1 is a 
representation of Jay’s model which builds upon 
the consensus statement [14]. I have called it the 
FAIR (From Activity to Injury to Rehabilitation/
Reintegration) model. The figure is simplified, 
showing only coaching staff and therapist, but it 
can easily be expanded in concept to include other 
health professionals, family, friends, and others.

Examining Fig. 4.1, we begin with the healthy 
athlete. We assume that all personnel are quali-
fied and knowledgeable. Initially, the healthy 
athlete is mostly managed by the coach through 
workload management for training and competi-
tion because they have the most knowledge and 
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experience. However, team therapists might be 
able to contribute with knowledge of specific 
injury prevention programs or identify athletes 
that might require specific exercises to overcome 
functional musculoskeletal deficits. Coordination 
is required between all personnel to manage the 
athlete’s workload (1) because athlete’s only have 
so much time in a day and (2) to mitigate deleteri-
ous effects on health and performance from the 
total stress summed across all activities.

In the period immediately after injury, the 
coaching and therapy staff continue to have 
shared roles with respect to determining ability 
to perform, role of rehabilitation, and managing 

athlete expectations. During the injury itself, the 
therapist takes care of the rehabilitation, but the 
coach is involved in managing global workloads 
and identifying ways to keep the athlete engaged 
with the team (e.g. reviewing videos, focused 
practice, and exercise programming that does 
not stress the injured tissue). As tissue strength 
improves, the athlete gains more function and 
the rehabilitation exercises gradually shift to 
performance-based exercises. Once the athlete is 
healthy, we return to the objectives of prevention 
and optimizing performance.

Throughout the timespan that the athlete 
is with the team or under care, considering the 

Fig. 4.1 The FAIR (From Activity to Injury to 
Rehabilitation/ Reintegration) model of athlete care. The 
relationship between the athlete, coach, and the health care 
team begins with a healthy athlete. During this time, the 
coaching staff is usually the lead in establishing training 
and competition workload to improve performance and 
minimize injury. The health care team provides a support-
ing role and addresses limitations identified through history 
and physical examination or through prevention programs 
directed at specific requirements of the position within the 

sport. At the time of injury, the coaching staff and health 
care team both contribute substantially in establishing 
appropriate workload and managing expectations. During 
the initial phase of rehabilitation, the health care team has 
more influence and the coaching staff provides the support-
ing role. As the athlete’s injury heals, there is a gradual shift 
towards the coaching staff taking more responsibility and 
authority. In the post-injury phase, there is still some focus 
on prevention of reinjury, and the training returns towards 
the goal of optimizing performance and long-term health
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health of the athlete through the biopsychosocial 
model optimizes overall health and performance. 
RTS decisions through the StARRT framework 
represent one step, albeit a complex and impor-
tant one, in the FAIR model.

4.3  StARRT Framework for RTS 
Decision-Making

The StARRT framework for RTS decisions is 
illustrated in Fig. 4.2. Rational decision-making 
requires weighing the benefits and risks of differ-
ent alternatives [16–18]. For RTS decisions, the 

clinician is generally concerned with managing 
risk of reinjury, but may at times be concerned 
with risk of new injuries, death, or illness.

The StARRT model begins with a biome-
chanical causal framework; it assesses risk of 
injury by comparing how much stress the tissue 
can withstand (Tissue Health), with the stresses 
that are imposed by a prescribed level of activ-
ity (Tissue Stresses). Some of the factors may 
be known by the health care professional and 
some may be known by the coach. The source 
of the information is irrelevant from a theoreti-
cal perspective. That said, the fact there are sev-
eral different sources of information underscores 

StARRT Framework

Risk
Assessment
Process

Tissue
Health

Tissue
Stresses

Risk Tolerance
Modifiers

Step 1
Assessment of

Health
Risk

Step 2
Assessment of

Activity
Risk

Step 3
Assessment of
Risk Tolerance

Return-to-Play Decision

Strategic Assessment of Risk & Risk Tolerance

Patient Demographics (e.g. age, sex)

Symptoms (e.g. pain, giving way)

Personal Medical History (e.g. recurrent injury)

Signs (Physical Exam) (e.g. swelling, weakness)

Special Tests (e.g. pain with function, x-ray, MRI)

Type of Sport (e.g. collision, non-contact)

Position Played (e.g. goalie, forward)

Limb Dominance (e.g. MSK alignment)

Competitive Level (e.g. professional, playoffs)

Ability to Protect (e.g. padding)

Functional Tests (e.g. diagonal hop test)

Psychological Readiness (e.g. affecting play)

Timing & Season (e.g. playoffs)

Pressure from Athlete (e.g. desire to compete)

External Pressure (e.g. coach, athlete family)

Masking the Injury (e.g. effective analgesia)

Conflict of Interest (e.g. financial)

Fear of Litigation (e.g. if restricted or permitted)

Fig. 4.2 The Strategic Assessment of Risk and Risk 
Tolerance (StARRT) framework for return to sport (RTS) 
decisions. This framework illustrates that athletes should 
be allowed to return to play when the risk assessment 
(Steps 1 and 2) is below the acceptable risk tolerance 
threshold (Step 3) and not allowed to return to play if the 
risk assessment is above the risk tolerance threshold. The 
StARRT framework groups factors according to their 
causal relationships with the two components of risk 
assessment (tissue health, stresses applied to tissue) and 
risk tolerance. In some cases, an apparently single factor 

can have more than one causal connection and would be 
repeated. For example, playoffs will increase the competi-
tive level of play and therefore increase tissue stresses and 
increase risk. However, playoffs are also expected to affect 
an athlete’s desire to compete (i.e. mood, risk of depres-
sion if not allowed to RTS) and could affect financial ben-
efit as well. These causal effects would lead to increased 
risk tolerance. In the StARRT framework, each outcome is 
evaluated for RTS, and the overall decision is based on the 
most restricted activity across all outcomes (see text for 
details) (Reprinted from: Shrier [7])
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the need for coordination and communication of 
care amongst all parties through the FAIR model 
mentioned above. To anchor the discussion, let 
us assume we are evaluating an athlete who had 
a complete ACL tear reconstructed with a bone- 
patellar- bone graft 4 months previously. We are 
asked to determine if the athlete can RTS.

4.3.1  Step 1: Tissue Health

According to the first step in Fig. 4.2, we need 
to assess the stress the tissue can absorb before 
becoming damaged. If the bone-bone interface 
of the new reconstruction remains weak, or the 
patella remains weak following the graft, the risk 
of injury will be much higher than if more time is 
allowed for healing. In general, we often evaluate 
the strength of injured tissues through the pres-
ence of symptoms (e.g. pain), signs (e.g. swell-
ing), and diagnostic tests (e.g. muscle strength). 
Where we do not have good indicators of tissue 
health, we rely on our knowledge of healing from 
the basic sciences. It may not be great evidence, 
but it may be the best we have.

4.3.2  Step 2: Tissue Stresses

The objective at the end of Step 2 is to under-
stand the risk of each important outcome (e.g. 
reinjury, osteoarthritis) for a given level of activ-
ity. Conceptually, there is a risk assessment for 
each of level of activity. As the level of activity 
increases, the stress applied to the tissue will be 
greater than the tissue can absorb and a reinjury 
would occur. Alternatively, the amount of stress 
to other body parts that are compensating might 
overwhelm the strength of those tissues and 
cause injury. Long-term effects might occur if the 
muscles are not able to absorb the normal shock 
that occurs across a joint [19].

Traditionally, training activity has been cat-
egorized using the “FITT” principle: one can 
modify activity through frequency (e.g. 3  day/
week), intensity (e.g. running fast or climbing 
hills), timing (e.g. 20 min/session), and type. In 
the case of an ACL reconstruction, some activi-
ties such as flutter kick with swimming place 

only minimal stress on the ACL.  Other activi-
ties such as high-level competitive table tennis 
require twisting and sudden motions at the knee, 
which may result in stresses that surpass the heal-
ing stage at 4 months. This emphasizes how the 
StARRT framework is based on the biomechan-
ics that cause an increased stress (i.e. the causes 
of injury).

When thinking about RTS, clinicians should 
frame the discussion in terms of what activi-
ties provide stress levels that do not surpass the 
expected health of the tissue. In this sense, the 
answer for RTS in every case is Yes, and the deci-
sion is really about the definition of “activity/
play” at that moment in time.

Although Fig. 4.2 includes specific categories 
under Step 1 and Step 2, these are conceptual and 
only to be used as guides to help decision-makers 
capture relevant information through a struc-
tured approach. For example, in a team relay in 
swimming, the decision to include breast-stroke 
(whip-kick) vs. crawl (flutter kick) as different 
sports or different positions within a sport is aca-
demic. Similarly, tight hamstrings in an athlete 
mean that forward flexion must come more from 
the back, which increases lumbar and thoracic 
stress and would be part of Step 2 if one were 
concerned about back injury. However, tight 
hamstrings might represent a sign of increased 
fatigue for the hamstrings, which is a sign of 
hamstring tissue weakness and part of Step 1 if 
one were concerned about hamstring injury.

4.3.3  Step 3: Risk Tolerance 
Modifiers

Once we have an idea of the risk, we then decide 
if the risk is acceptable. This is a key step in mak-
ing the RTS process transparent. For the same 
absolute risk, two clinicians (or two athletes) may 
have different risk tolerances, and therefore come 
to different RTS decisions. In addition, a clini-
cian evaluating an athlete with a sprained ankle 
who is about to compete in the Olympics versus a 
14-year-old playing high school basketball under-
stands from the biopsychosocial model that there 
are other aspects to life aside from the risk of rein-
jury. These other factors contribute to the athlete’s 
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health and should affect our decision as to whether 
a particular risk is acceptable or not. A factor is 
included as a risk tolerance modifier if there is any 
context where changing the factor would change 
one’s threshold of an acceptable risk.

The StARRT framework is about arriving at a 
decision based on whether the assessment of risk 
exceeds one’s risk tolerance. In the FAIR model, 
we are concerned with the overall health or well- 
being of the athlete [20]. How do we define well- 
being or health? In a series of studies, we found 
that both sport medicine clinicians and non- 
clinicians considered psychological-related fac-
tors (desire to compete, psychological impact of 
not returning to play, loss of competitive stand-
ing) as well as potential financial loss, timing of 
the season, competitive level, and fear of litiga-
tion as important factors in their decisions [9]. 
Clinicians and non-clinicians had similar ratings 
across most of these factors [20].

The StARRT framework sits within the FAIR 
model of athlete care. It helps organize the infor-
mation available into risk assessment (Steps 1 
and 2) for a particular outcome and how to be 
aware of factors affecting one’s risk tolerance for 
that outcome (Step 3). In the next section, we dis-
cuss how to apply the framework in some chal-
lenging situations.

4.4  A Concrete Example 
in Applying the StARRT 
Framework

Applying the StARRT framework should usu-
ally be straightforward. For this example, we will 
use an acromio-clavicular joint sprain in a col-
legiate American football linebacker because this 
was one of the clinical vignettes in our validation 
study (Fig. 4.3) [10].
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Fig. 4.3 The proportion of respondents who would allow 
activity without restriction is plotted for the different acro-
mio-clavicular injury severity levels (increasing severity 
from Example 1 to Example 6) described in the clinical 
vignettes included in the validation study of Shrier et al. 
[10]. The solid line presents the results for the base case 
when the athlete is an American football linebacker. The 

dashed line presents the results when we decreased the 
likelihood of excessive stress by considering the player to 
be a field goal kicker instead of a linebacker (Tissue 
Stresses). The dotted line presents the results when the 
linebacker (base case) was being evaluated for a multi-
million-dollar bonus (Risk Tolerance modifiers) 
(Reprinted from: Shrier [7])
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The increase in signs and symptoms from 
Example 1 through Example 6 is due to an 
increase in tissue damage, which means the tis-
sue will be less able to absorb stress before 
reinjury. As the tissue health decreased, clini-
cians were less likely to allow the athlete to full 
RTS.  When we changed the scenario to a field 
goal kicker (very low risk of contact), we effec-
tively decreased the stress that would be applied 
to the tissue (i.e. contact), the risk of reinjury 
decreased, and more clinicians were ready to 
allow the athlete to return to full activity. To see 
the importance of effect modifiers, we changed 
the vignette so that the athlete was being evalu-
ated for a million-dollar signing bonus. At each 
level of risk of reinjury, clinicians followed the 
biopsychosocial model and realized that potential 
economic benefit contributes to overall health, 
and more clinicians allowed the athlete to RTS.

The example in this section discussed RTS 
decisions as if they are all or none. Alternatively, 
we could have placed different levels of activity 
on the x-axis (weight room only, running drills, 
full practice, full game) and asked clinicians 
whether they would let the injured athlete partici-
pate. For any one level of injury, more clinicians 
would let the athlete in the weight room, fewer 
would allow full practice, and even fewer would 
allow full game.

4.4.1  Multiple Outcomes

When we first proposed the StARRT framework, 
some had argued that the clinician should simply 
stop at Step 1 for life or limb-threatening condi-
tions. However, there is a risk of death in every 
sport. For injured athletes, these critics seemed to 
be evaluating if the increased risk of death of the 
athlete in this context was “unacceptably greater” 
than the risk of death amongst the usual player 
(or the same player before the injury). However, 
this logic has important limitations.

To illustrate the limitations in the logic, let us 
consider a basketball player recovering from a 
concussion. On Day 5 post-concussion, the ath-
lete has headaches after reading for 5 min. It is 
likely that most clinicians would not allow any 
practice or competition. What if we consider the 

same story, but in a table tennis player? We might 
believe table tennis is not a good idea because 
it would increase the symptoms, but we are no 
longer worried about an increased risk of death. 
This vignette illustrates that the level of activity 
is central to the RTS decision-making process 
because it is the piece we can control. We can 
almost always set the activity level so there is an 
“acceptable risk”. From a different perspective, 
playing injured in one sport (e.g. baseball) may 
have less risk than playing healthy in another 
sport (e.g. American football). Therefore, to be 
internally consistent, we must evaluate the abso-
lute risk for the athlete and not compare the risk 
with the risk of a healthy person in the same sport.

As noted above, some clinicians find the model 
easier to understand when used as a method to 
determine which level of activity is permissible, 
rather than thinking of RTS as an all-or-none 
decision. By separating out risk modifiers from 
assessment of risk, and then separating out the 
components that contribute to risk assessment, 
the StARRT framework helps make these for-
merly hidden assumptions more transparent for 
the clinician.

We have already mentioned how the StARRT 
framework can be used for any outcome – injury, 
death, and so on. The examples thus far have 
focused on one outcome. Because we are nor-
mally interested in many outcomes, the RTS 
decision is simply the most conservative decision 
from all the outcomes. In other words, the deci-
sion is “No” if the risk tolerance for any outcome 
is No. Alternatively, if we consider the RTS deci-
sion to determine the level of activity permitted, 
it is the highest level of activity that produces an 
acceptable level of risk across all outcomes. The 
logic is the same as an athlete with multiple inju-
ries. If an athlete has an ankle injury that would 
allow her to run, but a knee injury that requires 
crutches, she is prescribed crutches.

Risk tolerance modifiers reflect contexts 
where risk tolerance is affected, but do not rep-
resent risks themselves. Sometimes a factor may 
affect the risk, and yet is also a risk modifier 
for different reasons. For example, play is often 
more aggressive during the playoffs compared 
to the early season, representing an increase in 
the stress applied to the tissue (Step 2). Playoff 
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games may also affect risk tolerance (Step 3) 
because the financial compensation, psycho-
logical state, and prestige are different compared 
with the early season. The reason playoffs are 
considered in both steps is because the causal 
mechanism is different. Therefore, there may 
be contexts where timing of season has minimal 
effect on risk assessment, but large effects on risk 
tolerance, or vice versa.

4.4.2  From StARRT to Decision-Tree 
Analysis

The StARRT framework is not new. It is simply 
applying a Decision Theoretic approach to the 
context of RTS. More complicated versions are 
possible and would lead to decision-tree analy-
sis. In a full decision-tree analysis, we evaluate 
the causal effects of choosing one action (allow-
ing RTS) over another (not allowing RTS). If we 
consider reinjury and mental health as outcomes, 
the following four scenarios are possible: injured 
and good mental health, injured and poor men-
tal health, uninjured and good mental health, and 
uninjured and poor mental health. One might 
consider that uninjured and poor mental health 
is unlikely since the athlete is doing their activity 
and should be in a good mental state. However, 
within the biopsychosocial model, if an athlete 
is not psychologically ready, there might be high 
anxiety for an extended period of time, and this 
could have effects outside of sport.

In a full decision-tree analysis, one would 
attach probabilities to each of the four scenarios. 
To the extent possible, the probabilities would 
be based on actual risk scores developed from 
surveillance or intervention studies (similar to 
Framingham Risk Score for cardiovascular dis-
ease [21]). At the end of the process, one still 
needs to make a value judgement. If the risks are 
all the same, the value judgement is simply about 
which state is preferable. For example, is it bet-
ter to be uninjured with a poor mental state or 
injured with a healthy mental state? If the risks 
are different, the question might be whether one 
would prefer a 20% risk of being uninjured with 
a poor mental state compared to a 30% risk of 

being injured with a healthy mental state. As 
these are value judgements, there are no algo-
rithms or statistical analysis that can provide the 
best answer for an individual athlete. Although 
computer programs can easily provide overall 
probabilities of each outcome, the calculation is 
based on several assumptions that may or may 
not be true. In the end, the optimal choice will 
depend on many factors, including the personal 
values of the decision-maker.

4.5  The Athlete’s Best Interests?

In this chapter, I have referred to “best interests 
of the athlete” several times. How do we define 
“best interests”? If athlete’s best interest is our 
objective, we need to define the term before we 
can decide on a process to achieve it. However, 
as different people have different personal and 
societal values, how can this be done? For this 
discussion, I loosely define the best interests to 
include some combination of the athletes’ needs, 
desires, and interests. Each of these is a distinct 
construct even if there is overlap between them.

Every independent person has the authority to 
make decisions about their own risks for health 
unless otherwise restricted by law (e.g. helmets 
while driving motorcycles in many countries) 
or the person is deemed not capable of provid-
ing consent through diminished mental capacity. 
However, in sport and other work-related injuries, 
many jurisdictions require that a medical doctor 
approve the return to activity. This loss of auton-
omy for healthy athletes can be challenging. In 
this section, we discuss different approaches on 
deciding who should have the authority to make 
the decision, when, and why. In the next section, 
we discuss some advantages and disadvantages of 
giving each of the following the power to decide: 
the athlete (or designated representative such 
as parent or power of attorney), any one of the 
clinicians (e.g. medical doctor, physiotherapist, 
athletic trainer, chiropractor, nurse, nutritionist), 
coach, management (e.g. sport association, team 
employer), the athlete’s family, an agent, or some 
multidisciplinary team made up of a combination 
of the above stakeholders.
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The interactions between the athlete, family, 
friends, agents, coaches, clinicians, and institu-
tional or corporate managers are often complex 
and confusing. Although there have been discus-
sions of power relationships in medical sociology 
[22], this has not occurred within the context of 
RTS decisions. Even though shared decision-
making promotes “negotiation” approaches to 
treatment [23], power relationships remain as the 
ultimate decision-making power usually resides 
with the clinician. When athletes avoid interaction 
with clinicians [23], they retain power over the 
decision-making process by default except where 
the clinician’s approval is expressly required.

The StARRT framework first requires an 
assessment of risk. Are clinicians better at assess-
ing risk than others? Are some clinicians (e.g. 
medical doctors) better than others at assessing 
risk (e.g. physiotherapists)? We asked members 
of different Canadian sport medicine professional 
groups to rank which professional group mem-
bers might be best to answer such questions [20]. 
In general, most participants ranked medical doc-
tors as the most capable to assess the health of the 
tissue, even though there are no studies evaluat-
ing this capacity. With respect to risk of reinjury, 
short-term and long- term consequences, medical 
doctors believed medical doctors were best, phys-
iotherapists believed physiotherapists were best, 
and chiropractors believed chiropractors were 
best. Of the non-clinician groups, official sport 
association members generally believed medical 
doctors were best, athletes believed physiothera-
pists were often equal or better than medical doc-
tors, and coaches believed physiotherapists and 
medical doctors were generally equal but medi-
cal doctors were better at assessing long-term 
consequences. When the same respondents were 
asked which group had the greatest capacity to 
assess the importance of risk tolerance modifiers, 
the athletes and coaches were generally consid-
ered the best.

In making a RTS decision, one would natu-
rally want to obtain the most valid information. 
The results above suggest that an informed deci-
sion requires information from several sources. 
Risk tolerance is a value judgement. Further, 
there are many different outcomes that need to be 

evaluated and synthesized if the decision-maker 
is to act in the best interests of the athlete. How 
many medical doctors have spent enough time 
with an athlete to truly understand their wishes, 
dreams, or psychological stability? How can a 
coach evaluate potential suffering due to a pos-
sible future consequence of severe osteoarthritis? 
Two different medical doctors are likely to have 
different risk tolerances; which of these risk tol-
erances represents the best interests of the ath-
lete? Is it really possible for clinicians to block 
out their own conflicts of interest with respect to 
association with a team? As much as one might 
try, there may be an unconscious or conscious 
bias to allow the athlete to RTS even though 
the risk assessment suggests a risk higher than 
the decision-maker’s risk tolerance level in the 
absence of this fear. Is a coach any different?

4.6  Which Stakeholder Should 
Be the Decision-Maker?

Table 4.1 summarizes some major strengths and 
weaknesses of each of the stakeholders to make 
an ethical RTS decision. Sport medicine fol-
lows a Workers’ Compensation model, where 
the underlying assumption is that a medical doc-
tor’s opinion is independent and therefore pro-
tects the worker from unreasonable pressure by 
the employer. However, team health profession-
als (e.g. medical doctors, physiotherapists, ath-
letic trainers) are usually hired by the team and 
therefore have dual allegiances. Athletes may 
obtain recommendations for RTS from non-team 
clinicians, but the team health care professional 
usually retains the final decision-making power 
unless legal proceedings ensue.

When several health professionals are involved 
in caring for the same athlete, an already com-
plex situation becomes more difficult and lines 
of communication and authority must be clearly 
defined [1]. According to one consensus docu-
ment, the essential elements for RTS decisions 
are the safety of the injured athlete and other 
athletes, as well as compliance with any rules or 
regulations [1]. The role of social and economic 
factors with respect to overall health and well-
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being within an RTS context has not been explic-
itly studied [24]. Without clear recommendations 
about which factors must be included in the RTS 
decision, clinicians must rely on their own value 
and belief systems, which often include issues 
other than safety [23].

To make an informed decision as required 
by law, an athlete’s mental status must be suf-
ficient to evaluate the short-term and long-term 
consequences of the decision. In injuries such as 
concussion, the ability to process information is 
clearly impaired. Even in a healthy athlete, is it 
possible to evaluate and process complex infor-
mation during a competition when decisions have 
to be made very rapidly, and emotions are strong 
during the event? Unfortunately, our cognitive 

ability under these conditions has not yet been 
evaluated.

One might argue that outside of competi-
tion, the athlete should have the time available 
to become informed and to evaluate the differ-
ent consequences with respect to all aspects of 
health. Yet our current framework treats in-com-
petition and out-of-competition the same. For the 
athlete, how well can clinicians and others evalu-
ate the following factors that have been linked to 
low self-esteem and depression [2]?

 1. Injury may represent a form of body-betrayal 
and a source of self-resentment [25].

 2. Psychological needs such as the desire to 
compete or “love of the game” [26].

Table 4.1 Strengths and weaknesses when the decision- maker is a particular stakeholder

Stakeholder Strengths Weaknesses
Clinicians
Medical doctor Knowledge about injury risk and 

consequences of injury. More often not 
an employee of management so less 
probability of coercion

Less personal contact with individual athletes 
and may not understand them as well

Team therapista Knowledge about injury risk and 
consequences of injury. Generally know 
athletes better than medical doctors

Usually an employee of management and may 
have less perceived power than medical doctor. 
This might mean more likely subject to coercion

Other (e.g. nutritionist, 
psychologist)

Similar to medical doctors and usually 
knowledgeable about injury/illness risk 
and consequences of injury/illness within 
their field of expertise

Usually a paid consultant to management. If 
perceived power is less than a medical doctor, 
then more subject to coercion

Non-clinicians
Athlete Knowledge of the athlete’s global needs 

is near complete (but not complete). By 
definition, provides the best source for 
information about athlete’s needs and 
values

Only has personal experience about injuries 
incurred so knowledge base is limited. Difficulty 
assessing risk. During heightened emotion of 
competition, may not be able to properly weigh 
risks and benefits even if given information. For 
injuries affecting cognition (e.g. concussion), 
informed consent is not possible

Coach Often aware of athletes’ strengths, 
desires, and values. On occasion, will 
have a more complete view of athlete’s 
benefits such as sport career potential

Limited experience to evaluate risk. During 
heightened emotion of competition, may be 
difficult to properly evaluate risks. Potential 
conflict if athlete may be important to win the 
game

Family, friends Often strong knowledge of athlete’s 
global needs, desires, and values

Least experience to evaluate risk. On occasion, 
could be motivated by own personal gains if 
athlete RTS

Management (sport 
association, team)

Often aware of career potential and the 
benefits (or lack thereof) that can occur 
with RTS

Objective to win may increase risk tolerance 
even though athlete would not benefit

aThe term “team therapist” is used to refer to any one of the professions that has clinical training to evaluate and treat 
sport injuries and illnesses. In some cases, the term used to represent a valid clinical profession in one country repre-
sents a completely different (and invalid) profession in another country. Team therapists are often physiotherapists, 
athletic therapists, athletic trainers, chiropractors, and massage therapists
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 3. Sociocultural influences and status amongst 
peers and fans may affect mental health and 
stability [2, 25].

 4. Not playing when injured can lead to identity 
crises, feelings of guilt and shame, or experi-
ences of alienation from the team [26–28].

At the same time, although some athletes 
would like to be more involved in RTS deci-
sions themselves [26], others (1) indicate they 
have learned to trust medical doctors and train-
ers to make decisions for them [27] and believe 
it is important for medical personnel to prevent 
them from returning to sport prematurely [29] 
or (2) reported being pressured into returning to 
sport too early by the medical doctor, trainer, or 
coach [28].

Some coaches believe athletes can be caught 
in a “risk-pain-injury paradox” and that the coach 
should push athletes to maximize athletic perfor-
mance without taking excessive risks [30]. This 
may include competing while injured. Coaches 
also see their role as managing unrealistic athlete 
expectations about progress following an injury 
and RTS [28].

It is clear that management’s objective is to 
win, and there is a strong possibility of conflict 
of interest. That said, management may have 
important information and perspectives to offer 
with respect to career potential, and some man-
agement may have a longer-term view and want 
to maximize the longevity of the athlete.

Interactions with family, friends, agents, and 
institutional or corporate managers are often com-
plex and confusing. These stakeholders are often 
accused of placing “non-health issues” above 
“health issues”, but the definition of “health” is 
often defined very narrowly and may not repre-
sent the overall best interests of the athlete.

4.6.1  Protecting the Athlete 
with a Multidisciplinary 
Approach?

Assuming we agree on a definition of “best 
interests”, the key to an ethical process is to 
minimize the risk of coercion and misrepresen-

tation of information. Could a process that uses 
a  multidisciplinary team approach to decision-
making achieve this?

Potential conflicts of interest, both con-
scious and subconscious, exist for each stake-
holder. Some individuals may be better at 
recognizing these than others. One advantage 
of a team approach is that each team member 
can help ensure that others’ (and their own) 
potential conflicts of interest are made trans-
parent and documented. The transparency may 
also provide decision-making team members 
with insight into issues that were only operat-
ing subconsciously. Finally, the team approach 
and documentation may temper inappropriate 
enthusiasm for an option that benefits the pro-
ponent of the decision as opposed to the well-
being of the athlete.

A team approach is not without challenges. 
First, in-competition decisions must be made 
quickly and a team approach would not be 
feasible. Second, although conflicting values 
between team members are made transparent, 
they remain. By their nature, decisions about risk 
assessment and risk tolerance can elicit strong 
emotions. Therefore, there is a risk that a team 
approach may create interpersonal conflicts that 
would otherwise be avoided when there is one 
clear decision-maker. Third, a mechanism must 
be available to resolve conflicting opinions: 
either the athlete returns to a level of activity 
or does not return to the level of activity. Does 
each member have one vote, or do we weight 
members’ votes to account for their different 
capacities and potential conflicts of interest? This 
theoretical perspective may provide a significant 
voice to aspects of athletes’ well-being that may 
otherwise go ignored, but can such a method be 
operationalized?

The current model is effective and efficient 
when athletes agree with the RTS decision. 
However, when athletes disagree, they may sue 
to be able to play or sue when allowed to play 
and adverse events occur. In both cases, the cur-
rent model has judges as the final decision-maker 
to determine athlete well-being. However, why 
should judges be considered the best to determine 
the best interests of an athlete? What training do 
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they have to understand the biopsychosocial con-
sequences of injury and RTS? Exploring solu-
tions to the challenges mentioned above may 
result in a more stable and ethical model.

4.7  Summary

In this chapter, we explained how we should con-
sider the RTS decisions within the broader con-
text of caring for the athlete as a person. When 
caring for the athlete requires RTS decisions, the 
first two steps of the StARRT framework address 
risk assessment, and the third step focuses on fac-
tors that can modify the RTS decision-based risk 
tolerance. After considering all the factors, if the 
risk of the outcome is less than the risk tolerance, 
the decision should be to RTS.  Otherwise, the 
decision should be no RTS.

The current decision-making process occurs 
within a social context that is affected by the 
values, beliefs, and attitudes of a single decision- 
maker. The steps are not always transparent and 
may lead to confusion and unnecessary conflict. 
Regardless of who is given the authority to make 
the final RTS decision, each of the stakeholders 
has information that might be helpful in under-
standing the best interests of the athlete, and each 
of the stakeholders is likely to have conscious or 
subconscious conflicts of interest. To borrow a 
thought from Winston Churchill, our current pro-
cess seems to be the worst form of decision-mak-
ing, “… except for all those other forms that have 
been tried from time to time” [31]. Hopefully we 
will continue to be creative and think of newer 
and better ideas that lead to more consistent deci-
sions that favour athlete well-being and minimize 
conflict.
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5.1  Introduction

When athletes suffer a season-ending knee injury 
such as an anterior cruciate ligament (ACL) rup-
ture, their thoughts of return to sport (RTS) begin 
almost immediately. The goal of ACL reconstruc-
tion surgery is indeed to restore the knee stability 
that is necessary for jumping, cutting, and pivot-
ing sports and certain activities of daily living. 
Yet, returning to sports is far from guaranteed 
following ACL reconstruction. While approxi-
mately 80% of these patients will be able to 
return to some level of sports participation, only 
about two-third return to their previous level of 
sport and one-half to a competitive level of sport 
[1, 2]. Younger patients may have more optimis-
tic odds. A systematic review and meta-analysis 
on RTS following ACL reconstruction in patients 
aged 6–19 years old reported that 92% returned 
to any level of sports, 79% returned to previous 
levels, and 81% returned to competitive level of 
sport [3]. For those who do RTS following ACL 

reconstruction, the risks of graft rupture and con-
tralateral ACL rupture are not insignificant.

There are many reasons for not achieving a 
return to the previous level of sport, including 
poor surgical outcome, inadequate rehabilitation, 
and psychological barriers. Some patients simply 
elect to transition to other interests and priorities 
[1, 3]. For athletes who desire a return to the level 
of sport they previously enjoyed, there are numer-
ous opportunities for the treating medical profes-
sionals to intervene and improve the likelihood of 
achieving this goal. The expertise needed to facil-
itate this goal is varied and best achieved with a 
concerted effort from a knowledgeable sports 
medicine team consisting of the orthopedic sur-
geon, team physician, and rehabilitation special-
ists (physical therapists and athletic trainers). The 
purpose of this chapter is to identify these oppor-
tunities and explain the need for intervention on 
the part of the sports medicine team, with focus 
on the preoperative, early postoperative, late 
postoperative, and RTS phases of rehabilitation.

5.2  Preoperative Phase

Even before surgery is scheduled, there are steps 
to take toward a successful RTS.  Perhaps the 
most critical is setting reasonable expectations 
for the athlete. This includes expectations regard-
ing time away from sports, commitment to reha-
bilitation, restrictions during the recovery phases, 
goals to be met prior to RTS, risks of reinjury and 
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contralateral injury, and the possibility of not 
returning to sports at the same level. The orthope-
dic surgeon typically sets these expectations and 
is charged with communicating them to the phys-
ical therapists, athletic trainers, and any other 
team physicians involved in the athlete’s care. 
Because rehabilitation timelines and postopera-
tive restrictions vary from surgeon to surgeon, 
documented protocols are important to ensure 
that the athlete, coaches, and sports medicine 
team members are all aligned in their expecta-
tions. They also allow the expectations to be rein-
forced by each of the team members, making it 
more likely for the message to come through to 
the athlete as intended. This list of expectations 
includes an enormous amount of information to 
convey in a single orthopedic clinic encounter, 
and the amount of verbal information retained by 
a patient after receiving a diagnosis of ACL rup-
ture is undoubtedly low.

After hearing the diagnosis and recommenda-
tion for surgery, the primary question on the ath-
lete’s mind is usually, “How soon can I get back 
to sports?”. They expect a concrete and numeric 
answer, which they use to calculate how much 
and which parts of their athletic careers they will 
miss. Six months from surgery is a common 
response, with 9–12 months often used for pre- 
adolescent patients. Being goal-setters and high 
achievers, athletes will commonly latch on to a 
shorter timeframe, confident that they will be 
ready by then, if not sooner. In fact, the percent-
age of patients who are able to pass a series of 
post-ACL RTS tests at 6 months is usually 0–7% 
[4]. The more prudent response from the clini-
cian involves giving a minimum time away from 
sports, while emphasizing that specific goals 
must be reached before RTS is permitted, and 
that many high-level athletes need more than 
6  months to achieve these goals. Each extra 
month that RTS is delayed affords a 51% reduc-
tion in the reinjury rate up to 9  months [5], so 
waiting can be well worth it. Explaining that graft 
maturation and restoration of normal neuromus-
cular, proprioceptive, and biomechanical patterns 
following ACL reconstruction can take up to 
2 years [6, 7] puts the significance of the injury 
and required recovery into perspective. The ath-

letic trainer (or parent/guardian when no athletic 
trainer is involved) should convey the same mes-
sage to the coaching staff so that the athlete does 
not feel pressured by coaches or teammates to 
RTS before being released by the surgeon.

The investment in rehabilitation following ACL 
reconstruction is easily underestimated. Patients 
should be counseled from the outset that partici-
pating in physical therapy multiple times a week 
as well as daily exercise for several months is a 
crucial part of the recovery process. The resources 
of time, transportation, and finances needed to 
engage in ACL rehabilitation are substantial for 
the patient and family members. Accommodations 
can sometimes be made to ease the burden, such as 
stacking physical therapy visits at certain phases 
of recovery and enrolling in transitional physical 
therapy programs that allow the use of equipment 
without direct interaction of the physical therapist 
for a nominal fee. Using accommodations appro-
priately requires planning based on reasonable 
expectations and communication between the 
patient, rehabilitation specialists, and surgeon.

Concomitant chondral, meniscal, and liga-
mentous injuries often warrant modifications to 
the rehabilitation protocol for ACL reconstruc-
tion, and these should also be clearly communi-
cated before surgery to optimize compliance. For 
example, weight-bearing is typically delayed 
when a chondral repair or restoration procedure 
is combined with the ACL reconstruction. In con-
trast, small untreated chondral lesions do not 
necessitate a change in the protocol [8]. Limiting 
deep knee flexion following meniscal repair sur-
gery is usually accomplished with a lockable 
hinged knee brace, and physical therapy exer-
cises done out of the brace should adhere to the 
same limitations. For combined ACL and collat-
eral ligament reconstructions, an extended course 
of postoperative bracing is commonly used to 
limit strain on the graft, and athletes should 
expect a longer time before RTS. Excessive scar 
formation should be expected following these 
combined injuries, so particular attention to 
regaining range of motion (ROM) in the early 
postoperative weeks is extremely important [9].

Finally, setting realistic expectations regarding 
the rates of reinjury and RTS is an essential com-
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ponent of the preoperative discussion. The rate of 
second ACL injury, whether ipsilateral graft fail-
ure or contralateral ACL rupture, ranges from 5% 
to 25% [2, 4, 10–12]. Younger age (<25), female 
gender, and return to cutting and pivoting sports 
have all been associated with increased risk of 
second ACL injury [2, 4, 10, 11]. The highest risk 
of reinjury occurs within the first 7 months fol-
lowing RTS [2]. A second ACL injury is devastat-
ing to the athlete who missed so many months of 
participation and worked so hard in rehabilitation 
only to circle back to the beginning. Although 
awareness of this possible outcome does not ease 
the disappointment, it does allow the athlete to 
make educated choices regarding his or her 
approach to RTS. Knowing that one-half to one-
third of patients will not return to their previous 
level of sport [1, 4, 13] may also impact the short-
term and long-term goals of the athlete. Among 
professional athletes, the ability to return to the 
preinjury level of play varies by sport, with bas-
ketball and soccer players more likely to experi-
ence a decrease in performance while hockey 
players, skiers, and snowboarders remain rela-
tively consistent [4, 14–17]. A meniscectomy per-
formed at the time of ACL reconstruction can 
shorten the expected career length for profes-
sional football players [18].

When first faced with an ACL injury, the ath-
lete should revisit his or her goals and priorities. 
Multiple factors influence the progression of 
rehabilitation and RTS, including age, stage of 
the athletic career, time of the athletic season, 
level of play, contract commitments, and family 
commitments [10]. Orthopedic surgeons, team 
physicians, physical therapists, and athletic train-
ers all have a role to provide the athlete with feed-
back and evidence-based guidance to assist in 
modifying goals as needed. Middle school, high 
school, and collegiate athletes tend to think only 
of the immediate future, and they should be 
informed of the impact their injuries and choices 
have on the function of their knees over the com-
ing decades.

Preoperative rehabilitation, or “prehab,” starts 
as soon as the diagnosis and surgical manage-
ment are established. Prehab is key preparation 
for a successful recovery and should not be 

glossed over in favor of a sooner surgery date as 
that can have a contradictory effect. The intent of 
prehab is to reduce swelling, restore full knee 
ROM, normalize gait, and minimize muscle atro-
phy and postoperative neuromuscular deficits [7, 
9, 10]—essentially work the knee back to its pre-
injury appearance and function as closely as pos-
sible. This can typically be accomplished within 
3–4  weeks from the injury [9, 10]. Failure to 
achieve adequate knee ROM prior to surgery puts 
a patient at risk for postoperative stiffness since 
preoperative and postoperative knee ROM are 
strongly correlated [10]. Patients who undergo 
extensive preoperative physical therapy have 
superior functional outcomes and higher rates of 
return to preinjury level of activity [19].

A secondary benefit of prehab is that it 
increases the number of preoperative interactions 
between the athlete and the sports medicine team. 
The physical therapists working with the athlete 
should take advantage of this time to reinforce 
expectations, take stock of the athlete’s support 
system, and evaluate the athlete’s motivation, 
compliance, and psychological outlook on the 
injury. Particularly in young patients who rely on 
others for transportation, having an adequate sup-
port system can make the difference in achieving 
a successful outcome. Early identification of 
issues with motivation, compliance, and psycho-
logical outlook allows time to troubleshoot 
before they become more detrimental. The ortho-
pedic surgeon or team physician may schedule a 
second preoperative visit to ensure prehab goals 
have been met, and this also provides another 
opportunity to answer questions and assess the 
patient’s understanding of the postoperative 
course.

Another important discussion between the 
orthopedic surgeon and the athlete involves graft 
selection for ACL reconstruction. While each of 
the different graft options has advantages and 
disadvantages, the biology of healing favors cer-
tain grafts when a more aggressive rehabilitation 
is desired. For allograft tissue, the slower 
 ligamentization process compared to autograft 
negates the benefit of avoiding donor site mor-
bidity. ACL reconstruction with allograft requires 
a longer period of restriction from jumping, cut-
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ting, and pivoting activities and is associated with 
a higher failure rate in young, active patients [9, 
20–22]. The ligamentization process and graft- 
to- tunnel healing occur more rapidly in patellar 
tendon autograft compared to hamstring tendon 
autograft, which may justify faster progression 
through the rehabilitation stages [7, 9, 10]. The 
loss of dynamic medial knee stabilizers with 
hamstring harvest also makes it a less optimal 
choice for athletes planning to return to jumping, 
cutting, and pivoting sports. Athletes with signifi-
cant hyperextension, which is common in gym-
nasts and many young athletes, tend to stretch out 
hamstring autograft over time [10]. In contrast, 
wrestlers are generally less tolerant of kneeling 
pain, which is more common following patellar 
tendon harvest. Hamstring or quadriceps tendon 
autograft may be better options for athletes in 
whom kneeling pain is a major concern. However, 
the discomfort is usually short-lived with good 
surgical technique. There are multiple consider-
ations and trade-offs in graft selection that impact 
ultimate RTS. Even the savvy patient will benefit 
from the guidance of the orthopedic surgeon 
regarding graft options.

5.3  Early Postoperative Phase

The crux of the early postoperative phase lies in 
striking the right balance between forward prog-
ress and restful healing. Moving too slowly risks 
muscle atrophy and stiffness that is difficult to 
reverse and can impact RTS. Moving too quickly 
excessively strains the graft before ligamentiza-
tion and tunnel healing are complete, risking 
graft failure. The athlete relies on the orthopedic 
surgeon and physical therapists to provide guid-
ance on the pace of rehabilitation. The appropri-
ate pace is not intuitive to the patient, who wants 
to rest while the knee hurts and get back to a 
regular life once the knee begins to feel normal 
again.

The first 2 weeks following ACL reconstruc-
tion surgery are a critical window for prevention 
of avoidable complications. At the first postoper-
ative visit, ideally less than a week from the date 
of surgery, the orthopedic surgeon should person-

ally examine the patient’s knee. Patients often 
come to the first visit resting the knee in mild 
flexion despite verbal and written warnings 
against doing so. Failure to recognize and correct 
this at the first postoperative visit can lead to a 
permanent flexion contracture. As little as 5° of 
extension loss can result in long-term patellofem-
oral pain, quadriceps weakness, and gait abnor-
malities [2]. These deficits can translate into 
delayed or incomplete RTS and eventual degen-
erative changes in the knee [10]. Knee aspiration 
may be necessary for a large effusion to allow 
full knee extension and relieve the quadriceps 
inhibition caused by the effusion. Smaller knee 
effusions may respond to aggressive cryotherapy 
and compression, which can be reinforced at the 
first visit. Vastus medialis inhibition occurs with 
only 20–30 mL of fluid in the knee, and vastus 
lateralis and rectus femoris inhibition occurs with 
50–60 mL of fluid [23]. After addressing the effu-
sion, the patient should be instructed in stretching 
exercises for regaining full active and passive 
knee extension (Fig. 5.1). A physical therapist or 
athletic trainer who is present for this first post-
operative visit is a huge asset, as they can provide 
hands-on instruction for the patient in a daily 
home exercise program. This is particularly help-
ful for patients who are not scheduled to start 
physical therapy immediately after the visit. The 
goal is to obtain full active and passive knee 
extension, equal to the contralateral side, within 
2 weeks of surgery [2, 24]. Additional physical 

Fig. 5.1 This passive knee stretching exercise is per-
formed to regain full extension in the early postoperative 
phase. A bolster is placed under the ankle and a weight is 
placed over the distal thigh to create a gradual stretch over 
the course of 10–15 min (adapted from Wilk and Arrigo 
[9]. Reprinted by permission of Elsevier via Rightslink)
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therapy appointments or postoperative clinical 
visits may be needed to ensure this goal is met.

Regaining full knee flexion, while still an 
important part of early rehabilitation, occurs on 
an intentionally slower timeline. The goal time to 
achieving full knee flexion is approximately 
6–8  weeks for an isolated ACL reconstruction 
[2]. Pushing knee flexion too quickly can exacer-
bate pain and swelling, which is counteractive to 
future progress [9]. Deep knee flexion may also 
be undesirable for concomitant procedures such 
as meniscal repair. Continuous passive motion 
devices are not routinely used following ACL 
reconstruction due to the lack of substantial sup-
porting evidence [2, 8]. Patients should be made 
aware of the supremacy of extension over flexion 
motion in the early postoperative weeks so that 
they focus their stretching exercises in physical 
therapy and their home exercise program.

Patellar mobilization exercises are started 
immediately as a means of minimizing anterior 
scar tissue formation so that knee flexion returns 
with less difficulty over the ensuing weeks. 
Restoring patellar mobility is also essential to 
recovery of quadriceps function and avoidance of 
excessive forces in the patellofemoral compart-
ment [9]. Once instructed in patellar mobilization 
exercises by a rehabilitation specialist, the patient 
can perform them independently on a daily basis.

Another common complication to combat in 
the early postoperative phase is quadriceps weak-
ness. This starts with quadriceps activation exer-
cises with the knee in full extension, which can be 
performed before any active ROM has returned. 
Neuromuscular electrical stimulation (NMES) 
units may also expedite the recovery of quadriceps 
strength [2]. NMES can be prescribed for use in 
the early weeks following surgery, both at physical 
therapy and with a home unit. A systematic review 
demonstrated greater isometric quadriceps torque, 
peak quadriceps torque, and isokinetic knee exten-
sion strength with use of NMES [25]. Patients 
work toward performing a straight leg raise against 
gravity without an extension lag. These early inter-
ventions are necessary for restoring normal, unas-
sisted ambulation. While postoperative bracing 
has not shown any benefits on ultimate outcome 
following ACL reconstruction, the use of a knee 

immobilizer or hinged knee brace locked in exten-
sion allows progression of weight-bearing while 
patients are still in the early stages of quadriceps 
strengthening [24].

The rate at which goals are achieved in this 
early postoperative phase varies from patient to 
patient and is not always predictable from preop-
erative interactions with the patient. An impor-
tant role of the rehabilitation specialists is to 
identify and manage patients who are progress-
ing too quickly or too slowly. These concerns 
should be communicated to the orthopedic sur-
geon, who may then choose to modify the reha-
bilitation protocol or meet with the patient to 
reinforce expectations. The frequency of physical 
therapy visits during this phase should be agreed 
upon by the physical therapist and orthopedic 
surgeon based on the individual patient’s rate of 
progression. Patients who are slow to regain 
ROM and quadriceps activation because of pain, 
swelling, fear, or other factors will benefit from 
several sessions per week. Due to insurance limi-
tations on the total number of covered sessions, 
stacking visits in the early postoperative phase 
may necessitate less frequent visits later in the 
rehabilitation process [2]. This adjustment will 
be worthwhile to the slowly progressing patient 
because the overall pace of recovery is typically 
set in the early weeks. In contrast, the patient 
who has minimal pain and swelling and quickly 
regains ROM and quadriceps activation may do 
well with once weekly physical therapy sessions. 
This preserves sessions for later rehabilitation 
phases when more attention to residual neuro-
muscular deficits and proper body mechanics 
may improve the chances of a timely RTS [2]. 
However, not all patients who are progressing 
quickly will be appropriate for this adjustment. 
Patients who have minimal pain but do not under-
stand the need for healing on a cellular level are 
at risk for pushing past restrictions if given too 
much independence with their rehabilitation. 
ACL grafts are weakest between 4 and 12 weeks 
postoperatively, a window when young patients 
in particular begin feeling more normal and are 
tempted to return to their active lives [24].

As in the preoperative phase, communication 
between the orthopedic surgeon, rehabilitation 
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specialists, team physician, and athlete is of 
utmost importance in the early postoperative 
phase. Athletes are usually highly motivated in 
their rehabilitation, but physical therapy of this 
intensity is an unfamiliar experience for most. 
They need to hear consistent instructions from 
the entire sports medicine team, who should 
explain the rationale for restrictions in basic 
terms to improve compliance. All parties should 
be made aware of concomitant procedures per-
formed with the ACL reconstruction, such as 
bony realignment, meniscal repair, and articular 
cartilage restoration or repair, and how these pro-
cedures impact the rehabilitation protocol [2]. At 
the authors’ institution, postoperative visits are 
conducted adjacent to the physical therapy gym. 
For patients who perform their physical therapy 
on- site, this setup allows the treating physical 
therapist to attend the visit, provide valued insight 
to the surgeon, and participate in management 
strategies. Communication is immediate and 
confirmed, and the athlete receives a unified mes-
sage. This resource is clearly not available in all 
orthopedic practices, and not practical for patients 
who live far from that location. In these cases, 
establishing a timely line of communication 
between the local rehabilitation specialists and 
the orthopedic team allows prompt identification 
and management of patients who are progressing 
too slowly or too quickly.

5.4  Late Postoperative Phase

The goals of the early postoperative phase—a 
pain-free, uninflamed knee with full ROM, good 
quadriceps activation, and a normal gait—are fol-
lowed by a focus on neuromuscular retraining, 
visual-motor training, and increasing work load. 
An ACL rupture disrupts not only the collagen 
fibers but also the neural circuits between the 
knee and the brain that drive motor patterns [4, 
26–28]. This proprioceptive capacity is not typi-
cally restored within the standard RTS time-
frame. Therefore, proper movement patterns 
must be intentionally retrained through repetition 
and feedback from an experienced rehabilitation 
team. Continued training is often necessary long 

after the athlete has RTS, and the need for endur-
ance building is crucial to avoid reinjury [4]. 
Developing the neuromuscular control needed to 
return to jumping, cutting, and pivoting sports 
safely is a complex process that requires “ade-
quate strength and mobility, kinesthetic aware-
ness, efficient joint mechanics, and a sufficiently 
adaptive motor control system” [6]. It is not the 
type of rehabilitation that can be accomplished 
solely with a home exercise program, so patients 
should not be discharged from physical therapy 
before this phase.

The foundation of neuromuscular retraining is 
built with progressive strength training and identi-
fication of residual strength deficits. Closed 
kinetic chain exercises reveal strength deficits in 
the operative lower extremity, while open kinetic 
chain exercises isolate the specific muscles or 
muscle groups that harbor the deficit [29]. The 
quadriceps and the hamstrings tend to get the 
most attention in ACL rehabilitation programs, 
but muscular weakness and atrophy of other mus-
cle groups frequently occurs during the period of 
protected weight-bearing and activity restriction. 
Deficits in core and hip abductor and external 
rotator strength can result in abnormal landing 
patterns that lead to a second ACL injury [11]. 
Therefore, these muscle groups should also be tar-
geted and tested by the physical therapist prior to 
advancement to the final stage of rehabilitation.

Comparison to the contralateral extremity is 
commonly used as a gauge for progression to 
running and sport-specific training. Patients who 
achieve quadriceps and hamstring strength of at 
least 75–80% of contralateral lower extremity 
may be permitted to begin running and light ply-
ometrics, whereas 85–90% is a standard thresh-
old for sport-specific training [2]. Hop tests may 
also be utilized with side-to-side comparison to 
assess for progression to sport-specific rehabilita-
tion activities. Side-to-side comparisons carry the 
caveat that strength deficits may also be present 
in the uninjured extremity, which might have 
been a contributing factor to the original injury. 
Unilateral ratios (e.g., hamstring to quadriceps) 
and knowledge of muscular activity in sport- 
specific motions and positions provide important 
supporting data for decisions on progression to 
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the later stages of rehabilitation [24, 29]. Strength 
deficits are most notable during the first 6 months 
following surgery, but will persist to a lesser 
degree for 2 years or more [11]. The importance 
of continued efforts on reducing such deficits 
even after RTS should be emphasized to the ath-
lete throughout the course of physical therapy.

Permission to begin a jogging or running pro-
gram is a major milestone in ACL rehabilitation. 
As described above, the athlete should have 
achieved the set goals for pain, swelling, ROM, 
gait pattern, and strength to reach this milestone. 
In practice, however, a large proportion of 
patients are advanced to running purely based on 
the time from surgery. Rambaud et al. [30] pub-
lished a scoping review of 201 studies to deter-
mine what criteria were used to decide when 
patients were permitted to begin running follow-
ing ACL reconstruction. The median time to run-
ning was 12 weeks, and only 18% of examined 
studies reported using criteria other than time 
from surgery to determine when patients would 
be released to running [30]. Physical therapy pro-
tocols usually list ranges of postoperative weeks 
along with the different phases of rehabilitation. 
While this practice is intended as a guide for 
where the patient is expected to be in the recov-
ery process and to set certain minimum parame-
ters to protect the graft, providers who are 
inexperienced in ACL rehabilitation may rely too 
heavily on these dates to cue progression. 
Protocols should be written with clearly stated 
criteria for progression to subsequent phases. For 
example, Rambaud et al. proposed necessary cri-
teria to begin running as: pain score less than 2 on 
visual analog scale, full knee extension, at least 
95% of contralateral knee flexion, and minimal to 
no effusion [30]. Strength thresholds and func-
tional tests for balance and dynamic loading are 
also appropriate to add to this list. If date ranges 
are included on the protocol, it should be clearly 
stated that patients should not be progressed 
without meeting the listed criteria regardless of 
where they are chronologically in the protocol. 
Conversely, patients who have met the criteria 
well ahead of schedule should not be advanced 
beyond the listed minimum time from surgery to 
allow for adequate graft incorporation [24].

The sport-specific training phase follows the 
progressive running program, again with specific 
criteria to be met before proceeding. This phase 
is not a release back to regular training with a 
team or coach, but rather a stage for practicing 
the complex movements required for sport in the 
controlled and non-competitive setting of physi-
cal therapy and/or athletic training. Strength and 
neuromuscular control are expected to be 
approaching normal by this stage, but require fre-
quent feedback and fine-tuning. A systematic and 
gradual increase in workload is key to maintain-
ing neuromuscular control and proper joint 
mechanics as fatigue develops [4]. The pressure 
for return to sport escalates around this time, as 
athletes, coaches, and family members see the 
end in sight. Orthopedic surgeons and team phy-
sicians are charged with standing firm to their 
data-based assessment of an athlete’s readiness in 
face of this pressure. The use of formalized func-
tional sports assessments, discussed in the next 
section provides objective support to the physi-
cian’s stance on RTS.

5.5  RTS Phase

RTS is a phase of ACL rehabilitation, not a dis-
crete time point, and should be presented to the 
athlete as such. One reason for this is that the 
functional sports assessment often reveals subtle 
deficits that need to be corrected and retested 
prior to a full release to competitive sports. Other 
factors such as psychological readiness and time 
in the athletic season may also warrant a more 
gradual RTS. Athletes should also be counseled 
by the orthopedic surgeon that since there is no 
biological threshold when the ACL graft transi-
tions from “at risk” to “not at risk,” reinjury pre-
vention will be a long-term process that extends 
well past their RTS participation. Attention to 
neuromuscular control and other modifiable risk 
factors will limit the risk of reinjury but never 
fully eliminate it [10, 29].

While the orthopedic surgeon or team physi-
cian ultimately makes the decision to medically 
release the athlete back to sports training, the 
decision should be based on input from the ath-

5 Role of the Team Physician, Orthopedic Surgeon, and Rehabilitation Specialists



74

lete, physical therapist, and athletic trainer. It is 
important to recognize that being medically 
cleared to play does not necessarily mean ready 
to compete. These other professionals may have 
concerns or questions about RTS that do not sur-
face during a postoperative visit with the ortho-
pedic surgeon. While clinicians can determine 
readiness to train and practice, coaches will need 
to know when an athlete can compete. Wilk and 
Arrigo [9] proposed a three-stage RTS, with the 
first level involving sport-specific training, the 
second level allowing practice with other ath-
letes, and the third level introducing game com-
petition. The benefit of separating practice from 
game competition is that the athlete has more 
opportunity to self-regulate and reacclimate to 
playing with other athletes.

In 2011, Barber-Westin and Noyes [31] pub-
lished a systematic review examining RTS criteria 
in the literature. Similar to the return to running 
criteria, time from surgery was the most com-
monly cited criterion for RTS (32%), with subjec-
tive and objective criteria cited only 15% and 13% 
of the time, respectively [31]. The past several 
years have seen a response to this concerning data, 
with the formalization of RTS testing using objec-
tive functional sports assessments at many institu-
tions. Less attention has been given to the 
subjective, psychological issues surrounding RTS, 
though standardized assessment tools do exist.

The functional sports assessment (also 
referred to as functional movement assessment, 
functional testing algorithm, etc.) is a compre-
hensive series of tests that provides objective, 
qualitative, and quantitative data on the patient’s 
risk of ACL reinjury and, by extension, readiness 
for a safe RTS [29]. Its content varies from one 
institution to another, but typically includes a 
combination of ROM and flexibility testing, 
strength testing, gait analysis, functional testing, 
and patient-reported outcomes. Ligament stabil-
ity testing with an arthrometer, video analysis, 
and psychological outcome scores may also be 
included [29]. Results are provided in terms of 
overall risk of reinjury, acknowledging that zero 
risk is unachievable. The scores on each section 
of the test highlight the residual deficits that con-
tribute to the overall risk assessment. It is critical 

for the physical therapist and/or orthopedic sur-
geon to review the results of the test in detail with 
the patient to communicate the areas for improve-
ment, even for those deemed ready to begin 
sports participation. Shorter and less intense ver-
sions of the functional sports assessment may be 
developed for patients who do not intend to return 
to a competitive level of play or sports that require 
jumping, cutting, and pivoting [29].

The functional sports assessment is typically 
administered at least 5–6  months after surgery, 
and following completion of running and agility 
programs. Relatively simple tests can be per-
formed in clinic to see if the athlete is even ready 
to undergo a functional sports assessment. These 
include 10 repetitions of a one-legged squat to 
evaluate for dynamic valgus and core stability, or 
a video drop-jump test to evaluate landing con-
trol with transition into a jump [11]. Poor perfor-
mance on these tests indicates that more 
strengthening and neuromuscular control will be 
needed to pass the functional sports assessment, 
so time and resources need not be wasted at that 
point. If the athlete does seem appropriate for a 
functional sports assessment, the testing protocol 
can be developed based on available resources. 
Davies et al. [29] described the lower extremity 
functional test (LEFT), which is the final stage in 
their functional sports assessment, following 
physical examination, strength testing, ligament 
stability testing, and functional hop testing. The 
LEFT test incorporates eight different agility 
drills, all completed in under 3 min in a diamond- 
shaped area that is approximately 30  feet by 
10  feet in area. The drills test the patient’s 
responses to acceleration and deceleration, ath-
letic maneuvers, and fatigue [29, 32]. The 
Hospital for Special Surgery Quality of 
Movement Assessment uses frontal and sagittal 
plane video and live analysis of 10 tasks, 
 assessing the quality of movement with regard to 
strategy, depth, control, limb symmetry, and 
alignment. When testing was performed between 
5 and 7 months postoperatively, 60% of patients 
demonstrated risky movement patterns in more 
than half of the tasks [4]. The application of func-
tional sports assessments has indeed revealed that 
the expectation of RTS 6 months following ACL 
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reconstruction surgery is not realistic for many 
patients. Preparing the athlete for this possibility 
is an important role of the orthopedic surgeon, 
team physician, and rehabilitation specialists in 
an effort to ease the ensuing disappointment, dis-
couragement, and distrust of the treatment team 
that can accompany a poor test result.

The functional sports assessment used at the 
authors’ institution is a standardized and compre-
hensive evaluation performed by the Sports 
Medicine Program clinicians specifically trained 
to administer the test. The quantitative portion 
compares the operative and nonoperative lower 
extremities in terms of strength, balance, jump-
ing, frontal and sagittal plane hops, single leg 
squats, and agility, and measures core strength. 
The qualitative portion assigns scores based on 
power, control, knee flexion, varus/valgus motion, 
shock absorption, trunk stability, and hip/pelvic 
strategy (Fig. 5.2). Finally, a patient- reported con-
fidence score is obtained from the ACL-Return to 
Sport after Injury (ACL-RSI) test (Fig. 5.3). Due 
to the time it takes to complete the test, it is sched-
uled as a separate visit and completed at the 
authors’ institution regardless of where the patient 
completed postoperative rehabilitation. Patients 
are stratified as high, medium, or low risk for 
return to planting, cutting, pivoting, and impactful 
sports. The results of the test are reviewed with 
the patient at the end of the visit, and the orthope-
dic surgeon uses the test results to determine read-
iness for sports participation. Patients who have 
concerning deficits are prescribed additional reha-
bilitation and retested at a later date.

The patient-reported confidence score is a 
critical component of the functional sports 
assessment, reflecting the patient’s trust that the 
reconstructed knee will function properly when 
sports are resumed. The fear of reinjury is one of 
the top reasons for failure to RTS and does not 
always align with the quantitative and qualitative 
results of testing [10, 33, 34]. Fear of reinjury is 
specific to the injury event itself, rather than the 
consequences of reinjury such as additional sur-
gery, rehabilitation, and time away from sports. It 
manifests both psychologically and physiologi-
cally, with distrust of the knee, distraction, and 
abnormal muscular recruitment patterns that can 

actually contribute to reinjury [34]. Mood distur-
bances, depression, anger, and decreased self- 
esteem are common in injured athletes, and can 
persist for several months following the injury 
[35]. There is some evidence to suggest that ath-
letes with ACL injuries suffer greater and more 
enduring depression than those with concussions 
[36]. These emotions are strongest immediately 
following the injury, weakening over the course 
of rehabilitation only to reintensify as RTS 
approaches [34]. Affected athletes can be taught 
coping strategies, but it requires early 
 identification of patients at risk for a disabling 
fear of reinjury. Orthopedic surgeons, physical 
therapists, and athletic trainers with an under-
standing of the fear of reinjury are best poised to 
identify these patients and initiate interventions.

The first step in managing at-risk patients 
involves asking patients about their emotions 
and their ability to cope with the injury and 
recovery [37]. This can be done verbally during 

Fig. 5.2 This patient landing on the operative leg during 
a single-leg hop test demonstrates valgus collapse and 
poor balance and core stability, signs that she is not ready 
to return to sport

5 Role of the Team Physician, Orthopedic Surgeon, and Rehabilitation Specialists
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routine postoperative visits, or with the use of 
questionnaires administered at various points 
during rehabilitation [34, 37]. There are multiple 
questionnaires that are applicable for assessing 
psychological impact of ACL injuries. The 
 ACL- Quality of Life (ACL-QoL) and ACL-RSI 
questionnaires are patient-reported outcome 

tools specific to ACL injuries. The Tampa Scale 
for Kinesiophobia (TSK) was developed to 
assess fear of movement and reinjury in patients 
with chronic pain but has been used for a variety 
of acute musculoskeletal problems including 
ACL injury, in its original and short versions 
(TSK-11) [34].

Anterior Cruciate Ligament-Return to Sport after Injury (ACL-RSI)

Instructions: Use the drop-down menu to indicate which best describes you in relation to the descriptors.

1. Are you confident that you can perform at your previous level of sports participation?

2. Do you think you are likely to re-injure your knee by participating in your sport?

3. Are you nervous about playing your sport?

4. Are you confident that your knee will not give way by playing your sport?

5. Are you confident that you could play your sport without concern for your knee?

8. Are you confident about your knee holding up under pressure?

9. Are you afraid of accidentally injuring your knee by playing your sport?

10. Do thoughts of having to go through surgery and rehabilitation prevent you from playing your sport?

11. Are you confident about your ability to perform well at your sport?

12. Do you feel relaxed about playing your sport?

6. Do you find it frustrating to have to consider your knee with respect to your sport?

7. Are you fearful of re-injuring your knee by playing your sport?

Not at all relaxed

Not at all confident

Not at all confident

Not at all confident

Not at all confident

Not at all confident

Extremely frustrating

Extremely fearful

Extremely afraid

All of the time

Extremely likely

Extremely nervous

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

0 10 20 30 40 50 60 70 80 90 100

Fully relaxed

Fully confident

None of the time

Not afraid at all

Fully confident

No fear at all

Not frustrating at all

Fully confident

Fully confident

Not nervous at all

Not likely at all

Fully confident

Fig. 5.3 The ACL-RSI survey is a tool developed by Webster et al. [38] that can be administered to the athlete to assess 
psychological readiness for return to sport
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Referral to a sports psychologist is an appro-
priate next step for patients who are identified as 
having a notable fear of reinjury [37]. In general, 
it is beyond the scope of the orthopedic surgeon 
to characterize and treat problems with self- 
efficacy, self-esteem, and coping strategies, so 
management of these issues should be transferred 
to an expert. Counseling sessions may involve 
guided visualization, graded exposure, relaxation 
techniques, and positive self-talk [33, 34, 37]. A 
systematic review [33] of randomized controlled 
trials examining the use of psychological coun-
seling following ACL reconstruction showed 
inconsistent benefits on postoperative function, 
quality of life, and fear of reinjury. However, 
counseling was provided to all study subjects, not 
just those demonstrating at-risk mental status 
[33]. The impact of psychological counseling on 
the fear of reinjury and RTS is yet undetermined, 
and future research is warranted on this topic.

5.6  Summary

Orthopedic surgeons, team physicians, and reha-
bilitation specialists have various roles and respon-
sibilities to the ACL-injured athlete that begin 
before surgery and continue through the extended 
RTS phase. Throughout the course of rehabilita-
tion, the key themes are (1) effective communica-
tion between the athlete and the entire sports 
medicine team, (2) preparation of the athlete for the 
demands and potential disappointments of ACL 
rehabilitation, (3) ongoing adjustments to the reha-
bilitation plan based on the variability of progres-
sion among individual athletes, and (4) attention to 
the athlete’s mental state in addition to physical 
state. The science of RTS following ACL recon-
struction is far from complete and will benefit from 
continued clinical and basic science research.
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6.1  Introduction

This chapter summarizes return to sport (RTS) 
and subsequent reinjury/failure data after anterior 
cruciate ligament (ACL) reconstruction from a 
total of 95 studies (published from 2000 to 2018) 
that reported on 42,275 athletes (Table  6.1). 
Three major categories of subjects are presented: 
amateur athletes of all ages (29,711 athletes from 
40 studies), children and adolescent athletes 
(10,661 athletes from 31 studies), and elite col-
legiate and professional athletes (1903 athletes 
from 23 studies). One study that provided epide-
miologic data on recurrent ACL ruptures in col-
legiate athletes was also included [1]. For each 
athlete category, we summarize (when available) 
RTS rates, factors that had either a positive or 
negative influence on postoperative sports activ-
ity levels, ACL reinjury rates (to either knee), sig-
nificant factors associated with ACL reinjury 
rates, and published criteria cited by the studies 
for release to unrestricted activities.

Acknowledgement is made that no scientific 
evidence is presently available to determine when 
an ACL graft has gained the appropriate biome-

chanical strength indices to be safely subjected to 
high forces incurred with athletics. The process 
of ligamentization occurs over a lengthy period 
of time and differs according to the graft source 
selected for reconstruction [2]. These concepts 
are discussed further in Chap. 7.

The methods for rating athletic activities and 
determination of RTS percentages varied in these 
studies and this presents problems when compar-
ing published data. Validated sports activity 
scales such as the International Knee 
Documentation Committee (IKDC), Tegner, 
Cincinnati, and Marx were used in the majority 
of studies. The published reliability, validity, and 
responsiveness properties of these scales, as well 
as their potential pitfalls, are detailed in Chap. 
23. However, non-validated questionnaires devel-
oped by study investigators were also used in 
many studies and these instruments were seldom 
provided in the publications. Few studies indi-
cated whether patients who returned to sports did 
so with or without symptoms or limitations due 
to the knee condition [3–5]. We believe that RTS 
data should include an analysis of any problems 
athletes experience either during or after partici-
pation and the number of so-called knee abusers 
[6] should be provided. Finally, the follow-up 
time period of data collection varied from 1 to 
20  years postoperatively. Caution is therefore 
warranted in the interpretation of the RTS data 
presented for various categories of athletes.

In addition to the individual studies included 
in this chapter, meta-analyses and studies from 
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national ACL registries have calculated ACL 
graft and contralateral ACL reinjury rates linked 
to RTS and factors significantly associated with 
reinjuries. Wiggins et al. [7] assessed data from 
19 studies on 23,740 subjects (mean age, 24.4; 
range, 11–64) and calculated reinjury rates to the 
ipsilateral ACL of 7% (95% confidence interval 
[CI] 5–8%), to the contralateral ACL of 8% (95% 
CI 5–13%), and to either knee of 15% (95% CI 
10–22%). Factors associated with reinjuries were 
age <25 years (reinjury rate 20%), return pivot-
ing/cutting sports (reinjury rate 21%), and both 
age <25 years and return pivoting/cutting sports 
(reinjury rate 23%). Faltstrom et al. [8] examined 
data from 20,824 patients (all ages) in the 
Swedish national ACL registry of whom 702 
(3%) required ACL revision and 591 (3%) sus-
tained a contralateral tear. These investigators 
reported significant predictors for ACL reinjuries 
were age <16  years (hazard ratio [HR] 4.26, 
P < 0.001), primary ACL reconstruction within 
1 year (HR 1.5, P < 0.001), and playing soccer at 
primary injury (HR 1.00, P < 0.05). Kay et al. [9] 
reviewed data from 20 studies of 717 patients 
aged 6–19 years. The reinjury rates were 13% to 
the ipsilateral ACL and 14% to the contralateral 
ACL.  These authors found that few studies 
assessed factors associated with reinjuries.

Also not included in the analyses in this chap-
ter, but important to note, are a few studies that 
examined RTS rates after bilateral primary ACL 
reconstructions [10–13]. Webster et al. [13] fol-
lowed 107 patients a mean of 5.3 years after the 
most recent ACL reconstruction, all of whom 
were involved in level I or II sports before their 
first ACL injury. After the first ACL procedure, 

83% returned to the same sports level; however 
after the second ACL reconstruction, only 40% 
returned to the same level. There was no signifi-
cant effect of age, gender, or time between ACL 
procedures on RTS. Of those that did not return, 
nearly half cited fear of reinjury as the predomi-
nant reason. Faltstrom et al. [10] reported poorer 
results in 83 patients that had bilateral ACL 
reconstructions. After the first ACL reconstruc-
tion, 75% returned to the previous Tegner activity 
level; however, after the second procedure, only 
12% returned to their prior activity level. The 
majority cited reduced function of the knee(s) as 
the major reason for not returning.

In 2011, we performed a systematic review 
that analyzed the factors investigators had used 
over the previous 10  years to determine when 
return to unrestricted athletics after ACL recon-
struction was allowed [14]. Of 264 studies in the 
review, 105 (40%) failed to provide any RTS cri-
teria. Only 35 studies (13%) noted objective cri-
teria required for RTS.  We recommended a 
comprehensive knee examination by the surgeon 
followed by a battery of tests that include an iso-
kinetic lower limb strength assessment, single- 
leg hops, knee arthrometer, video drop-jump, and 
single-leg squat prior to release to unrestricted 
activities. In addition, hip and core muscle 
strength testing and the multistage fitness test 
were recommended. Others have also recom-
mended several tests and provided criteria for 
RTS [15–19].

The updated material in this chapter regarding 
this topic continues to show that many publica-
tions fail to provide RTS criteria, even in articles 
in which the determination of return to preinjury 

Table 6.1 Summary of number of studies and patients reviewed

All studies reviewed RTS and reinjury data RTS data Reinjury data
No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

Amateur athletes 40 29,711 12 2118 33 8331 17 23,267
Children/
adolescent athletes

31 10,661 25 2099 27 2307 29 10,453

Collegiate athletes 5 377a 1 89 4 342 2 89a

Professional 
athletes

19 1526 9 969 19 1526 9 969

RTS return to sport
aThe study by Gans et al. [1] did not provide the number of patients
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activity levels was a main purpose of the study. 
For instance, in the 30 studies on amateur ath-
letes, 16 did not provide any RTS criteria and 3 
provided just one criteria. We speculate that the 
published high reinjury rates in young athletes 
are due to a multitude of factors. Of particular 
concern is whether normal muscular and neuro-
muscular indices have been achieved bilaterally 
before RTS is allowed. We acknowledge that 
some of the studies that did not provide RTS cri-
teria may indeed have had certain objective mea-
sures athletes had to pass before release to full 
sports, but did not include this information in the 
publication.

6.2  Amateur Athletes

6.2.1  Return to Sport: Rates 
and Influential Factors

RTS data for 8445 amateur athletes aged 11–59 
(approximate mean age, 26 years) are shown in 
Table 6.2 and Fig. 6.1 [3–5, 20–50]. The percent-
ages of patients that returned to preinjury levels 
after ACL reconstruction ranged from 30% to 
64% at 1 year postoperatively, from 36% to 91% 
at 2–4.7 years, from 16% to 74% at 5–7 years, 
and from 30% to 79% at 15–20 years. One long- 
term study [23] (mean, 19.7 years) reported that 
79% of the patients had returned to their prein-
jury level at any time and, at the final evaluation, 
61% were participating in strenuous or very 
strenuous sports. Another long-term study [24] 
(mean, 15 years) reported that 73% of the patients 
had returned to their preinjury sport level at any 
time postoperatively; however, the percent par-
ticipating at this level at final follow-up was not 
given. A third long-term study [51] (mean, 
15  years) provided percentages of patients par-
ticipating in jumping/pivoting sports; however, it 
was unknown how many returned to their prein-
jury activity level.

Noteworthy declines in return to preinjury 
activity levels were noted in two studies that 
compared RTS rates at different postoperative 
time periods. Smith et  al. [3] reported that 
although 56% of 77 patients (37 male, 40 female, 

mean age 21 years) returned to preinjury activity 
levels 1 year postoperatively, only 36% were still 
participating a mean of 3.6 years postoperatively. 
Brophy et al. [25] found that 61% of 100 soccer 
players (55 male, 45 female, mean age 24.2 years) 
returned to their preinjury or higher level of play 
a mean of 1  year postoperatively. However, at 
long-term follow-up (mean 7.2 years), only 16% 
were still participating at their preinjury level.

Faltstrom et  al. [50] followed 117 female 
soccer players who underwent ACL hamstring 
reconstruction a mean of 3.7 years postopera-
tively. Although all returned to soccer after sur-
gery (61% same level, 18% higher level, 21% 
lower level), at follow-up 62% had stopped 
playing the sport. The most common reason 
was a new knee injury, which occurred in 26 
players (36%).

Failla et al. [27] compared return to preinjury 
sport rates between two cohorts: the Delaware- 
Oslo ACL (DOC, 192 patients) Cohort and the 
Multicenter Orthopaedic Outcomes Network 
(MOON, 1995 patients) group. The DOC group 
underwent extended preoperative rehabilitation 
and the authors hypothesized that this group 
would have superior outcomes. At 2 years post-
operatively, 72% of DOC patients returned to 
preinjury activity levels compared with 63% of 
those in the MOON cohort (P < 0.001). The con-
cept of the effectiveness of extended preoperative 
rehabilitation before ACL reconstruction is fur-
ther detailed in Chaps. 7 and 8.

The factors that influenced RTS are summa-
rized in Table  6.3. The most frequently studied 
individual factors were age, gender, postoperative 
muscle strength, postoperative limb symmetry, 
and preoperative body mass index (BMI). Results 
were mixed with regard to the effect of these fac-
tors on RTS rates. Several investigations used 
multivariate analyses to determine factors predic-
tive of RTS.  For instance, Nawasreh et  al. [22] 
reported a significant relationship between scores 
on return-to-activity criteria testing and return to 
preinjury activity levels in 80 patients determined 
1 and 2 years postoperatively. Patients who scored 
≥90% (at 6 months postoperative) on four single-
leg hop tests, an isometric quadriceps strength 
test, the Knee Injury and Osteoarthritis Outcome-

6 Return to Sport After Primary ACL Reconstruction in Amateur, Children, and Elite Athletes: Feasibility…
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Table 6.3 Summary of factors affecting return to sport after ACL reconstruction in amateur athletes

Factor
Effect on RTS (no. of studies) Total no. of 

studiesPositive Negative None
Age 2 (<25 years), 1 (<30 years) 1 (35–58 years), 1 

(≥30 years)
9 14

Gender 4 (male), 1 (female) 1 (female) 6 12
Preoperative
Body mass index 1 (“lower”) 4 5
Mechanism of injury 2 2
No smoking 2 2
Surgical
Associated cartilage injury 1 (none) 1 (yes) 1 3
Shorter time from injury to 
surgery

1 2 3

Associated MCL injury 1 1
Associated LCL injury 1 1
BPTB vs. hamstring autograft 1 2 3
BPTB autograft vs. hamstring 
autograft or allograft

1 1

Any autograft vs. allograft 1 1
ACL revision vs. primary 1 1
Associated meniscus injury 1 1 2
No complications 1 1
Ethnicity 1 1
Rehabilitation
Use of preoperative rehabilitation 1 1
Use of postoperative rehabilitation 
>3 months

1 1

Use of on-field end-stage 
rehabilitation

1 1

Belief in role of physical therapist 
in RTS

1 1

Type of sport: preinjury
Competitive or professional sport 1 1
Tegner level 10 1 1
“Higher” activity level 1 1
Soccer or lacrosse 1 1
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Fig. 6.1 Data from 34 studies that followed 8445 ama-
teur athletes are shown regarding the percent who returned 
to preinjury sports activities after ACL reconstruction

Activities of Daily Living (KOOS- ADL) scale, 
and the Global Rating Score were placed into a 
pass group and those who failed any of these cri-
teria were placed in a fail group. At 1 year postop-
eratively, 81% returned to preinjury activity levels 
in the pass group compared with 44% in the fail 
group. Similar results were reported at 2  years 
postoperatively. The multivariate logistic regres-
sion model showed the combination of age, gen-
der, and limb symmetry (from the four hop tests) 
significantly predicted the ability to return to pre-
injury activity levels (R2 = .45, P < 0.001).

Brophy et al. [25] reported their multivariate 
regression model (factors entered: age, gender, 
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graft type) was unable to predict RTS a mean of 
7.2  years postoperatively. Lefevre et  al. [31] 
reported that five variables were significantly 
and positively associated with RTS: primary 
ACL reconstruction (versus revision, odds ratio 
[OR] 2.0, P = 0.02), professional or competitive 
sport (versus recreational sport, OR 2.2, 
P < 0.0001), subjective IKDC score at 6 months 
>75 (OR 2.1, P = 0.001), KOOS Quality of Life 

score at 6 months >60 (OR 1.7, P = 0.009), and 
absence of complications or reinjury (OR 2.6, 
P = 0.03). Rosso [34] found just 1 variable was 
significantly associated with RTS: postoperative 
rehabilitation lasting more than 3 months (OR 
13.16, P  =  0.005). An ACL-Return to Sport 
After Injury (ACL-RSI) score of <60 was pre-
dictive of the inability to RTS (OR 0.04, 
P = 0.0001).

Table 6.3 (continued)

Factor
Effect on RTS (no. of studies) Total no. of 

studiesPositive Negative None
Type of sport returned to 1 (seasonal), 1 (low impact) 2
Postoperative lower-grade knee 
joint effusion

1 1

Postoperative objective tests
Muscle strength 1 (<15% deficit isokinetic), 1 

(“quadriceps strength”)
1 (quadriceps strength in women)

3 6

Single-leg hop tests <10–15% 
deficit

3 2 5

Normalized knee separation 
distance drop-jump

1 1

Postural stability 1 1
KT-1000 anteroposterior 
displacement

1 1

Postoperative symptoms
Knee instability 1 (fewer episodes) 1
Knee pain with activity 1 (“lower level”) 1 (with activity) 2
Any symptoms 1 1
Psychological factors
Fear of reinjury 3 3
High motivation to return to sport 2 2
Higher ACL-RSI scores 1 (“higher”) 1 (<60%) 2
Lower TSK-11 scores 1 1
Higher Knee Self-Efficacy scores 1 1
Higher SMPS personal standards 
scores

1 1

SMPS scores (except personal 
standards)

1 1

ERAIQ scores 1 1
SSP score 1 1
IKDC Knee Evaluation form 
grades A–B

1 1

IKDC Subjective Knee Evaluation 
form

1 (>75 pts. 6 months p.o.), 1 (>93 
pts. 12 months p.o.)

2

KOOS quality of life higher 
scores

1 1

ACL-RSI ACL Return to Sport after Injury scale, BPTB bone-patellar tendon-bone, ERAIQ Emotional Responses of 
Athletes to Injury Questionnaire, IKDC International Knee Documentation Committee, KOOS Knee Injury and 
Osteoarthritis Outcome Score, LCL lateral collateral ligament, MCL medial collateral ligament, pts points RTS return to 
sport, SMPS Sport Multidimensional Perfectionism Scale, SSP Swedish Universities Scales of Personality, TSK Tampa 
Scale for Kinesiophobia
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Multivariable analyses reported by Hamrin 
Senorski et al. [35] found an increase in the odds 
of RTS for male gender (OR 2.58, P  =  0.002), 
higher preoperative Tegner activity level (OR 
1.45, P = 0.004), <25 years of age at surgery (OR 
2.32, P < 0.0001), no concomitant medial collat-
eral ligament injury (OR 7.61, P = 0.02), and no 
meniscal injury (medial or lateral, OR 1.92, 
P < 0.05). Factors not predictive included BMI, 
autograft choice, and concomitant articular carti-
lage injury. Nwachukwu et al. [5] reported their 
multivariable analysis found an increase in the 
odds of RTS with use of a patellar tendon auto-
graft (versus allograft, OR 5.63, P  =  0.02). 
Conversely, the odds of RTS were significantly 
decreased for patients who had played soccer 
(OR 0.23, P  =  0.008) or lacrosse (OR 0.24, 
P < 0.05).

6.2.2  Reinjuries: Rates 
and Significant Factors

Reinjury rates in amateur athletes attributed to 
RTS from 18 studies are shown in Table 6.4 [20, 
21, 23–26, 30, 33, 47–50, 52–57]. Overall, ACL 
graft reinjury rates averaged 9% (range, 1–25%, 
Fig. 6.2). Reinjury rates according to graft source 
ranged from 2% to 7% for BPTB (5 studies), 
from 4% to 25% for STG (5 studies), and from 
2% to 11% from cohorts that included patients 
who received either BPTB or STG autografts (6 
studies). Only one study reported an allograft 
reinjury rate (6.9%).

Contralateral ACL injury rates, provided in 13 
studies, averaged 9% (range, 0–20%). With all 
studies included, these rates were not associated 
with longer follow-up. However, when the 20% 
rate reported by Paterno et  al. [52] was elimi-
nated from the analysis, a significant association 
was found (R2 = 0.49, P = 0.008). Reinjuries to 
either knee occurred in an average of 17% (range, 
5–32%, Fig.  6.3). Significant factors associated 
with reinjury rates are summarized in Table 6.5. 
Return to sport involving cutting and pivoting 
was the most common risk factor for both the 
ACL-reconstructed and the contralateral knee.

6.2.3  Published Criteria for Release 
to Unrestricted Activities

Criteria published by the articles that focused on 
amateur athletes for release to full unrestricted 
sports activities are shown in Table  6.6. Nine 
studies provided objective measurable criteria, of 
which three were from the Delaware-Oslo ACL 
Cohort. We acknowledge that some of the studies 
that did not provide RTS criteria may indeed have 
had certain objective measures athletes had to 
pass before release to full sports, but did not 
include this information in the publication.

6.2.4  Conclusions 
and Recommendations

The data analyzed from the 40 studies on amateur 
athletes show a wide range of RTS percentages, 
with very little information regarding specific 
sports and levels (for instance, high school soccer 
or recreational league tennis). A noteworthy prob-
lem with these studies is that they typically 
included patients of all ages, from adolescents to 
middle-aged adults, who have varying interests, 
motivations, and lifestyle commitments that allow 
participation in athletics. An average of 57% of 
patients returned to preinjury sport levels (range, 
16–91%). The majority of studies reported ACL 
graft failure rates ≤10%; however, contralateral 
ACL ruptures appear to be of equal or even greater 
concern upon return to athletics. Note is made that 
failure rates were reported in only 18 studies for 
the ACL graft and in 14 studies for the contralat-
eral ACL.  The most common factor related to 
reinjury of either knee was the RTS that require 
cutting and pivoting. Before release to high-risk 
sports involving extensive cutting, pivoting, jump-
ing, twisting, and turning, we conduct a battery of 
tests that measure lower limb strength, function 
and dynamic stability, anterior tibial translation, 
and neuromuscular function (described further in 
Chaps. 20 and 21). Using these criteria, our stud-
ies reported ACL graft failure rates of 5% [49] to 
7% [48], with no contralateral ACL injuries. End-
stage rehabilitation is individualized based on the 
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athlete’s goals and is discussed in detail in Chaps. 
13 to 18. We advise patients who wish to return to 
high-risk sports to undergo advanced neuromus-
cular retraining (Sportsmetrics), described in 
Chap. 14. We recommend the return to low-
impact activities in patients with advanced articu-

lar cartilage damage. RTS recommendations for 
athletes under the age of 20 who appear to be at 
the highest risk of reinjury are provided in the 
next section of this chapter.

6.3  Children and Adolescent 
Athletes

6.3.1  Return to Sport: Rates 
and Influential Factors

RTS data for 2307 patients aged 6–19 from 27 
studies are shown in Table 6.7 and Fig. 6.4 [20, 
23, 29, 53, 58–80]. The percentages of patients 
returning to preinjury levels after ACL recon-
struction ranged from 45% to 100% at 
1–3 years postoperatively, from 40% to 92% at 
4–5 years, from 69% to 87% at 6–10 years, and 
from 61% to 89% at 11–20 years. There was no 
relationship between the amount of time post-
operatively data were collected and RTS per-
centages reported. Although 17 studies reported 
that >80% of the patients returned to preinjury 
activity levels, no assessment of symptoms or 
functional limitations experienced during or 
after participation was provided. Only four 
studies [75, 78–80] determined the effect of 
operative factors, gender, or psychological fac-
tors on return to preinjury sport levels in young 
athletes (Table 6.8).

Fig. 6.2 Percentages of postoperative ACL injuries in 
amateur athletes are shown

Fig. 6.3 Percentages of postoperative ACL injuries in 
either knee in amateur athletes are shown

Table 6.5 Summary of factors statistically associated 
with reinjury/failure rates after ACL reconstruction in 
amateur athletes

Factor

ACL graft
Contralateral 
ACL

No. of 
studies No. of studies

Return cutting, pivoting 
sports

9 6

Female gender 3 1
Family history ACL tear 2 2
Use of allograft 2 0
Higher postoperative 
Marx activity score

1 0

Return preinjury sport 
level

0 1

Higher preinjury activity 
levels

1 0

Return sports ≤7 months 
postoperative

1 0

Quadriceps strength 
deficit

1 0

Contact injury 1 0
Male gender 1 0
Posterior tibial slope ≥12° 1 1
Age <25 1 1
Nondominant limb injured 0 1
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Table 6.7 Return to sport after primary ACL reconstruction in children and adolescent athletes

Study, 
country

Cohort

Preinjury 
sports

Criteria to return to 
sport RTS % and factors

No. of 
boys, 
girls

Mean 
age 
(range)

Mean 
follow-up 
year

Salmon et al. 
[23]

Total 38 16 
(14–18)

19.7 NP ≥ 6 months clinical 
confirmation 
ligament stability 
by surgeon

78% at any time; current f.u. 
61% strenuous/very 
strenuous, 26% moderate, 
13% light

Takazawa 
et al. [20]

52, 0 17 
(14–19)

4.7 Rugby NP 90% preinjury at some time, 
43% at final f.u.

Dekker et al. 
[70]

34, 51 13.9 
(6–17)

4 Marx; 
basketball 
(35%), soccer 
(28%), football 
(11%)

NP 84% preinjury level, 7% 
lower level, 9% no sports

Morgan et al. 
[76]

138, 
104

16 
(13–18)

16.6 NP 6–9 months when 
rehab goals met

69% preinjury

Shelbourne 
et al. [68]

83, 319 15.6 
(12–17)

9.8 Soccer and 
basketball

< 15% deficit 
quadriceps strength

87% basketball (boys and 
girls)
93% soccer girls, 80% soccer 
boys

Table 6.6 Criteria to return to sport after ACL reconstruction in amateur athletes

Study Criteria to return to sport
Grindem et al. [21], 
Nawasreh et al. [22]

DOC: <10% deficit isometric quadriceps strength, limb symmetry four single-leg hop 
tests; >90% scores KOOS-ADLS, GRS

Failla et al. [27] DOC: < 10% deficit isometric quadriceps strength, limb symmetry four single-leg 
hop tests; >90% scores KOOS-ADLS, GRS
MOON: <15% deficit 4 single-leg hop tests, ≥ 9 IKDC GRKF, no functional 
complaints, confidence running, cutting, jumping at full speed

Rosso et al. [34] <15% deficit isokinetic quadriceps and hamstring strength, <10% deficit single-leg 
hop, clinical knee stability, no pain or effusion

Lentz et al. [36] <15% deficit isokinetic quadriceps strength, full ROM, no effusion, completion 
agility and sport-specific program

Sousa et al. [38] <15% deficit isokinetic quadriceps and hamstring strength, <10% deficit three 
single-leg hop tests

Mascarenha et al. [4] At 6 months if <10% deficit muscle strength, no effusion, full ROM
Noyes and Barber-Westin 
[48] and Barber-Westin et al. 
[49]

6–9 months when running program completed and no pain, swelling, giving way, and 
<3 mm increase anteroposterior tibial translation on knee arthrometer test

Allen et al. [26] Patient gained functional stability and symmetric lower extremity strength
Ardern et al. [32] Completion rehabilitation program, full ROM, stable knee, functional quadriceps 

control, no effusion
Ardern et al. [44] Completion rehabilitation program, full ROM, stable knee, functional quadriceps 

control, no effusion
Devgan et al. [41] Close to full ROM and muscle strength
Almeida et al. [28] 6 months for sports movements, 8 months for contact sports
Salmon et al. [23] ≥ 6 months clinical confirmation ligament stability by surgeon
Bourke et al. [24] 6–9 months when rehabilitation goals met
Criteria not provided Smith [3], Brophy [25], Takazawa [20], Beischer [29], Laboute [30], Lefevre [31], 

Hamrin Senorski [35], Hamrin Senorski [46], Novaretti [37], Rodriguez-Roiz [39], 
Langford [40], Dunn [42], Sandon [43], Faltstrom [45], Nwachukwu [5], Webster 
[47, 50]

DOC Delaware-Oslo ACL Cohort, GRKF Global Rating of Knee Function, GRS Global Rating Score, KOOS- ADLS 
Knee Injury and Osteoarthritis Outcome Activities Daily Living score, IKDC International Knee Documentation 
Committee, MOON Multicenter Orthopaedic Outcomes Network, NP not provided, ROM range of motion
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Table 6.7 (continued)

Study, 
country

Cohort

Preinjury 
sports

Criteria to return to 
sport RTS % and factors

No. of 
boys, 
girls

Mean 
age 
(range)

Mean 
follow-up 
year

Shelbourne 
et al. [53]

218, 
310

<18 5 92% jumping, 
twisting, 
pivoting

NP 92% jumping, twisting, 
pivoting sports

Schmale 
et al. [80]

6, 23 14 (NP) 4 Tegner Tests of strength, 
coordination, and 
agility were not 
routinely performed

40% preinjury
Positive effect: patient 
satisfaction score
No effect: IKDC ratings

Larson et al. 
[73]

13, 16 13.9 
(9–16)

4 NP < 10% deficit 
single-leg hop tests, 
restoration jump 
landing and 
pivoting mechanics

76% preinjury

Graziano 
et al. [64]

30, 12 12 
(10–15)

1 Variety; soccer, 
lacrosse most 
common

KT-1000, isokinetic 
testing, single-leg 
hop (values NP); 
qualitative 
assessment 
single-leg squat, 
jump in place, 
deceleration tasks

93% preinjury

Placella et al. 
[77]

14, 10 13.1 
(9–14)

8 Tegner Good muscular and 
articular functional 
recovery in 
isokinetic and 
kinematic tests 
(data NP)

69% preinjury, 31% lower 
level

Holwein 
et al. [78]

28, 14 13.2 
(9–15)

2 Tegner, 70% 
competitive 
sports

NP 64% preinjury, 19% lower 
level
Positive effect: longer 
follow-up
No effect: IKDC 2000 
Subjective Evaluation

Redler et al. 
[61]

12, 6 14.2 
(11–15)

3.6 Tegner mean 
8.6

Usually at 6 months 100% preinjury

Calvo et al. 
[65]

16, 11 13 
(12–16)

10.6 Tegner 4–9 <10% deficit 
isokinetic strength

89% preinjury level, 11% 
lower level

Edwards 
et al. [63]

8, 11 13.6 
(11–15)

2.8 NP NP 95% preinjury

Cohen et al. 
[66]

11, 15 13.3 
(11–15)

3.7 NP NP 89% preinjury level

Dei Giudici 
et al. [67]

14, 5 13.9 
(12–16)

5 Tegner 7–10 NP 89% preinjury, 11% no 
sports

Kocher et al. 
[58]

23, 36 14.7 
(11–16)

3.6 Variety Usually at 6 months 100% cutting, pivoting sports

Cassard et al. 
[59]

20, 8 13 
(9–15)

2.8 Tegner 6–9 NP 100% preinjury

Nikolaou 
et al. [72]

56, 38 13.7 
(11–15)

3.2 Tegner 5–9 NP 78% preinjury

Goddard 
et al. [69]

21, 11 13 
(8–16)

2 IKDC 12 months 86% very strenuous, 7% 
strenuous, 7% moderate

Beischer 
et al. [29]

21, 30 NP 
(15–20)

1 Tegner ≥6 NP 74% Tegner ≥6

(continued)
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6.3.2  Reinjuries: Rates 
and Significant Factors

Reinjury rates in 10,453 children and adolescent 
athletes are shown in Table  6.9. Large cohort 
investigations from Fauno et al. [81] (N = 3215) 
and Webster et al. [54] (N = 110) provided only 
reinjury rates; RTS percentages were not deter-
mined. Average injury rates were 9% (range, 
0–38%) for the ACL graft (Fig. 6.5), 16% (range, 
5–42%) for the contralateral ACL, and 29% 
(range, 12–51%) for either ACL (Fig.  6.6). 
Factors associated with reinjuries are summa-
rized in Table 6.10. Similar to the findings from 

Fig. 6.4 Data from 27 studies that followed 2307 chil-
dren/adolescent athletes are shown regarding the percent 
who returned to preinjury sports activities after ACL 
reconstruction

Study, 
country

Cohort

Preinjury 
sports

Criteria to return to 
sport RTS % and factors

No. of 
boys, 
girls

Mean 
age 
(range)

Mean 
follow-up 
year

Chicorelli 
et al. [75]

142 
total

12.7 
(6–14)

5.9 NP NP 75% preinjury or higher 
(30% higher), 45% 
(preinjury), 22% lower level
Positive effect: younger age
No effect: gender, body mass 
index, cause ACL injury

Aronowitz 
et al. [71]

19. 10 13.4 
(11–15)

2.1 NP <10% deficit 
quadriceps strength

84% reinjury, 16% lower 
level

Hui et al. 
[60]

12, 4 12 
(8–14)

2.1 IKDC 6–9 months when 
achievement of 
goals met

100% strenuous activities (0 
failure)

Cordasco 
et al. [62]

17, 6 12.6 
(9–14)

2.7 Marx, soccer, 
skiing, lacrosse

NP 96% unrestricted competitive 
sports (0 failure)

Webster et al. 
[74]

82, 58 17.2 
(NP)

5 Level I or II 
Cincinnati 
Sports Activity 
Scale

NP 76% preinjury at any time; 
51% preinjury at latest f.u., 
34% lower level, 15% no 
sports. Inclusionary criteria: 
no reinjuries or graft failures

McCullough 
et al. [79]

68, 0 NP 
(14–18)

2 Football NP 45% preinjury level, 26% 
lower level of performance, 
28% did not return
No effect: concurrent 
operative procedures or 
articular injuries, MCL tears
Negative effect: other 
interests, physical symptoms, 
advice, fear reinjury

IKDC International Knee Documentation Committee, MCL medial collateral ligament, NCAA National Collegiate 
Athletic Association, NP not provided, RTS return to sport

Table 6.7 (continued)
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Table 6.8 Summary of factors affecting return to sport after ACL reconstruction in children and adolescent athletes

Factor
Effect on RTS (no. studies)

Total no. of studiesPositive Negative None
Age 1 (“younger”) 1
Gender 1 1
Preoperative body mass index 1 1
Mechanism of injury 1 1
Surgical
Associated cartilage injury 1 1
Associated medial collateral ligament injury 1 1
Postoperative symptoms 1 1
Longer follow-up 1 1
Patient satisfaction scores 1 1
Fear reinjury 1 1
Advice to stop sports 1 1
Other interests 1 1
IKDC Subjective Knee Evaluation form 2 2

IKDC International Knee Documentation Committee

Table 6.9 Reinjury/failure rates upon return to sport after ACL reconstruction in children and adolescents

Study

Mean 
follow-up 
year

Primary ACL 
reconstruction 
graft (no.)a

Reinjury/failure rate

Sports 
commentsb

Other factors associated with 
reinjuries/failuresb

ACL-R 
kneeb

ACL-C 
knee

Either 
knee

ACL- 
reconstructed 
knee

Contralateral 
knee

Salmon 
et al. [23]

20 Hamstring 
(39)

38% 13% 51% Nearly all 
reinjuries to 
either knee 
associated 
with sports

Compared with 
adults: male 
(HR 4.8, 
P = 0.001), 
female (HR 
2.6, P < 0.05), 
PTS ≥ 12° 
(HR 11.1, 
P = 0.001)

Posterior tibial 
slope ≥ 12° 
(HR 7.3, 
P = 0.004)

Takazawa 
et al. [20]

4.7 Hamstring and 
Telos artificial 
ligament (52)

23% 10% 33% All patients 
rugby players, 
all reinjuries 
during rugby

Compared with 
adults: age 
<20 years 
(P = 0.006)

None

Dekker 
et al. [70]

4 Hamstring, 
BPTB, 
hamstring, and 
allograft (85)

20% 14% 34% All 
participated in 
sports, 
reinjuries 
during sports

None None

Morgan 
et al. [76]

16.6 Hamstring 
(194)

20% 17.5% 28% Contralateral 
knee reinjuries 
associated 
with cutting, 
pivoting sports 
(HR 2.3, 
P = 0.05)

Family history 
ACL injury 
(HR 3.6, 
P = 0.001)

Male gender 
(HR 2.1, 
P < 0.05), 
return IKDC 
level 5 cutting, 
pivoting sport 
(HR 2.3, 
P = 0.05)

BPTB (48) 8% 29% 37%
Total (242) 17% 20% 37%

Shelbourne 
et al. [68]

9.8 BPTB (402) 10% 16% 23% All reinjured 
during sports

None None

(continued)
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Table 6.9 (continued)

Study

Mean 
follow-up 
year

Primary ACL 
reconstruction 
graft (no.)a

Reinjury/failure rate

Sports 
commentsb

Other factors associated with 
reinjuries/failuresb

ACL-R 
kneeb

ACL-C 
knee

Either 
knee

ACL- 
reconstructed 
knee

Contralateral 
knee

Shelbourne 
et al. [53]

5 Males (218) 10% 5% 15% Reinjuries to 
either knee 
associated 
with 
basketball or 
soccer

Compared with 
adults: age 
<18 years 
(P < 0.0001)

Compared 
with adults: 
age <18 years 
(P < 0.0001); 
female gender 
age <18 years 
(P < 0.01)

Females (310) 7% 12% 19%

Schmale 
et al. [80]

4 Hamstring or 
tibialis 
anterior 
allograft (29)

14% 28% 41% NP NP NP

Larson 
et al. [73]

4 Hamstring 
(22)
Tibialis 
anterior 
allograft (8)

17% 17% 33% All reinjuries 
during sports

None None

Graziano 
et al. [64]

1 Hamstring 
(42)

12% 5% 17% All reinjuries 
noncontact

None None

Placella 
et al. [77]

8 Hamstring 
(24)

0% 42% 42% All skeletally 
immature 
athletes at 
ACL surgery

None None

Holwein 
et al. [78]

2 Hamstring 
(42)

7% 5% 12% All reinjured 
during sports

None None

Redler 
et al. [61]

3.6 Hamstring 
(18)

0% 17% 17% All reinjured 
during sports

None None

Calvo et al. 
[65]

10.6 Hamstring 
(27)

11% NP NP 3/4 reinjuries 
during contact 
sports

None None

Edwards 
et al. [63]

2.8 Hamstring 
(15), BPTB 
(5)

20% NP NP 2/4 reinjuries 
during sports

None None

Cohen 
et al. [66]

3.7 Hamstring 
(26)

11.5% NP NP All traumatic 
reinjuries

None None

Dei 
Giudici 
et al. [67]

5 Hamstring 
(19)

10.5% NP NP All traumatic 
reinjuries

None None

Kocher 
et al. [58]

3.6 Hamstring 
(61)

3% NP NP All reinjured 
during sports

None None

Cassard 
et al. [59]

2.8 Hamstring 
(28)

7% NP NP 1/2 reinjured 
during sports

None None

Nikolaou 
et al. [72]

3.2 Hamstring 
(94)

4% NP NP All traumatic 
reinjuries

None None

Goddard 
et al. [69]

2 Hamstring 
(32)

6% NP NP 1/2 reinjured 
during sports

None None

Beischer 
et al. [29]

1 NP 0% NP NP NA NA NA

Chicorelli 
et al. [75]

12.7 Variety of 
grafts

0% NP NP NA NA NA

Aronowitz 
et al. [71]

1.2 Achilles 
tendon 
allograft (19)

0% NP NP NA NA NA
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Table 6.9 (continued)

Study

Mean 
follow-up 
year

Primary ACL 
reconstruction 
graft (no.)a

Reinjury/failure rate

Sports 
commentsb

Other factors associated with 
reinjuries/failuresb

ACL-R 
kneeb

ACL-C 
knee

Either 
knee

ACL- 
reconstructed 
knee

Contralateral 
knee

Hui et al. 
[60]

2.1 Allograft (15), 
hamstring (1)

0% NP NP NA NA NA

Cordasco 
et al. [62]

2.7 Hamstring 
(23)

0% NP NP NA NA NA

Webster 
et al. [54]

4.8 Hamstring 
(110)

14% 15% 29% NP Compared with 
adults (OR 6.3, 
P = 0.0001)

Compared 
with adults 
(OR 3.1, 
P = 0.001)

Ellis et al. 
[130]

2 BPTB (59) 3% NP NP 78% reinjured 
during sports

Use of 
allograft 15× 
more likely to 
fail (P = 0.001)

NA
BPTB 
allograft (20)

35%

Fauno 
et al. [81]

5 Hamstring or 
BPTB (3215)

5% NP NP NP 59% age 13–14 
and 48% age 
15–19 
reinjuries due 
to sports 
trauma

None

Andernord 
et al. [56]

2 Hamstring, 
BPTB (4950)

3.5% NP NP Soccer players 
rate revision: 
males 4.3% 
(RR 2.87, 
P < 0.001), 
females 4.6% 
(RR 2.59, 
P < 0.001)

Compared with 
adults: age <20 
males RR 2.67 
(P < 0.001), 
females RR 
2.25 
(P < 0.001)

NA

ACL anterior cruciate ligament, ACL-R anterior cruciate ligament reconstruction, ACL-C anterior cruciate ligament 
contralateral, BPTB bone-patellar tendon-bone, HR hazard ratio, IKDC International Knee Documentations Committee, 
KOOS-QOL Knee Injury and Osteoarthritis Outcome-Quality of Life, NA not assessed, NP not provided, OR odds ratio, 
RR relative risk, STG semitendinosus-gracilis
aAutograft unless otherwise indicated
bStatistical values given when provided in study

Fig. 6.5 Percentages of postoperative ACL injuries in 
children and adolescent athletes are shown. There was a 
significant association between ACL graft reinjury rates 
and time postoperatively (R2 = 0.31, P < 0.01)

Fig. 6.6 Percentages of postoperative ACL injuries in 
either knee in children and adolescent athletes are shown 
(R2 = 0.40, P = 0.01)
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amateur athlete studies, return to sport involving 
cutting and pivoting was the most common factor 
related to reinjury of either the ACL graft or the 
contralateral ACL.

6.3.3  Published Criteria for Release 
to Unrestricted Activities

Few RTS criteria were described in the studies 
that focused on children and adolescent athletes 
(Table 6.11). Fourteen of these studies failed to 
provide any RTS criteria and two provided only 
time postoperative. Although four studies men-
tioned objective tests that had to be passed, the 
specific RTS goals of these tests were not given.

6.3.4  Conclusions 
and Recommendations

Observations of RTS rates in children and adoles-
cent athlete studies show mostly positive results, 

with the majority of studies (19 of 27) reporting 
≥75% of athletes returning to preinjury activity 
levels. The question of whether high activity lev-
els are maintained remains unanswered; four of 
five long-term studies assessed in this chapter 
found a drop-off in the RTS rate of 61–69% 
(8–20  years postoperatively). Importantly, the 
RTS data is offset by high reinjury rates. In the 14 
studies that provided injury rates to both knees, 
an average of 29% of these athletes sustained 
either a rupture to the ACL graft or to the contra-
lateral ACL. We speculate that high reinjury rates 
in young athletes are due to a multitude of fac-
tors, with the failure to adequately assess if nor-
mal muscular and neuromuscular indices have 
been achieved before RTS being one of particular 

Table 6.10 Summary of factors statistically associated 
with reinjury/failure rates after ACL reconstruction in 
children and adolescent athletes

Factor

ACL 
graft

Contralateral 
ACL

No. of 
studies No. of studies

Return cutting, pivoting 
sports

4 5

Family history ACL tear 2 1
Age <20 (compared with 
adult)

2 1

Age <18 (compared with 
adult)

1 2

Age ≤20 and male gender 1 0
Age ≤20 and female 
gender

1 0

Contact injury 1 0
Posterior tibial slope ≥12° 
and age ≤18

1 1

Use of allograft 1 0
Male gender (compared 
with adult)

1 1

Female gender (compared 
with adult)

1 0

Age ≤18 and female 
gender

0 1

Table 6.11 Criteria to return to sport after ACL recon-
struction in children and adolescent athletes

Study Criteria to return to sport
Calvo et al. [65] <10% deficit isokinetic strength
Aronowitz et al. [71] <10% deficit quadriceps strength
Larson et al. [73] <10% deficit single-leg hop 

tests, restoration jump landing 
and pivoting mechanics

Shelbourne et al. 
[68]

<15% deficit quadriceps strength

Placella et al. [77] “Good” muscular and articular 
functional recovery in isokinetic 
and kinematic tests (values NP)

Graziano et al. [64] KT-1000, isokinetic testing, 
single-leg hop (values NP); 
qualitative assessment single-leg 
squat, jump in place, 
deceleration tasks

Kocher et al. [58], 
Redler et al. [61]

Usually at 6 months

Goddard et al. [69] 12 months
Hui et al. [60] 6–9 months when achievement 

of goals met
Morgan et al. [76] 6–9 months when rehabilitation 

goals met
Criteria not provided Cassard [59], Cordasco [62], 

Takazawa [20], Cohen [66], Dei 
Giudici [67], Dekker [70], 
Nikolaou [72], Webster [74], 
Chicorelli [75], Beischer [29], 
Holwein [78], McCullough [79], 
Schmale [80]a, Edwards [63]

NP not provided
aSchmale [80] – Authors stated tests of strength, coordina-
tion, and agility were not routinely performed
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concerns. Clinicians should insist on the comple-
tion of advanced neuromuscular retraining 
(Sportsmetrics, Chap. 14) in athletes under the 
age of 20 who desire to return to high-risk sports. 
Multiple objective tests should be conducted as 
previously described for amateur athletes to 
advance the young patient through end-stage 
rehabilitation and before release to unrestricted 
activities.

6.4  Elite Collegiate 
and Professional Athletes

6.4.1  Return to Sport: Rates 
and Influential Factors

Few studies have determined RTS rates after 
ACL reconstruction in collegiate athletes [79, 
82–84] (Table 6.12) or examined the factors that 

Table 6.12 Return to sport after primary ACL reconstruction in elite collegiate and professional athletes

Study Preinjury sport Return to sport percentages Return to sport factors
Kamath et al. 
[82]

NCAA Division I 
all sports (n = 42 
males, 47 females)

88% returned ≥1 year, 67–87% 
remaining eligibility used

No effect: concurrent meniscal or 
chondral injuries

Howard et al. 
[83]

NCAA Division I 
soccer (n = 78 
females)

85% returned ≥1 year, 73% played 
for remaining collegiate eligibility

Positive effect: scholarship recipient, 
remaining years eligibility
No effect: player position, depth chart 
status, use of knee injury prevention 
program, mean time return to practice or 
games, graft type, graft fixation, 
previous ACL reconstruction, 
concomitant operative procedures

Daruwalla 
et al. [84]

NCAA Division I 
football (n = 184)

82% returned; starting players 94%, 
utility players 88%, rarely played 
73%

Positive effect: autograft, scholarship 
recipient
No effect: concomitant operative 
procedures, graft fixation

McCullough 
et al. [79]

NCAA Football 
(division NP) 
(n = 26)

38% returned same level, 29% 
returned lower level of performance, 
33% did not return

Negative effect: fear reinjury, other 
interests, symptoms, advice
No effect: concurrent operative 
procedures or articular injuries

Mai et al. 
[85]

NFL (n = 205), 
NBA (n = 76), 
NHL (n = 48), 
MLB (n = 21)

NHL 96%, NBA 85%, NFL 82%, 
MLB 81%

NP

Cinque et al. 
[86]

NFL, lineman 
(n = 72)

62% offensive lineman, 66% 
defensive linemen returned NFL. No 
difference performance compared 
with controls

NP

Read et al. 
[87]

NFL, defensive 
players (n = 38)

74% returned for at least 1 game, 
61% returned for at least half a 
season, 26% remained active 3 
seasons after surgery. Significant 
poorer difference performance 
compared with controls

Positive effect: lower BMI, better 
performance before injury
No effect: age, height, position

Erickson 
et al. [88]

NFL quarterbacks 
(n = 13)

92% returned, career length mean 
4.8 ± 2.7 seasons. No significant 
differences control performance

NP

Carey et al. 
[89]

NFL running 
backs and wide 
receivers (33)

79% returned, decrease in 
performance

NP

(continued)

6 Return to Sport After Primary ACL Reconstruction in Amateur, Children, and Elite Athletes: Feasibility…



104

Table 6.12 (continued)

Study Preinjury sport Return to sport percentages Return to sport factors
Yang et al. 
[90]

NFL, all positions 
(n = 154)

56% returned <18 months, 62% 
returned >18 months

Positive effect: early round draft pick, 
late-round draft pick of unskilled players
No effect: skilled position

Eisenstein 
et al. [91]

NFL, all positions 
(n = 92)

62% returned NFL Positive effect: In-season injury, early 
round draft pick
No effect: offensive, defensive, or 
special teams play; time of game, time 
of season; playing surface, concomitant 
injury, previous ACL reconstruction, 
contact vs. noncontact injury

Shah et al. 
[92]

NFL, all positions 
(n = 49)

63% returned Positive effect: no. of games before 
surgery, greater career length, early 
round draft pick
No effect: age, position, concurrent 
procedures

Harris et al. 
[93]

NBA (n = 58) 98% returned the season following 
surgery. Career length 
4.3 ± 3.4 years. Performance 
declined but not significantly 
different compared with controls

NP

Kester et al. 
[94]

NBA (n = 79) 86% returned, career length mean 
4.6 ± 2.8 seasons. Significantly 
different compared with control 
career length, games played, player 
efficiency rating, minutes played per 
game

NP

Busfield et al. 
[95]

NBA (n = 27) 78% returned, career length mean 
four seasons. Performance rating 
declined compared with control 
group

Positive effect: no concurrent procedures

Erickson 
et al. [96]

MLS (n = 52) 77% returned NP

Walden et al. 
[97]

Professional men’s 
soccer in Sweden 
(n = 91)

64% playing same level, 23% lower 
level, 13% not playing

NP

Zaffagnini 
et al. [98]

Professional men’s 
soccer in Italy 
(n = 21)

62% playing same level, 9% lower 
level

NP

Fabricant 
et al. [99]

MLB (n = 26) 88% returned. Decline in number of 
games played

NP

Erickson 
et al. [100]

NHL (n = 36) 97% returned NHL, 3% other hockey 
league. NHL career length mean 
4.4 ± 3.3 years, performance not 
different from preinjury

None

Kyritsis et al. 
[101]

Professional men’s 
clubs in Qatar 
(n = 158)

100% NP

Namdari 
et al. [103]

WNBA (n = 18) 78% returned WNBA, the seasons 
following surgery. Performance 
declined but not significantly 
different compared with controls

No effect: age, BMI

BMI body mass index, MLB Major League Baseball, NBA National Basketball Association, NCAA National Collegiate 
Athletic Association, NFL National Football League, NHL National Hockey League, NP not provided
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influenced RTS (Table 6.13). Kamath et al. [82] 
identified National Collegiate Athletic 
Association (NCAA) Division I athletes from 
one university who had undergone ACL recon-
struction either before entering college (35 ath-
letes) or while attending college (54 athletes). 
All athletes participated in at least one NCAA 
sport including soccer, lacrosse, football, and 
basketball. The athletes who underwent surgery 
before college were on the varsity roster of their 
team for an average of 3.1 years and used 78% 
of their predicated 4 years of eligibility. Eighty-
eight percent of the athletes who had ACL 
reconstruction while in college played for at 
least one season and used from 67% to 87% of 

their remaining eligibility. Factors that may 
have influenced RTS rates were not assessed in 
this study.

Howard et al. [83] determined RTS rates in 78 
female soccer players from 14 NCAA teams who 
sustained ACL injuries during collegiate compe-
tition. Twenty-four athletes had a history of a 
prior ACL reconstruction (on either knee). 
Overall, 85% RTS after ACL reconstruction, with 
73% playing through their remaining college eli-
gibility and 75% returning to the same or a higher 
position on the depth chart (starter, utility player, 
or rarely used player). RTS was not influenced by 
player position, depth chart status, use of a knee 
injury prevention program, type of ACL graft, 

Table 6.13 Summary of factors affecting return to sport after ACL reconstruction in elite collegiate and professional 
athletes

Factor
Effect on RTS (no. of studies)

Total no. of studiesPositive Negative None
Collegiate scholarship recipient 2 2
Collegiate remaining years of eligibility 1 1
Player position 5 5
Depth chart status 1 1
Use of knee injury prevention program 1 1
Early round draft pick 3 3
Late round draft pick unskilled players 1 1
In-season injury 1 1 2
Time of game 1 1
Playing surface 1 1
Greater number of games played before surgery 1 1
Longer career length 1 1
Time to return to practice or games 1 1
Mechanism injury 1 1
Previous ACL reconstruction 2 2
Age 3 3
Height 1 1
Body mass index 1 (“lower”) 1 2
Mechanism of injury 1 1
Surgical
ACL autograft type 1 1
ACL autograft vs. allograft 1 1
ACL graft fixation method 2 2
Associated cartilage injury 2 2
Associated meniscal injury 2 2
Any concomitant procedure 1 (none) 4 4
Postoperative symptoms 1 1
Higher-performance level preinjury 1 1
Fear reinjury 1 1
Advice to stop sports 1 1
Other interests 1 1
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graft fixation techniques, or concomitant menis-
cus procedure.

Two studies focused on NCAA football play-
ers who underwent ACL reconstruction for 
 injuries sustained during collegiate play. 
Daruwalla et  al. [84] followed 184 Division I 
players and reported 82% RTS. Starting players 
returned at a 94% rate; utility players, at an 88% 
rate; and players rarely used, at a 73% rate 
(P  =  0.004). Players on an athletic scholarship 
had a higher RTS rate than those not on a scholar-
ship (88% and 69%, respectively; P  =  0.008). 
Players who received an autograft had a higher 
RTS rate than those who received an allograft 
(84% and 69%, respectively; P  <  0.05). There 
was no effect on RTS rates from concomitant 
operative procedures or type of graft fixation. 
McCullough et  al. [79] identified 26 collegiate 
football players who underwent ACL reconstruc-
tion from the MOON cohort, of whom 38% 
returned to football at the same performance 
level and 29% returned at a lower level of perfor-
mance. Of those who did not return to football, 
50% cited fear of reinjury, 25% advise, 12% 
physical symptoms, and 12% loss of speed or 
strength as primary reasons.

RTS rates following ACL reconstruction in 
professional athletes were reported in 18 studies 
[85–102] for 1508 male athletes and in 1 study 
[103] for 18 female athletes. Nine studies 

reported data on 657 players from the National 
Football League (NFL, Fig.  6.7). Four studies 
reported RTS for any position ranged from 62% 
to 82% [85, 90–92]. A positive influence for RTS 
was found on early round draft pick players, 
whereas specific player position and concurrent 
operative procedures had no effect. A study of 
NFL defensive players found that 74% returned 
for at least one game and 61% returned for at 
least half of a season [87]. However, the players’ 
performance was poorer compared with controls 
and only 26% were still actively playing three 
seasons after surgery. In a study on NFL lineman, 
62% of offensive and 66% of defensive players 
returned to football, with no difference in perfor-
mance compared with controls [86].

Four investigations of National Basketball 
Association (NBA) players found RTS rates 
ranging from 78% to 98% (Fig. 6.8) [85, 93–95]. 
A high rate of RTS was found in two studies on 
National Hockey League players of 96% [85] and 
97% [100].

Two studies reported post-ACL reconstruction 
RTS rates equivalent of preinjury status in pro-
fessional soccer players in Sweden [97] and Italy 
[98] of 64% and 62%, respectively (Fig. 6.9). In 
the USA, data on 52 male Major League Soccer 
players who underwent ACL reconstruction was 
evaluated [96]. Seventy-seven percent returned 
play the following season and their mean career 

Fig. 6.7 Percentages of National Football League players who returned to league competition after ACL 
reconstruction
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length was 4.0 ± 2.8 years. Player performance 
was not significantly different compared with 
preinjury. One investigation reported that 77% of 
158 players in the Australian Football League 
returned to at least 1 match after ACL reconstruc-
tion [102]. Factors significantly associated with 
RTS were experience (played in >50 matches 
before ACL injury, P < 0.001) and high draft pick 
(P = 0.003).

To date, only one study has focused on women 
professional athletes [103]. Eighteen players 
from the Women’s National Basketball 
Association (mean age, 26.8) underwent ACL 

reconstruction and 78% RTS the following sea-
son. Although performance indices declined, 
they were not significantly different from 
controls.

6.4.2  Reinjuries: Rates 
and Significant Factors

Few studies investigated reinjury rates in colle-
giate and professional athletes (Table  6.14). 
Kamath et al. [82] reported that NCAA athletes 
who underwent ACL reconstruction before enter-

Fig. 6.8 Percentages of professional athletes who returned to play in their respective league after ACL reconstruction

Fig. 6.9 Percentages of professional athletes who returned to play in their respective league after ACL reconstruction
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ing college had an ACL graft reinjury rate of 17% 
and a contralateral ACL injury rate of 20%; the 
combined reinjury rate (to either knee) was 37%. 
Athletes who had ACL reconstruction while in 
college had an ACL graft reinjury rate of 2% and 
a contralateral ACL injury rate of 11%; the com-
bined reinjury rate was 13%. The authors con-
cluded that elite-level adolescent athletes who 
undergo ACL reconstruction while in high school 
have high rates of reinjury, which is consistent 
with our analysis of this subgroup.

Gans et al. [1] described the epidemiology of 
recurrent ACL injuries (after ACL reconstruc-
tion) in NCAA sports tracked between 2004 and 
2014 (Table 6.15). Rates of reinjuries were calcu-

lated per 10,000 athlete exposures. The authors 
identified 126 athletes with ACL reinjuries (from 
350,416 athlete exposures). The highest rates 
were among male football players (15), female 
gymnasts (8.2), and female soccer players (5.2).

Kyritsis et al. [101] followed 158 male profes-
sional athletes who returned to their previous 
level to determine the effect of not meeting dis-
charge criteria on reinjury rates. All players 
underwent a series of tests, with discharge crite-
ria consisting of completion of on-field sports- 
specific rehabilitation, <10% quadriceps deficit 
on isokinetic testing (60°/s), <11 s to complete a 
running t-test, and <10% deficit in limb symme-
try on a single hop, a single-leg triple hop, and a 

Table 6.14 Reinjury/failure rates upon return to sport after ACL reconstruction in elite collegiate and professional 
athletes

Study

Demographics Reinjury/failure rate

Sport
Years of 
study No. of athletes ACL graft

Contralateral 
ACL

Kamath et al. 
[82]

NCAA division I all 
sports

2000–
2009

89
Precollegiate ACL recon (35), 
intracollegiate ACL recon 
(54)

Precollegiate: 
17%
Intercollegiate: 
2%

Precollegiate: 
20%
Intercollegiate: 
11%

Kyritsis et al. 
[101]

Pro sports clubs 2008–
2015

All patients 158 16.5% 7%
Fully dischargeda 116 10% NP
Not fully discharged 42 33% NP

Mai et al. 
[85]

Major League 
Baseball

1984–
2013

21 14% 0%

Mai et al. 
[85]

National Football 
League

1984–
2013

205 3% 3%

Mai et al. 
[85]

National Hockey 
League

1984–
2013

48 1% 0%

Erickson 
et al. [100]

National Hockey 
League

1990–
2013

36 2.5% NP

Harris et al. 
[93]

National Basketball 
Association

1975–
2012

58 3% NP

Kester et al. 
[94]

National Basketball 
Association

1984–
2014

79 1% NP

Mai et al. 
[85]

National Basketball 
Association

1984–
2013

76 1% 1%

Namdari 
et al. [103]

Women’s National 
Basketball 
Association

1998–
2008

18 5% NP

Zaffagnini 
et al. [98]

Pro soccer 2009 21 5% NP

Walden et al. 
[97]

Pro soccer 2001–
2015

91 5% NP

Lai et al. 
[102]

Australian Football 
League

1999–
2013

158 30% either knee 30% either knee

NCAA National Collegiate Athletic Association, NP not provided
aSee Table 6.16
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single-leg triple crossover hop. Overall, 16.5% 
sustained an ACL graft rupture and 7% sustained 
a contralateral ACL tear. Not meeting all dis-
charge criteria significantly increased the risk of 
reinjury (HR 4.1, P < 0.001). Of the 26 athletes 
who sustained a graft rupture, 65% did so within 
the first 6 months after RTS. Other studies that 
reported reinjury rates in professional athletes 
typically reported lower rates of ACL graft inju-
ries and only one reported rates of contralateral 
ACL ruptures. Mai et  al. [85] retrospectively 
determined ACL graft and contralateral ACL 
injury rates in four professional sports leagues in 
the USA. The ACL graft reinjury percentage for 
Major League Baseball (14%) appears somewhat 
inflated because only 21 players were included in 
this group, of whom 3 were reinjured.

Lai et  al. [102] reported an overall reinjury 
rate of 30% for ACL injuries to either knee in 
Australian football players. Factors significantly 
associated with reinjury rates were experience 
(played in ≤50 matches, P = 0.04) and age under 
21 years (P = 0.001).

6.4.3  Published Criteria for Release 
to Unrestricted Activities

No study in collegiate athletes provided criteria 
for release to full sports because the investiga-
tions were all retrospective. In the professional 
athlete literature, only Kyritsis et  al. [101] pro-
vided criteria for RTS (Table  6.16), described 
previously. Zaffagnini et al. [98] described mea-
sures required for athletes to begin on-field reha-
bilitation of <20% deficit in isokinetic strength, 
no laxity or giving way, minimal pain and effu-
sion, and full range of motion. Criteria for release 
to unrestricted sports was not provided.

6.4.4  Conclusions 
and Recommendations

Few data are available for collegiate athletes who 
have undergone ACL reconstruction regarding 
RTS and even less information has been pub-
lished regarding the risk of reinjury upon return 
to athletics. Only one comprehensive epidemio-
logical study has appeared to date and this 
showed high rates of recurrent ACL ruptures 
among male football players, female gymnasts, 
and female soccer players. The greatest limita-

Table 6.16 Criteria to return to sport after ACL recon-
struction in collegiate and professional athletes

Study Criteria to return to sport
Kyritsis 
et al. [101]

<10% deficit isokinetic quadriceps 
strength, <10% deficit 3 single-leg hop 
tests, <11 s running t-test, on-field 
sports-specific rehabilitation completed

Zaffagnini 
et al. [98]

“On-field rehabilitation” begun: <20% 
deficit isokinetic strength, no laxity or 
giving way, minimal pain and effusion, 
full ROM
Criteria for full release to soccer not 
provided

Criteria not 
provided

Collegiate athletes: Daruwalls [84], 
Howard [83], Kamath [82], McCullough 
[79]
Professional athletes: Harris [93], 
Namdari [103], Mai [85], Walden [97], 
Kester [94], Fabircant [99], Busfield [95], 
Kester [94], Erickson [88], Carey [89], 
Erickson [100], Lai [102]

ROM range of motion

Table 6.15 Epidemiology of recurrent ACL injuries in 
National Collegiate Athletic Association sports Injury 
Surveillance Program, 2004–2014 [1]

Sport

Recurrent ACL tear rate 
per 10,000 athlete 
exposures (95% CI)

Rate ratios 
between 
genders

Soccer
Women 5.2 (3.2–7.9) 3.8 (1.3–15), 

P = 0.02Men 1.4 (0.4–3.3)
Basketball
Women 2.6 (1.6–4.1) 1.9 (0.8–4.3), 

P = NSMen 1.4 (0.7–2.6)
Lacrosse
Women 3.6 (1.3–8.1) 1.4 (0.3–5.8), 

P = NSMen 2.6 (0.7–7.1)
Ice hockey
Men 0.9 (0.1–3.2) 0.0 (0–8.6), 

P = NSWomen 0
Football 
(men)

15 (11–19) NA

Gymnastics 
(women)

8.2 (3.3–17) NA

Field hockey 
(women)

4.1 (1.3–9.9) NA

Volleyball 
(women)

0.9 (0.3–2.2) NA

NA not applicable, NS not significant
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tion of this type of study is the lack of informa-
tion regarding the grafts selected for surgery and 
details regarding rehabilitation, including the use 
of objective testing prior to release to unrestricted 
activities. RTS rates in professional athletes 
range tremendously, with lower rates usually 
reported in NFL and professional soccer players 
compared with other sports. Reinjury rates were 
only provided in eight studies and were typically 
≤5%, with the exception of the study from 
Kyritsis et  al. [101]. Prospective longitudinal 
studies in collegiate and professional athletes are 
required to gain further insight into the issue of 
RTS, impacts on performance and career longev-
ity, and reinjuries.

6.5  Future Concerns

Little is known regarding the effects of RTS after 
ACL reconstruction on articular cartilage deterio-
ration. To our knowledge, no postoperative longi-
tudinal studies have been conducted using modern 
magnetic resonance imaging (MRI) techniques to 
determine whether early return to high- impact 
activities such as running, jumping, cutting, and 
pivoting may cause (or progress) cartilage deteri-
oration. Part of the difficulty in ascertaining the 
potential deleterious effects of RTS is the fact that 
many factors may cause eventual osteoarthritis 
(OA) in the ACL-reconstructed knee such as men-
iscectomy, severe bone bruising and marrow 
lesions, chondral fractures, damage to other knee 
ligaments, excessive uncorrected varus or valgus 
lower limb malalignment, long- term biochemical 
alternations in the knee joint, obesity, genetics, 
and long-term abnormal knee kinematics [104–
113]. A prospective study design would need to 
include baseline (preoperative) MRI to rule out 
several of these factors and would also need to 
sort patients who undergo isolated ACL recon-
struction from those who undergo meniscectomy 
or other associated procedures or in whom articu-
lar cartilage damage exists.

One study that longitudinally followed patients 
with acute ACL ruptures for several years demon-
strated a strong potential for articular cartilage 
deterioration. Potter et al. prospectively followed 
40 patients who underwent baseline MRI within 

8 weeks of the injury and again 7–11 years later 
[112]. The MRI evaluation used a cartilage-sensi-
tive, pulse sequence evaluation with T2 tech-
niques which have shown increased ability to 
detect traumatic chondral injuries. None of the 
patients had concurrent damage to the menisci or 
other knee ligaments or an articular cartilage 
lesion rated as Outerbridge grade 3 or higher. 
ACL reconstruction was performed in 28 patients, 
while no surgery was done in 14. At baseline, all 
knees had an MRI- detectable cartilage injury, 
most severely over the lateral tibial plateau. 
Regardless of surgical intervention, by 7–11 years 
after injury, the risk of cartilage damage as viewed 
on MRI for the lateral femoral condyle was 50 
times that of baseline, 30 times that for the patella, 
and 18 times for the medial femoral condyle. The 
authors did not determine the patients’ sports 
activity levels or when athletics were resumed 
after surgery, so no conclusion could be drawn 
from this study regarding the potential effect of 
RTS on cartilage deterioration.

Van Ginckel et  al. [114] compared articular 
cartilage status in 15 patients treated 6  months 
earlier with isolated ACL reconstruction with that 
of matched controls using 3 T MRI with T2 map-
ping and three-dimensional volume and thickness 
quantitative assessment. Eight patients returned to 
sports by 6 months postoperatively, all but one at 
a decreased level in low-impact activities. Positive 
correlations were found between accelerated time 
to RTS and increased cartilage thickness in the 
medial and lateral tibiofemoral joint and deforma-
tion in the lateral femoral condyle. Patients who 
underwent acute reconstruction (≤ 10  weeks of 
injury) had delayed cartilage recovery in both tib-
iofemoral compartments. The authors concluded 
that the  ultrastructural MRI changes suggested 
early degeneration, corresponding with declining 
in  vivo tissue resiliency which could be poten-
tially harmful with regard to early RTS and high-
impact loading.

Van Ginckel et al. [115] conducted a system-
atic review of 12 longitudinal MRI studies to 
determine changes in cartilage status over time 
after ACL reconstruction and factors that could 
affect the rate of change. The studies varied 
widely with regard to MRI acquisition and pro-
cessing. Even so, the authors concluded that pro-
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gressive macroscopic changes were detectable 
after 2 years of follow-up and were found in all 
three compartments (medial and lateral tibio-
femoral and patellofemoral). These changes were 
hypothesized to have been a result of either blunt 
trauma, changes in the biochemical environment 
in the knee, coexisting injuries, and/or persistent 
biomechanical alterations after surgery. Moderate 
to strong evidence was provided for the following 
factors regarding increased rate of cartilage 
change: meniscal lesions or meniscectomy, longer 
time from injury, presence of baseline bone mar-
row lesions, and continued altered biomechanics.

The high failure rates reported in many studies 
in this chapter are especially concerning because 
ACL revision reconstruction is commonly 
required in athletes (see Chap. 25). The outcome 
of revision procedures is usually less desirable 
than primary ACL reconstruction because of 
higher subsequent failure rates, increased symp-
toms and functional limitations, and eventual 
knee OA [116–119]. One common problem is 
that patients wait too long to undergo the revision 
and suffer repeat injuries resulting in meniscec-
tomy and joint arthritis, similar to those reported 
in ACL natural history studies. Our studies [120–
122] have shown that over 90% of knees requiring 
ACL revision reconstructions have compounding 
problems such as prior meniscectomy, articular 
cartilage damage, loss of secondary ligament 
restraints, varus malalignment, and other ligament 
damages. These problems led to results that were 
generally less favorable than those reported fol-
lowing primary ACL reconstruction [119].

Another concern with the high reinjury rates 
reported by so many investigations is the strong 
potential for meniscal damage. Additional menis-
cal surgery was required in 15 of 28 patients (54%) 
in an ACL revision cohort reported by Ahmed 
et al. [123]. Brophy et al. [117] noted disruption of 
the medial meniscus in 35% and 16% of the lateral 
meniscus of 246 patients at the time of ACL revi-
sion reconstruction. Another study involving 1205 
patients that underwent ACL revision reported that 
45% had medial meniscal pathology and 37% had 
lateral meniscal tears at the time of surgery [116]. 
Studies have shown that, regardless of the out-
come of ACL reconstruction in terms of restora-
tion of knee stability, meniscectomy accelerates 

degenerative joint changes [107, 108, 124–129]. 
Nearly every long- term study has reported a statis-
tically significant correlation between meniscec-
tomy performed either concurrently or after the 
ACL reconstruction and moderate-to-severe radio-
graphic evidence of OA. Claes et al. [106] system-
atically reviewed 16 long-term ACL reconstruction 
studies (follow-up range, 10–24.5 years) involving 
1554 subjects. The prevalence of OA was 16.4% 
in patients with isolated ACL injuries and 50.4% 
in patients with concurrent meniscectomy (odds 
ratio [OR] 3.54). Therefore, patients with failed 
ACL reconstructions who have previously under-
gone meniscectomy are at an even higher risk for 
the development of symptomatic knee OA than 
those with intact menisci.

The prevention of ACL injuries and use of 
comprehensive neuromuscular retraining pro-
grams such as Sportsmetrics after ACL recon-
struction are greatly required in athletes, 
especially young competitive patients who wish 
to return to high-risk activities. Patients at par-
ticularly high risk of injury are female athletes 
between the ages of 14 and 18, male athletes 
between the ages of 19 and 25, and those with a 
family history of ACL injury. Caution is war-
ranted in counseling patients of realistic RTS 
rates and potential for injury to either knee.
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7What Is the Scientific Basis 
for Knee Ligament Healing 
and Maturation to Restore 
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7.1  ACL Anatomy: Native 
Tendon-Bone Insertion

The attachment of the native ACL is very similar 
to many other ligaments found within the body 
in that it is made of highly specialized, dense 
connective tissue that spans joints and connects 
bones. Key differences found in the ACL are that 
it is both intraarticular and extrasynovial. The 
native ACL has a vascular and neural network 
that is woven throughout several fascicular col-
lagen bundles within a synovial sheath [1]. This 
neural network is thought to provide propriocep-
tive feedback to allow for position sense and bal-
ance; however, the clinical significance of these 
findings is not entirely delineated [2]. With pri-
marily a direct insertion into the bone, the ACL 
transitions from ligamentous bony structure 
through collagen interdigitation. This occurs over 
a narrow 1-mm transition zone consisting of ten-
don, unmineralized fibrocartilage, mineralized 
fibrocartilage, and bone [1, 3–5]. As the stiffness 
changes throughout the attachment, this provides 
for an ideal biomechanical environment for grad-
ual stress distribution and differential tension-
ing throughout a complex loading process. The 
effects of stress concentration are minimized by 
gradual changes from the compliant ligament to  

the stiff bone. These distinct transitional zones 
surround the collagen fibers in differing mediums 
offering a mechanical advantage during loading 
[6]. At the fibrocartilage insertion site, there are 
cartilage-specific collagen types II, IX, X, and 
XI.  Type X collagen maintains the interface 
between mineralized and unmineralized fibrocar-
tilage. All ACL reconstructions require tendon- 
bone healing along the entire course of the 
reconstructed ligament within an osseous tunnel 
created at the time of surgery. Notably, modern 
day ACL reconstruction techniques do not truly 
reproduce a native ACL insertional structure or 
composition.

7.2  Why Does the Injured ACL 
Not Heal?

After injury and subsequent disruption of ACL 
fiber continuity, a true reparative healing response 
does not occur as it does in various other loca-
tions in the human body. The intraarticular nature 
of the ligament is one of main reasons behind its 
inability to heal. In synovial fluid, there are pro-
tease precursors which include plasminogen. In 
an uninjured knee, plasminogen is inactive. Once 
ACL injury occurs, urokinase plasminogen acti-
vator (uPa) is upregulated by synoviocytes which 
converts plasminogen to plasmin. The intraar-
ticular bleeding as a result of ligament tearing 
allows fibrinogen to be acted upon by plasmin 
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leading to fibrinolysis. A robust clot of fibrin 
and platelet elements is never forged, and thus 
a natural, biological scaffold cannot be formed 
[7]. Murray et  al. [8] noted the presence of an 
epiligamentous reparative phase of healing. In 
and around the residual stump after injury is a 
synovial tissue layer that contains a contractile 
actin isoform. As this synovial and vascularized 
tissue begins its own healing process around the 
native stump tissue mop ends, it encases, thick-
ens, and eventually contracts around each end 
of the stump. Once this process occurs around 
the epiligament, any reparative bridging tissue 
from one end of the failed ligament to the other 
is not possible due to the contractile nature of 
this tissue. This synovial layer that forms around 
the stump in response to injury is deleterious to 
end-to-end healing of the failed ligament [8]. An 
empty space is thus formed between the two non-
bridging ACL stumps.

Primary repair of the torn ACL was histori-
cally a treatment option. A variety of surgical 
techniques to suture the torn ends of the ligament 
have been described. High rates of knee laxity 
and failure have been found at both short- and 
long-term follow-up in primary repairs [9–12]. 
Despite historically inferior outcomes of ACL 
repair, there has been renewed interest with the 
use of suture anchors and primary repair using 
biological augmentation in children showing 
early success [13, 14]. Currently, ACL recon-
structive techniques with autograft tendons have 
been adopted and are currently accepted as the 
standard of care for treatment. The biological 
healing of ACL autograft reconstruction will be 
the primary focus of this chapter.

7.3  Historical Perspective 
on the Concept 
of Ligamentization

Investigational studies first looking at the process 
of graft incorporation confirmed graft viability 
and noted that successful grafts have the histo-
logical appearance of a “normal ligament” [15]. 
These studies were based mainly on subjective 
impression without a true definition of what is 

“normal” both biologically and histologically. 
Despite the gross similarities, it was not until 
work done by Amiel and others [16] in 1984 was 
this further elucidated. A change in environmen-
tal and mechanical forces leads to an adaptation 
in the metabolism and organization of the tissue 
with respect to the source of nutrition and pro-
genitor and reparative cellular processes [16].

Amiel et  al. [16] described the gross, his-
tological, and biochemical transformational 
changes exhibited by reconstructed ACLs in rab-
bit models with patellar tendon (PT) autografts. 
They assessed graft incorporation, viability, 
and nutrition of the transplanted tissue follow-
ing reconstruction. Due to the graft’s response 
to intrasynovial milieu and altered biomechani-
cal forces, it was hypothesized that there were 
accompanying structural and biological changes 
that occurred within the ligament. Grossly at 
4 weeks, the transplanted autografts were swol-
len two to three times their original size without 
evidence of a synovial sheath. At 6  weeks, the 
grafts had decreased swelling and a thin synovial 
envelope. Histologically, autografts at 2  weeks 
demonstrated normal crimp, but no central and 
only peripheral fibroblasts were observed within 
the tendon. At 4 weeks, cells were no longer con-
centrated in the peritendinous areas and were 
homogenously found throughout the matrix of 
the graft. At 6 weeks, cellularity was greater than 
either native ACL or PT.  A 30-week analysis 
showed the cellular size and shape was similar 
to the 6-week time point; however, the relative 
cell number had decreased to that of a native 
ACL.  Blood vessels were occasionally seen 
within the graft substance [16].

Collagen composition in the native ACL 
contains approximately 10% type III collagen, 
and in autograft tendons, there is no detectable 
type III collagen. At 30 weeks in Amiel et  al.’s 
[16] experiment, the amount of type III colla-
gen was comparable to that found in a normal 
ACL. Collagen crosslinking, an important mea-
sure of tissue transformation, was nearly simi-
lar at 30 weeks and altered from its normal PT 
composition. It was noted that, in the study time 
period, the grafts did demonstrate some relax-
ation and lengthening differences at 2  weeks 
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compared with 30  weeks. The hypothesis was 
advanced that, during the first 2 weeks, the acel-
lular autograft slightly relaxed and stretched due 
to its inability to respond to tension, although the 
amount was not quantified [16].

These authors suggested that once a new liga-
ment is transplanted in the anatomic and envi-
ronmental milieu of the knee, a ligamentization 
of the grafted tissue results. Despite the known 
changes that occur to closely resemble a native 
ACL, this process needs to be thought of as more 
of a transformational process and not necessar-
ily a complete restoration of the native ACL. This 
significant study regarding the basic science of 
ACL graft healing helped lay the groundwork for 
future research and understanding.

7.4  Biological Healing 
of the Graft

This understanding is shaped on the law of func-
tional adaption by Wilhelm Roux in 1905: an 
organ will adapt itself structurally to an alteration, 
quantitatively, and qualitatively in function. One 
of the key components of his theory of develop-
mental mechanics is the difference between self- 
differentiation and dependent differentiation. 
With self-differentiation, the inherit structural 
and functional development of a specific organ or 
tissue is preprogrammed. Dependent differentia-
tion, on the other hand, attempts to explain how 
external stimuli can drive purposeful and biologi-
cal adaptations to tissues to allow for improved 
function [17, 18].

One of the most challenging aspects of ACL 
reconstruction remains the biological healing 
of the graft. The ultimate healing of the graft 
to bone is a necessary requirement for success-
ful long-term survivorship of the graft [19, 20]. 
At time point zero after the ACL graft is fixated 
into the knee with a variety of implants, the initial 
strength of the graft is superior to the native ACL 
[19, 20]. Although, if osteointegration and mat-
uration of the graft does not completely occur, 
these fixation points weaken over time and sub-
sequent graft elongation and failure of the graft 
or hardware may occur. A properly reconstructed 

ACL undergoes a complex healing and remod-
eling process that occurs in two distinct areas 
which should be evaluated separately: intraartic-
ular remodeling and intra-tunnel graft incorpora-
tion (either by tendon-bone or bone-bone healing 
depending on graft choice). The intraarticular 
portion of the graft that undergoes the healing 
process is termed ligamentization. As the graft 
integrates into its host, its intraarticular com-
ponent experiences functional adaptations and 
reorganization of its internal structure to closely 
resemble a native ACL [1, 21–24]. The remodel-
ing of intraarticular and intraosseous graft incor-
poration dictates function of the joint after ACL 
reconstruction [25–31].

7.4.1  Phases of Intraarticular 
Healing

This biological process has been studied in 
both animal and human models at length. 
There are three suggested phases of healing 
that a reconstructed ACL must undergo: early 
inflammatory phase with central graft necrosis, 
recellularization/revascularization, and, finally, 
ligamentization.

7.4.1.1  Early Graft Healing: Graft 
Necrosis and Early 
Inflammation

Graft necrosis is a part of the early inflammatory 
phase of healing thought to take part between 
the first and fourth week. The early healing cas-
cade has primarily been researched using animal 
models. This phase is characterized primarily 
by central acellularity within the graft along 
with necrosis. Necrosis creates an inflammatory 
and fibroblastic release of cytokines. Host cells 
migrate to the graft site and completely replace 
viable graft cells at approximately 2–4  weeks 
[23, 32]. Prominent cytokines such as MMP-3, 
tissue inhibitors of metalloproteinase-1 (TIMP- 
1), IL-1β, IL-6, IL-8, and TNFα present in the 
local tissues promote a cascade of growth fac-
tor expression which allows for cell migration, 
proliferation, and extracellular matrix synthesis 
and eventual revascularization. These chemi-
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cal mediators disturb the collagen crosslinking 
patterns leading to myxoid degeneration and 
interfere with the process of revascularization 
[1, 33–37]. Grossly, the cross-sectional area of 
the graft enlarges as it swells to nearly twice the 
native size of the cruciate ligament [38]. Between 
the first and second week, the original graft cells 
are replaced at the graft periphery [23, 39]. 
The  cellular origin of these replacement cells is 
thought to come from the synovial fluid, native 
ACL stump, and release of mesenchymal stem 
cells (MSC) from osseous drilling. It has been 
theorized that preserving the ACL stump and 
Hoffa fat pad could be advantageous during this 
early healing period [1]. The stump tissue is a 
source of the cellular constituents needed to help 
repair tissue, including synovial cells and peri-
vascular smooth muscle cells with actin [8].

Collagen composition and structure does 
not significantly change early. In sheep models, 
changes have been observed as early at 3 weeks 
after the procedure [25, 39]. Changes of the 
collagen molecules and fibrils and pathway of 
reorganization lead to alterations in mechanical 
properties during the healing process.

Ineffective healing may result from the pres-
ence of persistent inflammation, tendon-bone 
interface motion, and insufficient number of 
undifferentiated cells [40]. Macrophage deple-
tion in rat models, reduced fibrovascular scar, and 
enhanced bone ingrowth improve collagen con-
tinuity between tendon and bone. Nonsteroidal 
anti-inflammatories have also been shown to 
delay ligament healing [41, 42]. This will be 
discussed in further detail later in this chapter as 
one of the main challenges to organized, robust 
healing.

Graft healing in the femoral and tibial tunnels 
is also simultaneously occurring in a much differ-
ent process. Initially, the type of fixation and graft 
choice governs the initial strength of the construct 
and influences the subsequent path toward matu-
ration. By 4 weeks, biomechanical studies have 
shown that failures occur by graft pullout from 
the tunnels due to the lack of integration of the 
tissues [25, 43–45]. Compared with the time of 
initial fixation, there is a weakening of the graft 
which decreases its strength until about 6 weeks. 

After that point in time, graft failures transition to 
occur by an intraarticular mode.

This decrease in graft  strength initially dur-
ing early healing as a result of necrosis has 
been studied extensively because some authors 
have suggested that early graft loading should 
be avoided to prevent failure. Contrary to this 
understanding, the tensile strength of hamstring 
and PT  reconstructions decrease in groups that 
are stress deprived as opposed to partially loaded 
[46–50]. Therefore, graft healing and maturation 
requires controlled stress to transition effectively 
into the next phase of healing. Loading the graft 
early relies on the stability of the graft fixation 
because adequate healing into bone tunnels has 
not yet occurred. Alternatively, excessive loading 
is deleterious to the biological ingrowth and sta-
bility that is required to promote effective healing 
in both the intraarticular ligament and tunnels.

In comparison with animal studies performed 
in the early healing phase, biopsy studies of ACL 
grafts in humans at 3 and 6 weeks illustrate that 
graft necrosis takes place over a much smaller 
area. Variations in the amount of graft necrosis 
(complete versus partial), retained native tissue 
from the grafted source, remodeling speed, neo-
vascularization, and quality of replacement tissue 
between humans and animals have been demon-
strated in comparison studies [51, 52].

Unfortunately, data extrapolated from animal 
studies must be applied to humans with caution 
because there are many variables which may be 
difficult to control. For example, it is difficult to 
control for weight-bearing in these models. Slight 
alterations in surgical technique and knee load-
ing mechanics may not truly be applicable to a 
similar process that occurs in humans. Lastly, the 
time period over which healing occurs between 
experimental animals and humans has clear dif-
ferences that will be specifically discussed in 
detail.

7.4.1.2  Proliferation 
and Recellularization

The second phase of healing occurs during the 
fourth to twelfth week and is the time of the 
most characteristic adaptations that occur to 
the graft. This time period is highlighted by the 
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proliferation of cellular activity including fibro-
blasts and specifically myofibroblasts. These 
cells are responsible for the robust cellular activ-
ity in the graft and substantially surpass that of 
a native ACL in animal studies [22, 45, 53–55]. 
Mesenchymal stem cells (MSCs) and fibroblasts 
group along the periphery of the graft while the 
central core of the graft remains acellular. These 
cells are important for exerting cellular tension 
of the surrounding extracellular matrix and play 
a role in the crimping structure of collagen fibrils. 
The concentration of these contractile cells are 
increasingly found during the first 12  weeks 
[29, 56]. Cytokines and growth factors like 
basic fibroblast growth factor (bFGF), TGF-B1, 
and PDGF allow for graft remodeling to com-
mence. Interestingly, growth factor levels are at 
their highest levels during the third to sixth week 
and drop off around the twelfth week [57]. This 
may not completely explain how the remodeling 
phase achieves a high capacity for remodeling. 
The high number of cells present then slowly 
recedes back to a native ACL cellularity toward 
the end of this phase.

Collagen fibrils transition from a low to 
high density, reaching native ACL levels near 
12  weeks [45]. The collagen found in a native 
ACL or hamstring and PT  grafts is large in 
diameter. Interestingly, as graft remodeling com-
mences, the large-diameter fibrils are slowly 
replaced by small-diameter fibrils in addition to 
type III collagen [35, 45, 58]. This gives support 
to why mechanical strength of the grafted ACL 
is not fully restored even after 2 years of healing 
[38].

7.4.1.3  Revascularization
As with most intraarticular healing processes, neo-
vascularization is essential to the maturation and 
reorganization of tissue microarchitecture, struc-
ture, and ultimate function. Angiogenic ingrowth 
is promoted by a potent cell mediator and signal 
protein called vascular endothelial growth fac-
tor (VEGF), which even at 3  weeks can found 
in reconstructed tissue. The avascular tissue ini-
tially creates a relative hypoxia which encourages 
inflammation, cellular migration, and expression 
of this growth factor [59]. Revascularization of 

this tissue promotes a loss and reformation of 
collagen crimp with increasing type III collagen 
and fibronectin. These changes correspondingly 
lead to the weakest mechanical strength of the 
ligament during healing. The actual extension 
of vascular microarchitecture proceeds from the 
periphery of the ligament around the diameter of 
the graft and is complete near the twelfth week. 
By approximately 6 months, the vascular density 
of a reconstructed ACL is similar to a native ACL 
[55, 60].

It is hypothesized that angiogenesis that 
occurs during this time period is what allows for 
the maximal remodeling activity, but this has also 
been debated in the literature. An application of 
exogenous VEGF after ACL reconstruction in 
sheep resulted in an abundance of vascular tissue 
compared with control groups at 12 weeks [37]. 
Despite a clear increase in histological vascular 
and fibroblastic tissue from this application, the 
stiffness of grafts with exogenous VEGF applica-
tion was significantly lower, leading to increased 
laxity in the grafted tendon inferring a poten-
tial deleterious effect. It is unclear at this time 
what the long-term biomechanical influence of a 
VEGF application would create in humans. Other 
studies have since demonstrated that maximal 
proliferation, cellular infiltration, and angiogen-
esis occur at approximately 6–8 weeks, when the 
graft’s biomechanical properties are at the lowest 
point in the process of maturation [22, 25, 30, 31, 
43–45, 53, 54, 56, 61, 62].

In sheep models using hamstring and PT auto-
grafts, the initial necrosis and maturation phases 
through 12  weeks are similar [1, 31, 63–65]. 
This has important biomechanical considerations 
in our understanding of strength and stiffness. 
As the regularly organized collagen tissues and 
crimp patterns are progressively lost with high 
remodeling activity, it is not until the ligamen-
tization phase that collagen crosslinking, fibril 
orientation, size, and crimp pattern develop  
[22, 45, 56, 63].

Comparison of animal and human studies of 
biopsied tissue at 12 weeks after reconstruction 
demonstrates key similarities and differences. 
More extensive graft necrosis occurs in animal 
grafts, while human studies have not demon-
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strated that >30% of the grafts’ cross-sectional 
area undergoes necrosis. Within these specimens, 
the unchanged tendinous structure, collagen ori-
entation, and crimp pattern persist suggesting 
that at least part of the human graft specimens 
survive throughout the remodeling process [52]. 
This may be attributed to a more extensive neo-
vascularization process than that which occurs in 
animals. Around the 6- to 12-month time point, in 
a variety of animal studies, the previously estab-
lished peripheral vascular supply is now evenly 
dispersed throughout the graft [1, 55, 56, 62, 63, 
65–68]. In human studies that used gadolinium- 
enhanced magnetic resonance imaging (MRI) 
during the course of healing for 2 years, Howell 
et al. [69] could not detect any central graft revas-
cularization, which remained hypovascular in 
appearance similar to the posterior cruciate liga-
ment. On the other hand, the periligamentous soft 
tissues were richly vascularized and surrounded 
the graft by 1 month. This is in sharp contrast to 
Weiler et al. [66] who performed a similar study 
in sheep, detecting a significant neovasculariza-
tion in the first 3 months after reconstruction.

Similarities between animal and human stud-
ies show that loss of collagen organization is 
detectable in areas of the graft in which neovas-
cularization had occurred. Because some primary 
cellular tissue from the graft source persists at 
least in humans due to a limited neovasculariza-
tion, this may partially explain why controlled 
early loading and stress across the graft during 
rehabilitation in the first several months does not 
increase failure rates. Extensive research aimed 
at determining the optimal balance of healing and 
graft loading in the early phases of healing has 
been inconclusive. Ideal loading conditions must 
be low enough to maintain graft integrity and 
prevent stretching, laxity, and future instability 
while simultaneously high enough to encourage 
a robust, organized, and productive ingrowth and 
subsequent maturation of cellular and extracellu-
lar components for a successful transformation to 
maintain knee stability.

7.4.1.4  Ligamentization
It is thought that the ligamentization process 
is the result of the proliferative stage starting 

around the twelfth week. Throughout this phase, 
the reconstructed ligament builds upon the pre-
paratory structural and mechanical adaptations 
it has made thus far. Throughout this final stage, 
the reconstructed ligament makes several fun-
damental and distinct adaptations to closely 
resemble a native ACL. Microscopically, as with 
a native ACL, metabolic activity of the fibroblasts 
begins to slow and cellular morphology resem-
bles a more quiescent shape as growth factor 
and protein synthesis drops to levels of a native 
ACL.  Microscopically this is found within the 
first 3 months in animal studies [55, 56, 65, 66].

Nevertheless, multiple important differences 
can still be seen in the structural composition. 
Reorganization of the collagen in structure, the 
collagen type, and size are noticed. Similar to 
the intact ACL, a more organized, fascicular net-
work of collagen appears. The crimp pattern seen 
in the early and proliferative phases is partially 
reestablished. This crimp alteration has been 
observed in sheep studies even up to 2 years [56, 
70]. Compared with the native ACL, the colla-
gen size remains small in the reconstructed PT or 
hamstring graft as opposed to a heterogenous 
mix of both small and large collagen fibrils. The 
small collagen fibril diameter persists throughout 
the lifetime of the new ligament [22, 27, 45, 71]. 
Type III collagen content and synthesis, not nor-
mally found within the intact ACL, slows in its 
production and is maintained for at least 2 years 
[39, 72]. It is noted that in a goat study at 3 years, 
type III collagen returned to normal values [68].

The type and density of crosslinking of the 
collagen, in particular hydroxypyridium crosslink 
density, is an important feature in reparative tis-
sues. With lower concentrations found in repara-
tive tissues, mechanical performance has been 
shown to have a linear relationship when looking 
at crosslink density and Young’s modulus of elas-
ticity [68, 73]. Previously, it has been reported 
that newly synthesized collagen fibrils have small 
diameters (<100 nm) and contain type III colla-
gen [74–76]. In early ligamentous repairs and 
scar tissue on the skin, type III collagen is found. 
This type of collagen is less stiff than type I col-
lagen; however, as the tissue matures, the type III 
collagen is replaced by type I collagen. Covalent 
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crosslinks formed between collagen are nonre-
ducible and an important determinant of mechan-
ical strength and biochemical stability. Without 
crosslinking, collagen fibrils are mechanically 
weakened and easily damaged [68]. Similar find-
ings have been demonstrated in various animal 
models due to persistent small-diameter collagen 
fibrils and increased type III collagen. There are 
significantly inferior mechanical properties in a 
healing graft compared with a native ACL, even 
after long-term healing of up to 2 years [22, 25, 
56, 66, 68, 70, 77]. Throughout the first year of 
this ligamentization process, it is clear that the 
mechanical properties of the graft improve; how-
ever, for measured biomechanical properties of 
failure load and stiffness, the maturing graft may 
only reach 50% to 60% of the native ACL in ani-
mals [22, 25, 30, 44, 53, 56, 62, 65, 66, 68, 78]. 
Despite the adaptive extracellular matrix struc-
tural changes that have been observed for up to 
3 years, it is noted that the mechanical strength 
of a reconstructed ACL is never fully restored to 
normal.

One must be careful to make direct compari-
sons of animal and human studies performed on 
ACL reconstruction. Although many of the bio-
logical features of the ligamentization process do 
parallel each other between study species, there 
are notable differences in the speed and inten-
sity of the graft maturation process. Perhaps due 
to the initial limited or partial necrosis seen in 
the early phase of healing, the graft strength is 
much less effected in the early stages of healing 
in humans.

Nevertheless, there are proven adaptations that 
do occur in the grafted tissue, although it seems 
that complete transformation back to an intact 
state is not achieved. Clinically, no final con-
clusions can be made regarding the mechanical 
strength of the healing tissue in humans due to 
limited techniques to measure in vivo mechanical 
properties or whether the ligament has undergone 
complete ligamentization permitting a safe RTS 
or high-level activity.

Other key variables certainly play a role in 
successful graft maturation to restore knee stabil-
ity and function. Anatomic graft placement dur-
ing ACL reconstruction provides the best chance 

for proper ligament loading characteristics and 
environmental stimulus to drive a favorable heal-
ing process. Variations in graft loading based 
on the amount of healing or time from surgery 
must be clearly delineated in future research to 
encourage structural restoration of the grafted 
ACL to near-intact ACL function. Additionally, 
final graft tensioning during the index procedure 
must not overconstrain the newly constructed 
ligament, which could potentially lead to delete-
rious effects on the ligament and knee function 
[79]. Other considerations such as host factors, 
postoperative rehabilitation, patient compliance, 
and activity level are also independent predictors 
of a successful long-term outcome. Good graft 
biology and maturation requires that the graft 
and fixation be strong enough not only at time 
zero but also during rehabilitation to maximize 
function and reestablish muscle strength and neu-
romuscular control of the limb.

From the multitude of investigational studies, 
one of the main takeaways despite all variables 
is that it takes time for biological incorporation 
to progress toward a native ACL state (Fig. 7.1). 
The tension on the final construct has been 
found to effect the revascularization process that 
must occur for successful long-term function of 
the ligament. Patient factors such as tobacco 
use and diabetes may alter the intricate angio-
genic pathways needed and oxygen delivery 
systems. Inherit healing potential of individuals 
also varies based on age, genetic background, 
and associated chondral, meniscal, capsular, 
and ligamentous injuries that occur at the time 
of injury.

Overall, this ligamentization process is an 
adaptive transformation of the graft which does 
not lead to a complete transformation to the bio-
logical properties found in an intact ACL.  It is 
a combination of many variables that contrib-
ute to a healthy, mature graft. These include the 
mechanical environment surrounding the graft 
from the time of implementation. Perhaps one of 
the most controversial and still yet to be proven 
questions in the literature still prevails: is it still a 
matter of debate whether a full restoration of the 
biological and mechanical properties of the intact 
ACL is possible or whether the process is more 
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of a transformation of graft tissue that resembles 
but does not fully replicate the properties of the 
intact ACL?

7.5  Tunnel Healing

A second, equally critical step in ACL recon-
struction is the necessary healing within the bone 
tunnels. The tunnel or socket that was created in 
order to pass, suspend, and fixate the new liga-
ment graft requires sound mechanical strength, a 
biological process for healing, and precise ana-
tomic placement to achieve knee stability and a 
successful outcome. This process is dependent on 
various factors including graft choice, bone qual-
ity, fixation method, tunnel size, length, mechani-
cal stresses, and tension encountered by the graft.

Using bone-bone healing as in a bone-patellar 
tendon-bone (BPTB) graft, there is an advan-
tage in terms of graft selection options for ACL 
reconstruction. The healing process that takes 
place is complex and unique which presents 
specific challenges. Within a bone tunnel using 
a PT graft, there is both a bone plug and intraos-
seous tendon. Due to the inherent nature of the 
PT graft exceeding the length of the native ACL, 
a significant amount of graft found in the tunnel 
is the tendon itself. Therefore, a healing process 
involves the bone-bone interface next to the plug 
and also the tendon-tunnel healing at the aper-
ture of the tunnel. For successful healing, aper-
ture healing allows remodeling to a direct type 
of ligamentous insertion that promotes strength 
[82]. The bone plug matures through a process of 
necrosis, resorption, and remodeling with creep-
ing substitution [31]. At 3  weeks, Tomita et  al. 
[31] demonstrated in BPTB grafts in beagle dogs 
that at the tendon-bone junction of the graft, both 
the noncalcified and calcified fibrocartilage lay-
ers were present. At 3 months, full incorporation 
with bone-bone healing occurs and it is indistin-
guishable from the surrounding bone.

In early healing of PT grafts in animal studies, 
immature granulation tissue forms between the 
tendon and tibial tunnel wall. Sharpey and Ellis 
originally described the Sharpey fibers which are 
implicated in indirect ligamentous insertions. 

These are superficial fibers that anchor soft tis-
sue to bone through perforating superficial fibers 
that insert into the periosteum at acute angles. 
These insertions during growth are the presump-
tive matrix that allows the progressive mineral-
ization of a ligament or periosteal collagen fibers 
[83]. Periosteum itself consists of multipotent 
mesodermal cells in addition to progenitor chon-
dral and osteoid cells and, under specific condi-
tions, forms cartilage and bone, respectively [84]. 
This attachment is dynamic because it allows for 
micromotion to occur and thus shear movements. 
As will be discussed later in this chapter, non-
anatomically fixed grafts as seen with suspensor 
fixation allow for minor longitudinal movements 
between the graft-tunnel interface [85].

In PT grafts, in as little as 3  months and at 
1 year after ACL reconstruction, biopsied tissues 
show the tendinous portion of the graft proximal 
to the bone plug healed to the tunnel wall with 
an indirect insertion with Sharpey-like fibers [31, 
79, 86]. The healing of PT grafts in the tibial 
tunnel progresses from the bone plug site proxi-
mally to the tendon-tunnel junction [87]. These 
Sharpey fibers are composed of mainly type III 
collagen and mainly help to resist in shear stress.

Advantages of using a BPTB graft are the fol-
lowing: strength of the initial graft [88], secure 
fixation using interference screws [24], and bio-
logical bone-to-bone fixation [88]. However, due 
to the inherent nature of the length mismatch of 
the grafted tendon to the intraarticular length of 
the ACL, there is always a gap from the tunnel 
wall to the tendon. This mismatch may affect 
knee stability [89]. It has been suggested that 
placing a bone plug deep in the femoral tunnel is 
a possible risk factor for femoral tunnel enlarge-
ment [90]. Compared with the native ACL inser-
tion site, ACL reconstructions produce a greater 
distance between the normal insertion site and 
the biomechanical point of action of the liga-
ment [84].

The graft tendon-tunnel wall interface proxi-
mal or distal to the bone plug, on the tibia and 
femur, respectively, does develop postopera-
tively in a slower process of graft incorporation. 
Compared with a hamstring graft in which the 
cross-sectional area of the tendon in the tunnel is 
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larger, the tendinous portion of the PT in the tun-
nel is significantly smaller. At 12 weeks, Tomita 
et al. [31] demonstrated histologically in beagle 
specimens using a BPTB graft that the tendon- 
tunnel interface fills in with dense collagen fibers 
that resemble Sharpey’s formed from within the 
granulation tissue.

Healing at the specific tunnel aperture loca-
tion is another critical area of healing required for 
successful graft maturation and long-term suc-
cess. Specifically looking at this location of graft 
healing, Bedi et al. [91] compared intraarticular 
(near tunnel aperture) and extraarticular (far from 
tunnel aperture) fixation using suspensory graft 
fixation in a rat model with flexor tendon grafts 
(Fig.  7.2). The extraarticular fixation group at 
4 weeks showed organized, fibrous matrix tissue 
with a narrow-tendon-bone interface. Mineral 
apposition rates and bone formation were also 
greater in this group. Osteoclastic activity was 

more prevalent in the intraarticular group. The 
intraarticular healing response was also seen to 
be less organized and showed less bone forma-
tion suggesting a cell-mediated role potentially 
leading to an impaired healing response. It was 
concluded that extraarticular graft fixation pro-
moted a more robust, organized healing response 
at 4 weeks and that local biological and mechani-
cal alterations related to the fixation proximity to 
tunnel aperture have an effect on healing.

Potential problems with graft healing may 
come from the less than ideal intraarticular envi-
ronment in which the graft occupies. The intraar-
ticular nature of the reconstructed graft subjects it 
to contact with synovial fluid which contains pro-
teolytic MMPs. Berg et al. [82] assessed healing 
in a rat ACL model. After drilling both the femo-
ral and tibial tunnels (and not implanting a graft), 
these investigators observed healing occurred 
most rapidly the further it was away from the 

Fig. 7.2 Effect of increased distance between graft fixa-
tion points on graft-tunnel micromotion. “Suspensory 
fixation” at the EAA of the bone tunnels reduces con-
struct stiffness, increases graft tunnel micromotion, and 
results in secondary tunnel expansion. The “bungee 
effect” due to longitudinal graft motion and the “wind-
shield wiper effect” due to transverse motion of the graft 

in the tunnel may result in distinct differences in the 
mechanical environment between the IAA and 
EAA. Note the increased longitudinal motion of the graft 
at IAA (C to C′ and F to F′) compared to the EAA (A to 
A′ and D to D′) as the distance from the fixation points 
increases (Reprinted with permission from Bedi et  al. 
[91])
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joint. The slowest healing was found near the tun-
nel apertures, suggesting that synovial fluid infil-
tration may interfere with tunnel healing.

Hamstring grafts fixated with suspensory fixa-
tion heal to the tunnel wall, as vascularized gran-
ulation tissue fills in the gap at the tendon-tunnel 
interface. An abundance of type III collagen and 
inflammatory cells, mediators, and growth factors 
stimulate ingrowth from the periphery of the graft 
with Sharpey-like fibers. Shear stress is resisted 
from the perpendicular nature of the Sharpey-like 
fibers which enhances stability leading to a con-
tinuation of structural remodeling and maturation 
[25, 30, 43]. The collagen fiber insertional size, 
organization, and direction depend on strain, site, 
and length of insertion [92].

Stability of the attachment site with this 
matured granulation tissue drives chondroid cells 
to deposit along the length of the graft and, over 
time, start the process of endochondral ossifi-
cation [93]. The pattern is not uniform because 
some regions demonstrate a cartilaginous inter-
face between tendon and bone [84]. These 
regions of fibrocartilage may mature and repre-
sent a form of direct healing by enchondral bone 
formation [94]. It has been proposed that anatom-
ical fixation with interference screws in a BPTB 
graft may promote tendon-bone incorporation via 
a direct healing response [95].

In most studies, a form of indirect healing 
between the tunnel bone and soft tissue graft 
is found [43]. At 3  months, biopsy specimens 
from hamstring tendon (HT) suspensory fixa-
tion (TransFix) showed a fibrovascular interface 
with few collagen fibers. From 5 to 10 months, 
Sharpey fiber numbers increased, and by 1 year 
the tendon-bone interface was seen to have a con-
tinuous layer of Sharpey-like fibers.

If a secure indirect attachment does not 
develop, problems within the tunnel may occur. 
The concept of tunnel enlargement (Fig.  7.3) 
found in hamstring tendon grafts is derived from 
this “windshield wiper” effect of the graft and 
synovial fluid interface [97]. Fixation techniques 
with suspensory fixation can produce micro-
motion which may impair a robust graft-tunnel 
 healing leading to the development of a meta-
plastic fibrous cartilage transition [98].

Tendon-bone micromotion seems to have an 
inverse correlation between motion and healing 
in the femoral tunnel. Graft tunnel motion may 
impair early graft incorporation and may lead to 
osteoclast-mediated bone resorption [99, 100]. 
This micromotion can also be affected by the type 
of rehabilitation prescribed, which is discussed in 
further detail later in the chapter. Understanding 
the differences of graft healing and integration at 
the various tissue interfaces within the tunnels are 
important for postoperative rehabilitation [99].

Of importance, these histological biopsy 
studies are taken at the time of revision ACL 
reconstruction. Because tunnel-bone healing is a 
potential contributor to graft failure, it is possible 
that the biopsied tissues do not truly represent the 
healing process of a successful ACL reconstruc-
tion. Clinical extrapolation of this data must be 
used with caution. Despite attempts to recreate 
the native ACL attachment site with various mod-
ern reconstructive options, the ideal tendon graft 

Fig. 7.3 Example of tunnel enlargement requiring ACL 
revision reconstruction with use of staged bone grafting 
(Reprinted from Noyes and Barber-Westin [96])

7 What Is the Scientific Basis for Knee Ligament Healing and Maturation to Restore Biomechanical…



132

cannot replicate a broad, surface attachment to 
the bone with an intermediate zone of fibrocar-
tilage [84].

7.5.1  Bone Quality Composition

Fixation of graft in the tibial and femoral bone 
requires adequate structural support necessary 
to hold the graft suspended in each tunnel. It is 
very likely that successful graft incorporation 
depends on the bony environment receiving the 
graft [101]. The bone quality, quantity, and distri-
bution in which this fixation occurs and its role in 
healing are different between the tibia and femur. 
The distal femoral metaphyseal tunnel is created 
within a densely cancellous network of bone. On 
the tibial side, marrow elements of the metaphy-
seal bone are more prominent, especially in ani-
mals such as rabbits. Insertion of a grafted tendon 
into each site may invoke a much different cel-
lular response leading to different functional 
consequences. Similarities have been demon-
strated in extraarticular healing of ligaments. 
Grassman et al. [101] conducted an experimental 
model with rabbits on extraarticular medial col-
lateral ligament reconstruction with a free tendon 
graft. Tissue healing into cancellous bone was 
found to be superior to that of a marrow-filled 
space. Therefore, the bony environment of graft 
incorporation is a greater determinant of heal-
ing success than the actual graft choice (HT or 
PT) [101]. This direct anatomical extrapolation 
may not perfectly represent the human knee 
because the femur and tibia are more similar to 
cancellous- filled rabbit femur.

7.5.2  Graft Fixation Technique

The choice of ACL graft fixation used to secure 
the graft during healing must allow for early load-
ing without slippage, elongation, or deformation 
of the tissue. Until healing in the tunnels has 
occurred at the bone-bone or tendon-bone junc-
tion, the graft is only as strong as the fixation at 
time zero of implantation. These considerations 
necessitate a delay in return to function.

Types of human fixation methods and the 
corresponding biomechanical and histological 
impact that occurs have been studied in animals 
at length. Interference screws in the tibial tun-
nel of a goat model with Achilles split autografts 
demonstrated healing with and without a fibrous 
interzone. This fibrous interzone is composed of 
vascularized, highly cellular fibrous tissue which 
over time reorganizes its matrix until Sharpey- 
like collagen fibers and the fibrous interzone-graft 
interface are indistinct. This is thought to be the 
earliest sign of osseous integration. At 6 weeks, 
in regions where the tendon was directly adja-
cent to the bone, there was no fibrous interzone 
present and osteoblastic and osteoid formation 
was found. However, some of the graft closest 
to direct bone-tendon interface did develop a 
fibrous interzone with Sharpey-like fibers. This 
was found at regions of high stresses such as the 
articular tunnel aperture site. This may indicate 
that interference fixation through a compression 
effect may provide a stimulus toward the devel-
opment of a more physiological and direct graft 
insertion without the development of a fibrous 
interzone [62]. Weiler et  al. [62] hypothesized 
that for the creation of a direct insertion site at 
the articular tunnel aperture, certain graft-tunnel 
forces must be neutralized, which may be accom-
plished with an interference screw. The effect of 
interference screw fixation may prevent tunnel 
widening and promote tendon-bone incorpora-
tion. It is unknown if this mechanism is from the 
neutralization of forces from the screw or syno-
vial fluid blockage into the tunnels [62]. Other 
factors including screw composition and biode-
gradability of the screw material may also con-
tribute to an inflammatory response at the graft 
anchorage site leading to possibly adverse cellu-
lar reactions [102–108]

Comparing an interference screw to spiked 
screw and water (WasherLoc), the biological 
healing response with an interference screw was 
observed to be slower in an experimental study 
of  ovine tibiae. This was confirmed after the 
removal of the hardware at 4  weeks because the 
data showed the tensile strength and stiffness of the 
graft fixated by the interference screw were 31% 
and 36% of original implantation strength. In con-
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trast, the WasherLoc fixated graft showed strength 
and stiffness at 50% and 143% compared to ini-
tial implantation. These findings led the authors 
to conclude that interference screw fixation may 
impair tendon healing within the osseous tunnel by 
decreasing the contact area with the bone and per-
haps preventing the ingrowth of blood supply to the 
grafted tissue. Additionally, the fixation strength of 
the cancellous bone with an interference screw is 
less stiff than fixation of a graft in cortical bone 
with the spiked screw and washer [109]. Therefore, 
with various fixation methods there are different 
amounts of compressed tendon lengths, grip of the 
graft, and purchase on the quality of bone [110].

Despite initial high graft fixation strength and 
stiffness with a variety of implants, it is not until 
biological healing and maturation of the tunnel- 
graft interface occurs that allows for the increased 
demands in postoperative rehabilitation.

7.5.3  Tunnel-Tendon Gap Size

Bone-tendon healing in the osseous tunnel and 
the relative gaps between interfaces are other 
important variable in the healing response that 
occurs. This is encountered in double HT grafts 
with suspensory fixation devices. With these 
fixation devices, there is essentially no compres-
sive effect imparted to the graft-tunnel surfaces. 
Therefore, healing tissues must bridge this gap to 
indirectly allow for biological ingrowth to occur. 
In rabbit models with semitendinosus grafts, 
smaller gaps led to more organized, dense heal-
ing tissue with an associated increase in tensile 
strength seen at 2  weeks [111]. At 6  weeks, the 
histological interface between tendon and bone 
appears more mature with a better press-fit diam-
eter of the graft. Increasing the bone-tunnel size 
from 1.5 to 1.8 mm of tendon-tunnel diameter mis-
match resulted in a decrease in pullout strength by 
roughly 25% [112]. Achieving a near press- fit of a 
tendon within the tunnel is an important technical 
consideration during reconstruction. From these 
studies, it is recommended that to improve anchor-
ing strength of a grafted tendon in an osseous tun-
nel, the tunnel size should be approximately the 
same diameter of the grafted tendon [111].

7.5.4  Tunnel Length

Technical surgical factors play a role in healing 
of the newly reconstructed ligament. Intuitively, 
it would make sense that increasing the amount 
of graft surface area and contact within the osse-
ous tunnel helps to improve biological incor-
poration. Greis et  al. [112] demonstrated in a 
canine model that 1  cm of tendon-bone tunnel 
contact had approximately 60% pullout strength 
compared with 2  cm of tendon-bone contact at 
6 weeks [112]. Conversely, Yamazaki et al. [113] 
demonstrated no difference in tendon grafts with 
15 mm versus 5 mm of graft contact in tibial tun-
nels in a canine model at 6 weeks in ultimate fail-
ure load and linear stiffness. Long-term clinical 
results are unknown with a shortened tunnel graft 
and the surgical technique guidelines remain to 
have as much graft tunnel length as possible for 
added graft incorporation and overall long-term 
strength of the ACL reconstruction. Therefore, 
one can assume that the ultimate strength of the 
graft during the healing and maturation process 
is due to both the aperture healing and added 
intraosseous incorporation along the graft tunnel 
and this imparts a minimal threshold that is still 
unknown. The minimal amount of tendon-tunnel 
bone contact needed to allow for a successful 
outcome has not been determined.

7.5.5  Mechanical Stress and Graft 
Healing

The magnitude, frequency, and direction of load-
ing have direct implications to the reconstructed 
ligament and the biological healing response gen-
erated. These forces experienced across the graft 
change with varying fixation strategies which 
may allow micromotion between the graft-tunnel 
interfaces. Additionally, a “conservative” versus 
“aggressive” postoperative rehabilitation proto-
col may alter this biological healing environment.

In aggressive rehabilitation protocols using 
a quadrupled hamstring graft, greater tunnel 
widening was present [114]. Radiographic and 
histological analysis of this phenomenon has 
demonstrated that most noticeably this was seen 

7 What Is the Scientific Basis for Knee Ligament Healing and Maturation to Restore Biomechanical…



134

at the tunnel apertures and least at the end of 
each tunnel which is adjacent to the graft fixa-
tion. At the apertures, more fibrovascular scar 
tissue forms at the interface. This relationship 
of graft-tunnel motion and healing demonstrates 
an inverse healing relationship. This persistent 
micromotion in the face of continued stress 
across the graft drives cellular adaptions to have 
an osteoclastic predominance at the aperture site 
and provides evidence to support an osteoclastic- 
mediated bone resorption pathway leads to tun-
nel widening [100].

In rabbit specimens after reconstruction, 
immobilized groups compared with no immo-
bilized groups showed a more organized heal-
ing response, resulting in improved mechanical 
strength at the bone-graft junction. The con-
clusion was made  that failure to immobilize 
delayed  the biological fixation process in the 
bone tunnel, and a certain amount of immobiliza-
tion was required for proper healing [115].

Other postoperative regimens in rodents and 
the effect on tendon-bone healing have been 
explored. Rats with controlled cyclic axial load-
ing for short periods of time each day compared 
with an immobilized group had greater inflam-
mation and less bone formation in the tunnels 
[116]. In the same model treated with a delay 
in cyclical loading (4  days), improvements in 
mechanical properties in the healing response 
were noted compared with groups with immedi-
ate mobilization (1 day post-op) without immo-
bilization and prolonged immobilization using 
an external fixator device to limit motion of the 
surgical extremity (2 weeks post-op) [117].

These studies suggest that perhaps a period 
of reduced activity following ACL reconstruc-
tion may be more advantageous to graft healing. 
This allows for an adequate biological healing 
response to begin, mature, and stabilize itself 
prior to mechanical loading. The early loading 
of the graft has been shown to delay and impair 
the quality of histological healing tissue which 
may alter the grafts’ long-term healing potential. 
This can be thought of much like a healing frac-
ture. Too much mechanical stress and strain early 
can be deleterious at the fracture site leading 
to nonunion or hardware failure. However, not 

enough loading leads to bone resorption and lack 
of biological stimulus needed to promote heal-
ing. Based on the current literature, we would 
not support an aggressive rehabilitation protocol 
because of the need for early, organized healing 
to promote long-term health of the grafted tissue 
allowing for necessary ligamentization. As of 
now, the literature is unclear regarding the opti-
mal rehabilitation program that balances the need 
for healing and functional return.

7.5.6  Graft Tension

Graft tensioning at the time of fixation has been 
studied extensively in ACL reconstruction. A 
reconstructed ligament must have enough ten-
sion to adequately restore knee stability not only 
at time zero, but throughout the ligamentization 
process. Both under- and over-tensioning the 
graft are known to be deleterious to knee stability, 
place nonphysiological forces on the graft, over-
constrain the knee, and increase contact forces 
on the articular cartilage [118–123]. In a goat 
study by Abramowitch et  al. [124], grafts were 
fixed at low (5 N) and high (35 N) initial graft 
tension. At time zero, the high graft tension group 
showed greater joint stability by 35% compared 
with the low tension group at 30°, 60°, and 90° 
of knee flexion with regard to anterior-posterior 
(AP) translation. After 6 weeks, the low and high 
tension groups had similar loading profiles; how-
ever, neither graft tension group restored knee 
stability to native ACL control specimen values. 
The high tension group had increased AP trans-
lation of 145%, 147%, and 187% at knee flex-
ion angles of 30°, 60°, and 90° from time zero 
to 6 weeks. There were no significant differences 
found between the low and high tension groups 
at 6 weeks. However, at 30° of knee flexion, the 
high tension group had a mean AP translation 
of 6.9  ±  2.7  mm, while the low tension group 
had a mean of 9.7 ± 1.8 mm. From time zero to 
6  weeks, each tension group’s cross-sectional 
area more than doubled in size. The authors’ 
hypothesis was confirmed in that the graft’s vis-
coelastic behavior and structural properties were 
not affected by the magnitude of initial graft ten-
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sion. Limitations of the study included immedi-
ate weight-bearing of the goats within hours after 
the surgery which may have contributed to early 
graft slippage and elongation, number of speci-
mens studied, and short time course which does 
not reflect the typical recovery period following 
ACL reconstruction in humans.

Regarding the direction of load across the 
bone-tendon graft site, it has been reported that 
healing occurs as a result of mechanical stress 
across the graft. In a rabbit model with extraar-
ticular tendon grafts, it was observed that tensile 
stresses enhanced the healing process, compres-
sive forces promoted chondroid tissue, and shear 
load had no major effect. Based on the direction 
of the tunnel in relation to the intraarticular axis 
of the tendon graft, these forces become distrib-
uted differently across the bone-tendon junction 
[125]. Further study to better delineate this con-
cept with concern to graft maturation has yet to 
be fully elucidated.

7.6  Allograft Healing

Allograft tissue for ACL reconstruction is another 
commonly used graft material. Advantages for 
the use of allograft tissue include a lack of donor 
site morbidity, time of operation, and availability 
across institutions [126]. Alternative uses include 
revision ligament surgery and multiligamen-
tous knee operations. Several concerns regard-
ing allograft use include the variability in graft 
processing with radiation and chemical treat-
ments, donor tissue quality and site, and poten-
tial for disease transmission. Furthermore, key 
structural and healing response differences have 
been identified. Multiple animal and human pub-
lications comparing autografts and allografts in 
ACL reconstruction demonstrate mixed results 
with regard to short- and long-term outcomes 
[127–130].

Results have not been as promising in animal 
studies that assessed the healing response and 
graft incorporation of allograft tissue. Multiple 
investigations have demonstrated that the rate 
of incorporation in the tunnels is slower and less 
complete. Soon after graft fixation, the mechani-

cal strength declines as seen in autograft tissue; 
however, this decline is to a greater extent than 
autografts. Comparison of autografts to allografts 
at 6  months demonstrates that allografts have 
inferior loads to failure, smaller cross-sectional 
areas, and laxity to restraining joint translations 
[1, 21, 131–136].

A persistent inflammatory state led by the 
immune system produced by the allograft leads 
to increased graft necrosis and matrix turnover 
leading to the greatest initial decline in biome-
chanical properties of the graft when compared 
with autograft tissue [1, 21, 131–139]. Allograft 
sterilization processes attempt to prevent a robust 
host immunogenic response. Nonetheless, there 
are some persistent matrix antigens that do incite 
a localized immune response. This is theorized to 
be the reason for the variations in the biomechan-
ical and structural properties which leads to often 
incomplete and prolonged healing [140, 141].

Even with a delayed progression, the phases 
of healing are comparable to autografts in which 
fibrovascular granulation tissue forms at the 
tendon- bone interface. Soon Sharpey-like fibers 
aid in anchoring the graft to the tunnel wall resist-
ing shear stresses. As graft stability increases, 
bone ingrowth completes the healing process [1, 
21, 131–136]. The formation of new bone hap-
pens over a period of 18 weeks to 6 months. Due 
to the prolonged bony healing response, this may 
be responsible for tunnel widening that is present 
during the first several weeks after surgery [22, 
142].

Intraarticular ligamentization does occur and 
proceeds with a similar necrosis phase, host cel-
lular replacement, and angiogenesis leading to 
revascularization. It has been identified in animal 
models that donor cellular replacement occurs as 
soon as 3 weeks. In humans who have undergone 
graft biopsies, cellular repopulation of the entire 
graft has only been shown to occur after 3 years, 
and even at 2 years the central graft remains acel-
lular [143, 144]. Several clinical studies have 
reported increased failure rates of allografts com-
pared with autografts [145–148]. It is our opinion 
that allografts are not indicated in athletes who 
desire to return to high-impact activities involv-
ing cutting, pivoting, twisting, and jumping.
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7.7  Healing Challenges in ACL 
Reconstruction

To optimize healing of the graft, there are several 
important factors that surgeons have strived to 
overcome by modifying both the biological and 
biomechanical environment. Gulotta and Rodeo 
[149] identified the following factors:

 1. Inflammation at the graft site resulting in scar 
tissue formation.

 2. Quality of bony ingrowth and the length of 
time over which this occurs.

 3. Motion at the graft-tunnel interface.
 4. Insufficient undifferentiated progenitor cells 

at the bone-tendon interface.
 5. Lack of coordinated signaling cascade that 

directs healing toward regeneration rather 
than scar tissue formation.

7.8  Modes of Failure Based 
on Point of Time.

Based on the time from surgery, it has been 
observed that graft failure occurs in a variety of 
ways. At time point zero in hamstring autografts 
in sheep models, failures occur at the tendon- 
suture junction. At 6 to 12 weeks, graft pullout 
from shearing of the graft from bone tunnels or 
a midsubstance tear occurs due to the lack of 
formed strength at the aperture locations. After 
24  weeks, grafts typically fail in the midsub-
stance [150]. Kondo et  al. [150] demonstrated 
in a sheep model using semitendinosus autograft 
that even at 12 weeks after reconstructions, graft 
necrosis (Table 7.1) and a subsequent decrease in 
graft strength were seen. Compared with native 
ACL controls at 24  weeks, grafted specimens 
demonstrated maximum load and stiffness that 

were 29% and 40% of the native ACL (Figs. 7.4 
and 7.5). At 1 year, the strength improved to 47% 
and 73% of the native ACL.  At this point, the 
weak link in the reconstruction is not at the for-

Table 7.1 Tissue dimensions of the ACL grafta

Group
Period (weeks)
0 12 24 52

ACL length, mm Graft 19.2 ± 2.0 19.5 ± 3.3 19.3 ± 1.2 19.4 ± 0.8
Normal ACL 21.0 ± 1.1 19.8 ± 1.7 20.4 ± 2.3 19.9 ± 1.0

Cross-sectional area, mm2 Graft 22.8 ± 4.1 30.5 ± 7.2 24.5 ± 11.5 30.4 ± 10.6
Normal ACL 24.7 ± 5.5 24.6 ± 2.5 23.5 ± 4.0 20.9 ± 4.2

Data are expressed as mean ± standard deviation
aFrom Kondo et al. [150]

Fig. 7.4 The maximum load of the normal anterior cruci-
ate ligaments and the semitendinosus tendon grafts. ∗ and 
∗∗ indicate results from the post hoc tests. ∗P < 0.05 com-
pared with the semitendinosus tendon grafts in each 
period. ∗∗P  <  0.05 compared with the semitendinosus 
tendon grafts at 52  weeks (Reprinted with permission 
from Kondo et al. [150])

Fig. 7.5 The stiffness of the normal anterior cruciate 
ligaments and the semitendinosus tendon grafts. ∗ and ∗∗ 
indicate results from the post hoc tests. ∗P < 0.05 com-
pared with the semitendinosus tendon grafts in each 
period. ∗∗ P  <  0.05 compared with the semitendinosus 
tendon grafts at 52  weeks (Reprinted with permission 
from Kondo et al. [150])

A. Smith and F. R. Noyes



137

merly important fixation sites, but the graft tissue 
itself. The remodeling graft’s mechanical proper-
ties of strength and stiffness decrease due to graft 
necrosis leading to loss of regular collagen type, 
orientation, and crimp pattern. Once the graft has 
progressed throughout the ligamentization pro-
cess, the slow restoration of collagen and crimp 
properties occur.

Between 6 and 8  weeks after surgery, the 
bone-bone interface appears mechanically stron-
ger than the tendon-bone interface, but this dif-
ference is not more significant by 12  weeks. 
These observations have led authors to conclude 
that soft tissue grafts such as hamstring tendons 
heal more slowly than PT within the bone tunnel 
after ACL reconstruction. 

7.9  Biological Techniques 
of Enhancing Tendon-Bone 
Healing

Recently, exogenous implementation of vari-
ous biological techniques has been studied and 
implemented to alter and improve the healing 
and maturation of the grafted tissue. When ACL 
reconstruction is performed with a HT graft, 
the process takes longer to provide sufficient 
mechanical stability at the tendon-bone interface 
in contrast to the PT graft [28]. Along with a 
slow rate of healing, the attachment site weak-
ness of the bone-tendon may limit rehabilitation 
and delay return to activities [151]. One of the 
aims of these exogenous factors is to accelerate 
the normal healing response by promotion of 
new collagen fibers at the bone-tendon interface 
creating secure bony apposition. Since the site 
of graft fixation in the early healing phase is the 
weakest region of the graft, much of the post-
operative rehabilitation and return to functional 
activity is largely dictated by the need to protect 
the healing of the tendon in the bone tunnels. 
Therefore, improving this healing response may 
allow for more aggressive rehabilitation and ear-
lier return to sport than previously thought pos-
sible. Despite the theoretical advantages of using 
these biological techniques to alter and improve 
healing of the graft, it may be too early in these 
investigations to be able to broadly recommend 

and implement them in ACL surgery. Until a bet-
ter understanding of these techniques along with 
the biological concentrations, delivery systems, 
and duration of effectiveness over time is delin-
eated, surgeons must carefully decide if there 
is an advantage in performing these adjunctive 
therapies.

7.9.1  Growth Factors and Bone 
Proteins

Several key polypeptides such as bone mor-
phogenic proteins (BMPs) and growth factors 
(GFs) which include transforming growth factors 
(TGFs), fibroblast growth factors (FGF), platelet- 
derived growth factors (PDGF), and epidermal 
growth factors (EGF) have been studied to ascer-
tain what role they may have both individually 
and in combination in activating and regulating 
the proliferation of new bone and fibrous connec-
tive tissues.

Bone healing ultimately contributes to heal-
ing and biomechanical strength in ACL recon-
struction [61]. Previous work has been done 
looking specifically at osteoinductive agents 
such as BMPs based on their potential to induce 
bone ingrowth and new bone formation [61]. 
BMPs initiate endochondral or intramembranous 
bone formation by promoting MSCs to differen-
tiate into chondroblasts and then into osteoblasts 
[152]. Specifically, BMP-2 has been studied and 
used in spinal surgery with the potential ability 
to induce tendon or ligament fibroblasts to dif-
ferentiate into osteoblast-like cells to augment 
bone-tendon healing [153–155]. Rodeo et  al. 
[61] demonstrated in a dog model that an absorb-
able collagen sponge infused with rhBMP-2 
resulted in increased bone ingrowth at the bone-
tendon interface leading to a closer apposition 
of bone to the tendon. It appeared that rhBMP-2 
functioned as a powerful chemoattractant for 
undifferentiated cells in the highly cellular gran-
ulation tissue formed between the tendon-bone 
interfaces. This also translated to greater pullout 
loads in the low-dose BMP group compared with 
controls at 2 weeks; however, at 4 and 8 weeks, 
no significant differences were found [61]. 
Interestingly, superior results have been found 
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in groups treated with lower rather than higher 
doses of rhMBPs [156–158]. Similar findings 
have been found using rhBMP-7 and TGF-beta 
1 in animal models [159–161].

Adjuncts with osteoconductive properties, 
including those with additional calcium phos-
phate incorporated along the tunnel-tendon 
interface, have shown promise in rabbit models. 
There was increased bone formation and statis-
tically significant maximal tensile strength (N) 
in augmented groups compared with controls in 
specimens at 1 and 2 weeks [162]. Combating 
potentially osteoclastic mediated processes, as 
seen in tunnel widening, has been studied to 
see if  downregulating and suppressing bone 
resorption could be beneficial in graft healing. 
In rabbit ACL reconstruction models, cellular 
regulatory proteins, osteoprotegerin (OPG), a 
known inhibitor of osteoclasts, or receptor acti-
vator of nuclear factor kB ligand (RANKL), 
which stimulates osteoclast formation and activ-
ity, have been investigated. In specimens treated 
with 100 μg OPG placed in the graft-bone tun-
nel interface, the amount of bone formation was 
significantly larger in the OPG. It is reasonable 
to assume that local application of OPG could 
support a healing process; however, further 
investigation on the specific dosing and drug 
delivery systems with extended testing times 
must be established. In addition, biomechanical 
testing was not performed, and clinical extrapo-
lation of this data should be done with caution 
[163].

This potential for faster healing may have 
the clinical impact of preventing graft slippage. 
Even though graft failure at the tendon-bone 
interface is uncommon using HT grafts, it is 
possible that even subtle graft slippage could 
contribute to future laxity through impaired 
graft incorporation and resultant tunnel 
enlargement [164]. Limitations and effective-
ness of this particular drug delivery during ACL 
reconstruction stem from the short half-life of 
growth factors in combination with synovial 
fluid washout leading to an alteration in thera-
peutic concentrations and prevention of a stout 
fibrin clot [161]. The optimal delivery system 
of these adjunctive treatments has not yet been 

established, although promising results from 
animal studies in its biological effectiveness 
have been shown.

7.9.2  Matrix Metalloproteinases 
and Tissue Inhibitors 
of Metalloproteinases

MMPs as discussed earlier are known to play a 
role in tissue healing and remodeling. They inter-
act closely with inflammatory cytokines such as 
IL-1 and TNF.  Synovial fluid contains metallo-
proteinases and, therefore, synovial fluid tracking 
into the osseous tunnels certainly has implica-
tions in tunnel healing. These MMPs including 
collagenases and stromelysins have been shown 
to induce a catabolic, degradative effect on con-
nective tissues and specifically collagen [165]. 
Three main types of collagenase enzymes have 
been studied: interstitial collagenase (MMP1), 
neutrophil collagenase (MMP8), and collage-
nase 3 (MMP13). These collagenases function to 
degrade triple helix regions of collagen types I, 
II, and III [166]. As discussed previously in the 
early phase of healing, these enzymes are locally 
released in the intraarticular space after ACL 
injury and subsequent reconstruction [167–169].

Hypothesizing that enzymatic degradation 
imparted by MMPs has an adverse tendon-bone 
healing effect has led to investigations looking at 
tissue inhibitors of metalloproteinases (TIMPs). 
TIMPs are proteases that act in sequence with 
MMPs and effectively balance the degrada-
tive and remodeling pathways of the extracel-
lular matrix (ECM). Attempts to modulate the 
normal regulatory pathways between MMPs 
and TIMPs have been performed. In particular, 
Demirag et al. [166] used alpha-2-macroglobu-
lin, an endogenous inhibitor of MMPs locally 
produced by macrophages and fibroblasts, to 
study graft healing. In a rabbit model using an 
intraarticular injection of α-2-macroglobulin, a 
nonselective collagenase inhibitor, after ACL 
reconstruction, there was noted to be denser, 
more mature fibrovascular tissue at the tendon-
bone interface with a greater concentration of 
Sharpey fibers compared to control specimens. 
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Biomechanical testing yielded greater strength 
in those treated with α-2-macroglobulin [166]. 
The precise mechanism of TIMPs and their role 
in modulating this early inflammatory cascade 
with downstream influence on collagen syn-
thesis and breakdown is still far from being 
completely elucidated. The significance of 
these findings may not be directly applicable to 
human and clinical use at this time; however, it 
does further our understanding of the complex 
healing cascade that  occurs after ACL recon-
struction. These potentially modifiable biologi-
cal and mechanical components could be further 
selectively targeted to alter and improve the nat-
ural course of healing.

7.9.3  Cellular and Stem Cell 
Adjuncts

MSCs, often used interchangeably with stem 
cells, are pluripotent, undifferentiated cells that 
have significant implications in the healing pro-
cess. These cells retain the innate ability to differ-
entiate into a variety of the cellular constituents 
of connective tissues based upon the environ-
ment and biochemical stimulus. Current research 
and ongoing clinical applications of MSCs are 
being used to augment and drive healing and 
tissue regeneration. Most commonly, they are 
found in the bone marrow, but are also found in 
adipose, placental, and synovial tissues, among 
others. Animal research has shown that grafts 
augmented with MSCs have healing tissue that 
is more organized with greater amounts of car-
tilage, rather than fibrous scar tissue, at the graft 
interface [170].

Despite investigative work done in this evolv-
ing field of orthopedics, the accepted amounts, 
concentrations, and applications are still a mat-
ter of debate. The potential for MSCs in the age 
of regenerative medicine is being recognized as 
an important next step in the evolution of heal-
ing. Nonetheless, the potential to drive cellular 
components toward a robust, organized healing 
response in the face of an inflammatory sequence 
of events is complex and further research is 
necessary.

7.9.4  The Inflammatory Response

Immediately following surgical reconstruction, 
the cellular milieu of the knee sees a surge of 
inflammatory cells and cytokines. Under typi-
cal circumstances, the inflammatory cascade that 
occurs propagates healing, but irregulated control 
and an exaggerated response may lead to fibrosis 
and scar formation which may be detrimental to 
longevity of the ACL graft. Under ideal condi-
tions in adults, this healing response would lead 
to regeneration of native tissue as opposed to 
healing by scar formation. The healing response 
in adults is starkly different than what has been 
found in fetal regenerative medicine, and now 
techniques attempting to modulate this healing 
effect are being both studied and implemented to 
allow for an organized and rapid healing process 
[171–173].

Initially due to the surgical procedure which 
involves osseous tunnel drilling, localized bleed-
ing into the knee allows for the formation of a 
fibrin clot. A marked release of cytokines includ-
ing TGF beta and PDGF allows for recruitment 
and activation of inflammatory cells. As seen in 
other healing tissues, polymorphonuclear (PMN) 
numbers increase throughout the first 2–4  days 
which are gradually followed and replaced by 
macrophages. These PMNs play a vital role in 
initiating early healing events that has important 
ramifications later in process of tendon-bone 
healing. Macrophage cells are important for 
cellular debridement and are the precursors for 
formation of the important granulation and vas-
cularized tissue that surround the clot increase 
adherence to soft tissues to osseous tunnels 
[174]. Cytokines which initially recruited inflam-
matory monocytes now locally act upon these 
cells to increase cellular production and expres-
sion of MMPs from fibroblasts. Concurrently, 
these fibroblasts synthesize extracellular matrix 
proteins which slowly replace this granulation 
tissue with scar. Tissue degradation, production, 
and remodeling are regulated through the inter-
actions with TIMPs which have been previously 
discussed [165].

The macrophage infiltration has been studied 
specifically looking at variations in function and 
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subpopulations in macrophage type recruited to 
the injured tissue. Contributions from the produc-
tion of soluble cytokines induce angiogenesis, 
fibroblast mitogenesis, and ECM remodeling 
[175–179]. In rat ACL reconstruction models, 
both ED1+ and ED2+ macrophages have been 
demonstrated and functions elucidated.

ED1+ antigen expression is found on the earli-
est macrophages after tissue injury. These cells 
are primarily phagocytic and act to remove non-
viable cellular debris [180, 181]. Cellular trans-
formation of some of these ED1+ macrophages 
may progress toward osteoclastic differentia-
tion, which may contribute to early remodeling 
along bone tunnel edges. As seen in rat studies at 
later time points, cells in the grafted tissue stain 
positive for ED1+, indicating that these cells may 
help with cellular transformation of the tendon. 
Prior studies have suggested that macrophages 
can differentiate into fibroblastic phenotypes 
capable of synthesizing collagen [182]. For these 
cells to infiltrate into the grafted tissue, some 
graft degradation of the tendon ECM occurs by 
secreted IL-1 and TNF alpha acting upon MMPs 
and TIMPs.

ED2+ macrophages are more prevalent in 
the subacute period of injury and seem to differ 
from ED1+ cells in their origin. In contrast to 
ED1+ cells which originate from the bone mar-
row, vascular system, and synovium, ED2+ cells 
arise from the cells at the site of healing [180, 
183]. ED2+ cells serve in the healing process as 
an anabolic and regenerative role after the initial 
PMN and ED1+ inflammatory state [180].

Other complex cellular events involving mast 
cells and pericytes have been identified and 
implicated in playing a contributing role in the 
early inflammatory cascade. Mast cells synthe-
size inflammatory cytokines and may supplement 
the neovascularization and tissue reorganization 
process [174, 184, 185]. Pericytes play a role as 
a possible precursor cell for bone formation and 
ingrowth at the tendon-bone junction [176, 186].

It has been demonstrated that macrophages, 
fibroblasts, and platelets are key cellular media-
tors of wound repair in most organisms, and 
healing occurs by a fibrotic scar rather than tis-
sue regeneration. Wound healing in fetal medi-

cine occurs by a process of “scarless” healing 
via minimal inflammatory response [187, 188]. 
Mice that have been genetically modified to lack 
functional macrophages and neutrophils heal 
skin wounds without scar [189]. The under-
standing of the biochemical role of macrophages 
and other inflammatory cells play during ACL 
reconstruction is critical; therefore, it is hypoth-
esized that by limiting or modifying the typical 
adaptive responses, the specific genes for tissue 
expression and organization can be allowed to 
proceed uninterrupted to restore a histologically 
native tendon attachment site [174]. Other inves-
tigations into improving healing in ACL recon-
struction have been performed with the idea of 
creating “scarless” healing. In a rat model, Hays 
et al. [41] used liposomal clodronate to deplete 
macrophages following ACL reconstruction. 
At all points in time when compared with a 
control group, the macrophage-depleted rats 
demonstrated narrower fibrous tissue interface, 
accelerated healing, and maturation of collagen 
fibers. At 42 days, in the macrophage-depleted 
group versus the control groups, a greater mean 
load to failure (13.5 ± 4.2 N and 9.7 ± 3.9 N) 
and mean stiffness (11.5  ±  5.0  N/mm and 
7.5  ±  3.2  N/mm) were reported. By suppress-
ing the early “destructive” phase of healing 
by macrophage and TGF- beta suppression, it 
is possible to allow for the expression of more 
beneficial regenerative healing pathways rather 
than scar formation.

Suppression of the early inflammatory 
response using selective cyclooxygenase 2 
(COX) inhibitors such as indomethacin and cele-
coxib in rotator cuff rat models has not shown 
promising results. Compared with controls, the 
treated group showed inferior histological and 
biomechanical responses [190].

These biological processes governing heal-
ing are complex and far from being completely 
understood. However, it does appear that 
through targeting specific cellular and inflam-
matory mediators, significant alterations to the 
healing process can be made. Selectively alter-
ing the cytokine, growth factors, and hormones 
is a future target in the challenge of improving 
tendon- bone remodeling in ACL reconstruction.
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7.10  Assessing Graft Maturation 
and Healing through 
Imaging

Attempting to determine when a patient or ath-
lete is ready to return to activities requires a team 
approach. Clinical examination findings through 
Lachman, KT-2000 testing, effusion, range of 
motion, strength, and neuromuscular control 
must be confirmed and documented. A structured 
and unique rehabilitation protocol specific to the 
graft choice and patient demands must have been 
met. Return to play protocols and programs are 
critical to long-term protection of the graft and 
prevention of future injuries. After rehabilitation 
parameters are met and the patient is “ready to 
play,” how do we know with confidence the graft 
healing is complete? Or has it healed enough? 
Has the ligamentization effectively transferred 
the necessary biological, mechanical, and struc-
tural properties to be able to withstand the physi-
cal demands placed on upon it? The interest 
generated by these questions stem from physi-
cians and team doctors attempting to provide a 
patient with the most complete risk profile, with 
the strategy to prevent graft failure. Currently, 
the types of imaging modalities used in assessing 
graft maturation are not well understood. There 
is no current surgeon consensus recommenda-
tion that can be made for or against the use of 
imaging studies that determine if the ligamenti-
zation process is complete. Modalities such as 
plain radiographs, computed tomography (CT), 
and MRI provide a noninvasive assessment of the 
graft. Advanced imaging techniques have gained 
considerable interest and are being developed to 
indicate the maturation status of the graft which 
helps to provide an individualized rehabilitation.

7.10.1  Radiographs

Valuable clues are garnered from standard 
anteroposterior and lateral radiographs. The 
position of tunnels, fixation devices, and graft 
incorporation can be visualized [191–193]. Due 
to delayed incorporation and laxity, tunnel wid-
ening can be seen [191, 194–196]. Subtle find-

ings such as a cortical rim can be visualized. This 
has been shown histologically to correlate with 
graft incorporation [195, 196]. Although cheap 
and accessible with limited radiation risk to the 
patient, radiographs may not provide the neces-
sary detail that CT and MRI offer.

7.10.2  Computed Tomography

Improved detail of tunnel position is one of the 
advantages of using CT. Bony landmarks includ-
ing the lateral intercondylar ridge that has been 
defined on the medial wall of the lateral femoral 
condyle help locate the anatomical origin of the 
ACL [197]. In animal models with both soft tis-
sue and osseous grafts, the cortical rim and cross- 
sectional area of the tunnels have been used to 
assess healing [194, 195].

7.10.3  Magnetic Resonance Imaging

MRI is another noninvasive imaging test that 
can provide impactful information in the post-
operative setting of ACL reconstruction. Data 
regarding the native anatomy, tunnel locations, 
tunnel width, graft integrity, volume, composi-
tion, donor site, hardware integrity, and even bio-
mechanical parameters can be extrapolated from 
various MRI sequences and mapping techniques.

Detail of the osseous and vascular supply of 
the graft can be identified with MRI.  Improved 
accuracy using cross-sectional imaging gives 
detail on the tunnel diameters, which has been 
shown to decrease as osseous integration and vas-
cularity increases [193]. As described previously, 
MRI changes at various time points of healing 
have been shown to follow a stepwise progres-
sion [198]. The entirety of the graft in the femo-
ral and tibial tunnels, as well as the intraarticular 
portion of the graft, can be better evaluated using 
MRI.  The sequence of maturation occurs most 
rapidly in the intraarticular portion of the graft, 
while tunnel aperture site healing lags behind 
[199].

Variations in the type of MRI are used to evalu-
ate the healing process through the vascularity of 
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the graft. Contrast-enhanced MRI imaging dur-
ing the healing process after 2 years of follow-up 
has been performed. During the healing process, 
the amount of revascularization completion coin-
cides with the homogenously low signal intensity 
of the graft, closely resembling the native PCL 
[69]. As previously mentioned, the ACL graft 
revascularizes, with the most active amount of 
revasualization occurring at 6 to 8  weeks. This 
time period coincides with the worst biomechani-
cal parameters of the graft in the process of liga-
mentization as neovascularity penetrates from the 
periphery of the graft centrally at about 3 months 
from surgery. The periligamentous tissues of 
BPTB grafts in the remodeling phase are vas-
cularized and have been found to correlate with 
increases in MRI signals after 16–18  months, 
similar to a native ACL signal [200–202].

MRI signal intensity can be altered by unre-
lated factors such as the image acquisition tech-
niques and scanner characteristics. Even graft 
impingement from intercondylar notch contact 
on the graft has been shown to be a cause of sig-
nal alterations [203].

MRI T2 mapping has been studied using T2 
relaxation times which have been shown to be 
affected by the collagen, proteoglycan, and water 
content [204, 205]. Fleming et al. [206] showed 
that 6 weeks following ACL PT reconstruction in 
goats a correlation between volumetric measures 
of the graft (graft volume) and structural proper-
ties with regard to linear stiffness and AP laxity.

Hardware implanted during ACL reconstruc-
tion and its relative location and integrity can read-
ily be visualized using MRI [207]. Bioabsorbable 
materials may create a host- mediate foreign body 
reaction leading to inflammation and even granu-
loma [208]. Varying compositions of bioabsorb-
able materials have shown varying resorption rate 
incorporation differences. Poly-l-lactide (PLLA) 
or hydroxyapatite-PLLA may take 4  years 
to degrade [207]. In contrast, poly-d-lactide 
(PDLLA) screws may be easily viewed around 
6–8 months, but begin to fragment and produce 
extracellular matrix ingrowth at 12–16  months. 
Complete absorption has been found after 
22 months [209]. Unlike bioabsorbable interfer-
ence screws, metallic materials may produce arti-

fact during evaluation of the postoperative graft. 
Techniques have been implemented to manage 
and reduce artifact scatter, such as decreasing 
slice thickness and short tau inversion recovery 
(STIR) sequences [210].

Scoring systems such as the Figueroa score 
(Table 7.2) have been developed with the use of 
MRI to help with determination of graft matu-
ration status [211]. Longer echo times make it 
difficult to pick up signal in the tendon [212]. 
In attempts to enhance image quality, contrast- 
enhanced MRI studies have been studied. Ntoulia 
et al. [199] used this imaging modality to assess 
the intraarticular, osseous tunnels and tissue adja-
cent to fixation locations in the graft. Imaging 
was performed at 3  days and 6 and 12  months 
postoperatively. Contrast-enhanced MRI findings 
were also correlated with clinical exam findings 
(Lachman and pivot shift tests). PT autografts in 
32 males who resumed preinjury activity levels 
by 1  year were evaluated. These investigators 
demonstrated that the intraarticular site was the 
fastest to show uptake of contrast at 6  months. 
At 12 months, the intraarticular and osseous tun-
nels had progression of healing at a slower pace 
which was still not complete. Their conclusions 
revealed that composition differences along the 
course of the graft are manifested in the revascu-
larization process.

Ultrashort echo time (UTE) MRI techniques 
improve the image quality at the graft-fixation 

Table 7.2 Figueroa scorea

Item Points
Integration: Synovial fluid at tunnel-graft interface
Positive 1
Negative 2
Ligamentization: Graft signal pattern (> 50%)
Hypointense 3
Isointense 2
Hyperintense 1
Characterization of graft
Poor 2
Adequate 3–5

The Figueroa score is based on the sum of the points 
achieved in the two items: 2 points represents an insuffi-
ciently mature graft, while a score between 3 and 5 points 
represents a good ligamentization process and graft 
integration.
aFrom Grassi et al. [211]
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interface through the visualization of short T2 
components in soft tissues [206, 212–219]. UTI 
MRI was used 3–8 years from surgery in a group 
of asymptomatic men who underwent HT auto-
graft reconstruction. High graft signal was found 
throughout the grafts, allowing for the capability 
to assess the homogeneity of the internal struc-
ture of the tendon. Fixation hardware was clearly 
depicted. UTE MRI may provide clinicians with 
valuable information of graft status after recon-
structive procedures despite adjacent implants 
with excellent graft/implant contrast and low 
metal artifact [212].

UTE MRI modifications allowing high- 
resolution 3D images have been developed. In 
a porcine model using ligament volume and T2 
mapping, Biercevicz et  al. [214] were able to 
predict the linear stiffness, yield load, and maxi-
mum load after 1 year postoperatively. This T2 
relaxation time represents a parameter that could 
be applied universally to scanners of the same 
magnet strength. The ability for MRI to predict 
the structural properties of the graft should be the 
aim of future study [214].

Diffusion tensor imaging (DTI), based on 
MRI, is another tool that has been investigated 
to quantitatively evaluate ACL grafts. The origins 
of this type of imaging modality monitor the ran-
dom movement of water molecules and help to 
reveal the microstructure of tissues [220]. The 
main application for DTI has been for report-
ing on white matter fibers and peripheral nerves 
[221, 222]. A study on the use of DTI compared 
with standard MRI in adults with normal ACLs 
has been performed [223]. Conclusions from this 
work demonstrated that it may provide much 
more profound information regarding the orienta-
tion and connections of the ACL. From the work 
of Yang et al. [224], DTI has been used to assess 
ACL grafts at variable time periods postopera-
tively (5 months to 10 years). These investigators 
found that quantitative assessment of the ACL 
could be performed through fractional anisotropy 
(FA) and apparent diffusion coefficient (ADC) 
that allowed for improved visualization of the 
graft, individual bundles, and fiber tracts. The 
potential use of this imaging to improve visual-
ization and provide clinical information about 

ACL graft healing is only in its infancy, and fur-
ther study is needed to fully understand its value 
and implementation.

Noninvasive imaging modalities assessing 
graft healing allow for more detailed informa-
tion about the status of the maturity of the graft. 
This could potentially lead to alterations in the 
rehabilitation protocol or even delay return to 
sport if there is concern about the graft viabil-
ity. In some institutions, a return to play clear-
ance postoperative MRI has even become a part 
of the objective return to play criteria [203, 
225]; however, there is the problem that the 
assessment of MRIs is still qualitative without 
well-defined objective criteria to assess graft 
maturation and clearly show the graft is “cleared 
for sport.” These tools require further study to 
better delineate the stages of healing based on 
MRI and correlate them with physical exam and 
objective clinical findings. Specialized modali-
ties such as UTE and DTI MRI seem to have 
advantages over traditional MRI to assess for 
healing and provide incredible detail. Despite 
the additional detailed information these tech-
niques provide, they are not validated or are uni-
versally available.

7.11  Future Directions of ACL 
Healing: ACL Preservation 
and Bioenhanced Repair

Despite vast improvements in our knowledge of 
ACL injuries and refinements in surgical tech-
niques, there remains an unacceptably high rate 
of failure [226–228]. A variety of injury pat-
terns based on the location of the ACL injury 
have been described. Classification systems 
have been developed to localize the specific 
location of injury, which could have implica-
tions for treatment with newly developed ACL 
preservation techniques [229–231]. This has led 
to the development of ACL preservation tech-
niques with the idea of facilitating healing of 
the ligament, rather than replacing it. ACL pres-
ervation is once again regaining interest with 
a better understanding of ACL injury patterns, 
improvements in quality of tissue engineering 
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techniques, minimally invasive arthroscopic 
techniques, and advances in suture anchor and 
fixation methods [14].

7.11.1  Bridge-Enhanced Anterior 
Cruciate Ligament Repair

Techniques have been described as a means to 
bridge the gap between torn ends of the ACL 
which provides a scaffold of tissue. Bridge- 
enhanced ACL repair (BEAR) technique uses a 
biological bovine scaffold to fill the space, pro-
viding an environment for cellular repolarization, 
revascularization, and remodeling. Historically, 
high rates of failure in primary ACL repair are 
likely due to the loss of a stable blood clot due 
to fibrinolytic enzymes typically found in the 
synovial environment [13]. Studies assessing pri-
mary ACL repair with and without a scaffold and 
augmenting the repair with or without platelet- 
rich- plasma (PRP) have demonstrated that using 
both a collagen scaffold and PRP in combination 
significantly improves healing over traditional 
suture repair. Comparing ACL reconstruction 
versus bioenhanced repair in skeletally imma-
ture pigs, Vavken et al. [232] demonstrated that 
the structural properties of the bioenhanced ACL 
were not significantly different from ACL recon-
structed grafts. If equivalent efficacy could be 
shown comparing ACL bioenhanced repair and 
ACL reconstruction in humans, there would be 
several advantages. First, no harvest of donor tis-
sue would be necessary and the procedure would 
be less invasive and painful and would promote 
a faster recovery. Native anatomical features of 
direct, anatomical ligamentous attachment sites 
and maintained proprioceptive function would be 
restored promoting normal knee kinematics and 
potentially decreased risk of developing osteoar-
thritis. Additionally, pediatric patients with ACL 
injuries could be treated without concern for phy-
seal injury [233–236].

This technique of bioenhanced ACL repair has 
shown promise; however, refined and reproduc-
ible repair techniques must be established. Some 
authors are using this technique for the common 
ACL midsubstance ruptures; however, a more 

optimal choice for this repair pattern are proxi-
mal ACL tears close to or directly at the femoral 
attachment site [229, 236]. The optimal scaffold 
and biologic combination to augment this repair 
have yet to be clearly defined and more research 
is needed in this fascinating, potentially transfor-
mational treatment.

7.11.2  Arthroscopic Primary ACL 
Repair with Suture 
Augmentation

Greater emphasis has been placed recently on 
the precise location of ACL tear which may 
allow for repair of ACL.  The reattachment of 
the proximal tear avulsion to the femoral wall 
seems to lend itself most favorably to repair and 
reattachment with significant healing capacity 
[237, 238]. Proximal tears with good-quality 
tissue treated with arthroscopic primary repair 
with suture anchors have shown acceptable 
outcomes at short- and midterm follow-up at 2 
and 5 years with regard to knee stability, patient 
reported outcomes, and return to activity levels 
[14]. Due to lack of tissue quality and inability 
of proximal reattachment, only a small percent-
age of patients, 11 of 144 tears (7.6%), were 
indicated for proximal tear repair [14]. MRI 
studies that examined specific locations of ACL 
tearing patterns have demonstrated that only 
16% of patients had these type 1 tears, located 
in the most proximal 10% of the ligament [231]. 
It appears that with improved patient selec-
tion through a minimally invasive arthroscopic 
approach, good results have been demonstrated 
with this treatment. Other advantages include 
the lack of potential for complications regarding 
donor site morbidity, less pain, improved range of 
motion during early rehabilitation, and the abil-
ity to perform a reconstructive type procedure 
if failure does occur [14]. Compared with ACL 
reconstruction, primary ACL repair of proxi-
mal tear patterns has demonstrated comparable 
knee stability in Lachman, pivot shift testing, 
and KT-1000 measurements. IKDC scores were 
not statically different between groups postop-
eratively [14]. Long-term outcomes and random-
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ized controlled trials are needed to ascertain the 
exact role for  this treatment of ACL injury and 
for treatment algorithms to evolve. Nonetheless, 
the opportunity to preserve the native ligament 
when possible to reestablish knee stability and 
promote healing through improved surgical 
techniques should be in the ever-growing arma-
mentarium arthroscopic surgeons can offer their 
patients.

7.11.3  Dynamic Intraligamentary 
Stabilization

Dynamic intraligamentary stabilization (DIS) is a 
reparative technique that involves the insertion of 
a threaded sleeve with preloaded spring from the 
anteromedial side of the tibia. Suture is passed 
through the middle of the torn ACL and secured 
with a cortical button the femur [239]. At 1-year 
follow-up, there was satisfactory functional 
recovery and low reinjury rates [240]. This form 
of treatment has shown promising results with 
and without biological augments [241, 242]. This 
technique appears to allow for close approxima-
tion of the two ends of the ACL creating an ideal 
healing response while knee stability is main-
tained [239, 243]. Studies performed to date have 
been case series mainly, and further investigation 
with long-term results and in controlled trials is 
needed.

In summary, it may be possible to preserve 
the ACL and promote primary healing through 
the aforementioned techniques. Strict patient 
selection and early intervention are imperative 
to a successful outcome if performing these 
procedures. Clear advantages of maintaining 
native insertion sites, less donor site morbidity, 
and earlier rehabilitation are evident. Despite 
the encouraging results of clinical studies per-
formed with DIS, these studies have been per-
formed in the hands of select researchers at the 
same medical center. Therefore, the authors 
agree that further clinical research is required 
at independent locations in well-designed, con-
trolled studies in animal, cadaveric, and human 
models prior to the universal implementation 

of these techniques [244]. This  once histori-
cal treatment option is making a resurgence in 
attempts to improve patient outcomes and 
improve function, but its utility at this time 
has yet to be established.

7.12  Conclusion

The understanding of the complex healing pro-
cess of the reconstructed ACL is evolving. This 
process more commonly known as ligamentiza-
tion should be considered more than a theory 
based on the extensive research that has been 
conducted showing there are indeed structural 
changes in the microscopic and macroscopic 
architecture of the ligament as it matures with 
time. Not just limited to the intraarticular com-
ponent to the graft, complex healing responses 
occur along specific points of the graft-host 
interface, each of which is unique. Attempting 
to control for various patient factors, surgical 
techniques, graft selection, graft positioning, 
tensioning, and rehabilitation protocols all com-
bine to lead to a successful outcome. Timing of 
allowing patients to return to activity and sport 
is controversial; however, through sound surgical 
techniques, a multidisciplinary team approach, 
completion of established clinical and functional 
rehabilitation protocols, and advanced imag-
ing modalities, it may be considered prudent to 
provide a patient evidence of the status of the 
graft maturation prior to delivering them back to 
activities that would otherwise place an immature 
graft at risk for reinjury. Augmenting reconstruc-
tions with targeted biological responses may 
promote the human healing response. Ligament 
preservation through primary repair of a torn 
ACL has a growing interest in the literature with 
potentially a transformational clinical impact. 
With a growing body of research and scientific 
understanding of the healing response, healthcare 
providers are equipped to harness, promote, and 
protect a robust and organized healing response 
and should be able to guide patients with clear 
understanding and knowledge of ACL healing to 
produce the greatest clinical outcome.
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Preoperative Rehabilitation: Basic 
Principles

Timothy P. Heckmann, Frank R. Noyes, 
and Sue Barber-Westin

8.1  Introduction

Patients with acute ACL injuries typically present 
with a painful, swollen knee with limited range 
of motion (ROM) and severe muscle guarding or 
inhibition. Several studies have documented 
increased incidences of complications and poorer 
outcomes after ACL reconstruction when surgery 
is performed within a few weeks of the injury or 
before resolution of swelling, pain, muscle weak-
ness and inhibition, abnormal gait mechanics, 
and ROM limitations [1–5]. A systematic review 
encompassing 18 high-quality studies found that 
smoking, high body mass index, poor quadriceps 
strength (>20% deficit), and ROM deficits before 
surgery had a negative effect on postoperative 
outcomes [6]. An exception to early reconstruc-
tion is a concomitant displaced bucket-handle 
meniscus tear in which surgery is performed 
within 7–10 days to reduce the meniscus to a nor-
mal location and repair the tear [7]. Knees with 

concomitant major tears to other ligaments are 
treated according to the complexity of the injury; 
these complex cases are beyond the scope of this 
chapter and have been discussed in detail else-
where [8–10]. Otherwise, patients with acute 
ACL ruptures require resolution of the injury 
effects and then restoration of normal gait and 
muscle function before ACL reconstruction is 
considered (Table 8.1). We believe that a compre-
hensive rehabilitation program before ACL 
reconstruction is crucial for all patients with ACL 
ruptures (Tables 8.2 and 8.3), and multiple stud-
ies have documented the advantages of formal 
preoperative therapy in terms of restoration of 
ROM, muscle strength, and neuromuscular func-
tion [11–16].

Patients with chronic ACL injuries may 
require weeks or even months of rehabilitation to 
restore muscle strength and neuromuscular func-
tion to appropriate levels before surgery. Activity 
modification is required to avoid further reinju-
ries of either partial or full giving-way. Prior 
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Table 8.1 Preoperative issues to resolve before ACL 
reconstruction

1. Limitation of full knee motion
2. Muscle atrophy
3. Gait abnormalities
4. Pain
5. Knee joint effusion
6.  Any psychological factors such as poor motivation or 

fear
7.  Any potential compliance problems with 

postoperative rehabilitation
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meniscectomy or existing articular cartilage 
damage complicates the course of treatment in 
these patients [6]. Individuals who present after 
prior failed ACL reconstruction will most likely 
have inferior outcomes compared with patients 
who present with first-time acute ACL injury 
[17]. Before surgery, expectations of the outcome 
of surgery should be addressed, along with any 

psychological concerns such as potential poor 
compliance with postoperative rehabilitation, 
reinjury anxiety, poor perceived self-efficacy, or 
internal locus of control. The identification of 
these problems before surgery allows for appro-
priate counseling and implementation of other 
treatment options throughout the postoperative 
period [18, 19].

Table 8.2 Noyes Knee Institute 6-week preoperative rehabilitation protocol for acute ACL tears

Phases/Weeks
Phase 1
Week 1

Phase 2
Weeks 2–3

Phase 3
Weeks 4–6

Range of motion goals:
  0–120° X
  0–135° X X
Weight bearinga (with soft elastic knee sleeve):
  3/4 body weight X
  Full X X
Patella mobilization X if required
Modalities:
  Electrical muscle stimulation X X
  Biofeedback X X
  Pain/edema management (cryotherapy) X X X
Stretching:
  Hamstring, gastrocsoleus, iliotibial band, quadriceps X X X
Strengthening:
  Quadriceps isometrics, straight leg raises (all four 

planes)
X X X

  Active knee extension (90–30°) X
  Active knee extension (90–0°) X X
  Gait retraining, toe raises, wall sits, mini-squats X X X
  Hamstring curls machine (0–90°) X X X
  Knee extension machine (90–30°) X X
  Hip abduction–adduction, multi-hip X X
  Leg press (80–10°) X X
  Upper body weight training X X
  Core training X X
Balance/proprioceptive training:
  Passive–active joint repositioning X
  Weight shifting, cup walking X X
  BBS, BAPS, perturbation training, balance board, 

mini-trampoline
X X

Conditioning:
  Bike (stationary) X X
  Swimming (kicking) X
  Walking X
  Stair climbing machine X
  Ski machine X X
  Elliptical machine X X

BAPS biomechanical ankle platform system, BBS Biodex balance system
aSome patients may require crutch support for 3–4 weeks for walking and stair climbing, based on pain, swelling, 
muscle weakness, poor gait
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8.2  Issues to Treat and Resolve 
Before ACL Reconstruction

8.2.1  Hemarthrosis and Knee Joint 
Effusion

The inflammatory response to the initial ACL 
injury varies among patients. While some indi-
viduals have little effusion and swelling, others 
have an exaggerated inflammatory response 
characterized by pain, soft tissue edema, and 
redness and increased warmth to tissues sur-
rounding the knee. Hemarthrosis is common 
following acute ACL ruptures [20] and should 
be treated immediately with joint aspiration. 
Wang et al. [21] studied the effect of aspiration 
of hemarthrosis performed in the emergency 
room (ER) after acute ACL injury on pain, 
ROM, and accuracy of diagnosis of the ACL 
tear during the first orthopedic surgeon office 
visit performed 7–14  days later. Eighteen 
patients who underwent joint aspiration in the 
ER had significantly greater ROM compared 
with 42 patients who did not undergo aspiration 
(100  +  30° and 92.6  +  31°, respectively; 

P = 0.001), had a significantly higher percent-
age with a positive Lachman test (76.5% and 
47.6%, respectively; P < 0.05), and had a sig-
nificantly higher percentage with a positive 
pivot shift test (76.5% and 31%, respectively, 
P < 0.001). All patients in this study eventually 
underwent ACL reconstruction.

Studies have demonstrated that experimen-
tally induced knee joint effusions inhibited 
quadriceps muscle function and produced altera-
tions in normal function during walking, jog-
ging, and landing from a jump [22, 23]. For 
instance, Palmieri-Smith et al. [22] reported sig-
nificant decreases (P < 0.05) in vastus medialis 
and vastus lateralis activity after 30  mL and 
60  mL saline injections in healthy subjects. In 
addition, a significant decrease was found in the 
mean peak knee flexion angle on a single-leg 
drop-land task in subjects who received 60 mL 
of saline compared with those who received 
either 3 mL of 1% Xylocaine or controls (36.30° 
compared with 46.05° and 47.39°, respectively; 
P  <  0.05). Mean peak ground reaction forces 
were significantly larger after 60 mL injections 
compared with Xylocaine and control groups 
(55.26  Nm/kg compared with 44.88 and 
43.27 Nm/kg, respectively; P < 0.05), while net 
peak knee extension moments were significantly 
smaller after 60 mL injections (3.37 BW com-
pared with 1.87 and 1.61 BW, respectively; 
P < 0.05).

Therefore, hemarthroses and joint effusions 
must be treated to lessen their potentially dele-
terious impacts on quadriceps function and 
knee joint mechanics. Joint aspiration, cryo-
therapy, elevation of the limb above the heart, 
and compression are effective therapeutic mea-
sures. Prudent, short-term use of non-steroidal 
anti- inflammatory medications may also be 
required. Knees with an exaggerated inflamma-
tory reaction to the ACL injury are treated con-
servatively for as long as required to resolve 
these problems before surgery is considered, 
and are also carefully monitored after ACL 
reconstruction for a similar inflammatory reac-
tion postoperatively. These individuals may 
require a trial of oral steroids if NSAID fails to 
resolve the inflammation.

Table 8.3 Goals for each phase of preoperative 
rehabilitation

Phase Goals
1
Week 1

– Range of knee motion, 0–120°
–  Soft knee sleeve for support and 

compression
– Adequate quadriceps contraction
– Control joint effusion, inflammation, pain
– 75% weight bearing with crutches

2
Weeks 
2–3

– Range of knee motion full
– Soft knee sleeve for support
– Good quadriceps contraction
– Control joint effusion, inflammation, pain
–  Full weight bearing (some patients may 

require crutch support for 3–4 weeks for 
walking and stair climbing, based on pain, 
swelling, muscle weakness, poor gait)

3
Weeks 
4–6

– Range of knee motion full
– Soft knee sleeve for support
–  Good quadriceps contraction, muscle 

endurance
– Control joint effusion, inflammation
– Normal gait
– No pain
– Mentally prepared for surgery

8 Preoperative Rehabilitation: Basic Principles
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8.2.2  Limitations in Knee Motion

Performing ACL reconstruction within a few 
weeks of the injury or before the resolution of 
swelling, pain, quadriceps muscle atrophy, 
abnormal gait mechanics, and ROM limitations 
has been noted to correlate with postoperative 
knee motion problems [2–5, 24–28]. Shelbourne 
et al. [2] noted an increased rate of arthrofibro-
sis in patients who underwent ACL reconstruc-
tion within 7 days of the injury compared with 
those in whom surgery was delayed for at least 
21  days. Wasilewski et  al. [5] documented 
arthrofibrosis in 22% of acutely reconstructed 
knees compared with 12.5% of knees recon-
structed with chronic ACL deficiency. Mauro 
et al. [3] followed 229 patients who underwent 
ACL reconstruction and reported that 25% had 
not regained full knee extension at 4  weeks 
postoperative. Compared with the group of 
patients who had regained full extension, the 
group that had a limitation were noted to have 
had a shorter mean time from injury to surgery 
(60 days and 93 days, respectively; P < 0.05), a 
greater amount of loss of extension before sur-
gery (4° and 1°, respectively; P < 0.05), and a 
greater percentage that underwent autograft 
reconstruction than allograft reconstruction 
(28.5% and 14%, respectively; P  <  0.05). 
Investigators have advocated the need to delay 
surgery until knee motion is regained, swelling 
is resolved, and a good quadriceps contraction 
is demonstrated [25, 29].

Knee motion exercises are performed immedi-
ately upon diagnosis of acute ACL tears in an effort 
to decrease pain and prevent scar tissue formation. 
The majority of patients present with some loss of 
motion, and our goal is to obtain at least 0–135° 
within 2–3  weeks of the injury. The detrimental 
effects of knee joint immobilization are well recog-
nized and include permanent limitation of knee 
motion, prolonged muscle atrophy, patella infera, 
abnormal joint arthrokinematics, increased contact 
pressures in the patellofemoral and/or tibiofemoral 
joints, and patellofemoral osteoarthritis [30–33]. 
Range of motion exercises are accompanied by 

patellar mobilization in the superior–inferior and 
medial–lateral directions.

For patients who have difficulty achieving 
these knee motion goals, overpressure exercises 
are initiated to gradually stretch capsular tissues 
(Table 8.4). One effective exercise for extension 
involves hanging weights (Fig.  8.1), in which 
the foot and ankle are propped on a towel or 
other device to elevate the hamstrings and gas-
trocnemius, which allows the knee to drop into 
full extension (see also Chap. 11). This position 
is maintained for 10–15  min and repeated at 
least eight times per day. Initially a 10-pound 
weight is used, which may be progressed up to 
25 pounds to the distal thigh and knee to provide 
overpressure to stretch the posterior contracted 
tissues. Flexion limitations may be resolved 
using overpressure exercises such as a rolling 
stool maneuver or wall sliding (Fig. 8.2, see also 
Chap. 11). Commercial knee flexion devices 
may also be used as available to further promote 
overpressure.

Table 8.4 Noyes Knee Institute protocols for limitation 
of knee motion

Extension limitations:
Hanging weight exercise: prefer supine position (may 
elect prone position), prop the foot and ankle on a 
towel or other device to elevate the hamstrings and 
gastrocnemius to allow the knee to drop into full 
extension
       –  Add 10 lb weight to the distal thigh to provide 

overpressure to stretch the posterior capsule
       – Maintain for 10–15 min and repeat 4–8×/day
       –  Add more weight (up to 25 lb) if full extension 

not achieved within a week
Commercially available extension board
Flexion limitations:
Rolling stool exercise: sit on a small stool close to the 
ground, flex the knee to its maximum position possible, 
hold that position for 1–2 min. Then, gently roll the 
stool forward without moving the foot to achieve a few 
more degrees of flexion
Wall slide exercise: lie on the back and place the foot 
of the injured knee on a wall with the knee flexed. Use 
the foot of the opposite leg to gently slide the opposite 
foot and further flex the injured knee in a gradual 
manner
Commercially available knee flexion devices

T. P. Heckmann et al.
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Crutch support is used as required based on 
pain, swelling, muscle weakness, and poor gait 
mechanics.

8.2.3  Loss of Muscle Strength

Neuromuscular electrical muscle stimulation 
(EMS) and biofeedback are used to aid in the 

initial recovery of quadriceps activation after 
acute ACL tears. Several studies demonstrated 
that EMS combined with exercise was more 
effective than exercise alone in recovery of 
quadriceps strength and normal gait mechanics 
following ACL reconstruction, and we believe 
these concepts also apply to the treatment of 
acute ACL injuries [34–39]. A combination of 
closed kinetic chain (CKC) and open kinetic 
chain (OKC)  exercises are begun immediately, 
including wall sits, mini-squats (Fig.  8.3), 
quadriceps isometrics at 0°, straight leg raises 
in all four planes, active knee extension from 
90–30°, side-lying clams (Fig.  8.4), and ham-
string curls from 0–90° (Table 8.5). The OKC 
exercises selected have been shown not to 
adversely affect anterior tibial translation 
[40–45].

The therapist should understand the impact 
that exercises and machines may have on the 
patellofemoral joint (see Chap. 11) and avoid 
high-force exercises that involve deep knee flex-
ion angles (i.e., deep squatting, kneeling past 50°, 
and extensive stair climbing). We recommend 
using the knee extension machine in the range of 
90–30°, the leg press machine in the range of 
80–10°, mini-squats to 45° of knee flexion, wall 
sits to 50° of flexion, lateral step-ups, and for-
ward step-ups.

It is also important for the therapist to realize 
that technique during certain activities affects 
muscle recruitment and ACL loading. For 
instance, a forward trunk position of 30–40° 
during a mini-squat will recruit greater ham-
strings activity and lessen ACL loading, while 
an erect trunk position results in greater quadri-
ceps activation and increased ACL loading [46, 
47]. Forward and lateral lunges are effective due 
to the relatively high hamstrings activation and 
are initiated during Phase 2, based on patient’s 
pain tolerance. The strengthening program 
includes hip, upper body, and core training 
which are initiated during Phase 2 and continue 
through the end of the preoperative program 
(see Table 8.2).

a

b

c

Fig. 8.1 Options to regain full knee extension include (a) 
hanging weights, (b) extension board, and for difficult 
cases, (c) a drop-out cast. (Reprinted from Noyes and 
Barber-Westin [64])
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8.2.4  Impairments 
in Neuromuscular Function

ACL injuries may cause alterations in knee joint 
proprioception (sense of awareness of the joint 
position), abnormal muscle activation patterns, 
and reduced dynamic joint stability [48–54]. 
Proprioception is altered from damage incurred 
to the joint mechanoreceptors and muscle affer-
ents and may be further impaired with a concur-

rent meniscus tear [55, 56]. Proprioception is 
considered by many to be a crucial element of 
neuromuscular function, and its recovery is 
essential for a successful outcome [30, 57]. 
Dynamic postural control or stability is another 
important neuromuscular factor that must be 
restored. Impairment in postural stability is 
believed to be related, in part, to deficiencies in 
proprioception [58, 59]. Balance requires con-
stant adjustment to the body’s muscular activity 

a b

c d

Fig. 8.2 Options to regain full knee flexion include (a, b) wall slides, (c) flexion seat, and (d) knee flexion overpressure 
device. (Reprinted from Heckmann et al. [65])

T. P. Heckmann et al.
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a b

c

Fig. 8.3 Closed kinetic chain exercises include (a) mini-squats, (b) wall sits, and (c) the leg press machine. (Reprinted 
from Heckmann et al. [65])

a b

Fig. 8.4 The hip abductors exercised using a side-lying “clam” exercise which may be performed with (a, b) or without 
a resistance band. (Reprinted from Heckmann et al. [65])
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and positioning and is influenced by the integra-
tion of sensory-motor information into the cen-
tral nervous system and the resultant motor 
response. The alterations in proprioception, mus-
cle strength and activation patterns, and dynamic 
joint stability may affect the opposite lower 
extremity, and several studies have reported high 
injury rates to the contralateral knee upon RTS 
[60–63]. Therefore, the rehabilitation program 
must include both extremities to lessen these del-
eterious effects.

Proprioception and postural stability exercises 
are begun immediately and gradually progressed 
in difficulty (Table  8.6). Passive–active joint 
repositioning and weight shifting are initiated, as 
well as walking over cups in forward, backward, 
and sideways positions based on patient’s toler-
ance (Fig. 8.5). Walking on half foam rolls and 
walking with exaggerated hip flexion with or 
without a resistance band around the thighs 
(Fig. 8.6) are also part of the gait retraining and 
balance program. These exercises help the patient 

Table 8.6 Noyes Knee Institute 6-week preoperative rehabilitation protocol for ACL tears: balance and proprioception 
exercises performed in clinic

Time
Joint 
repositioning

Weight 
shifting

Cup 
walking

Single- 
leg 
stance

Step- 
downs

Resistance 
band 
walking

Plyoback 
ball toss

Perturbation 
training

Phase 1
Week 1

Therapist 
passively moves 
knee into 
various angular 
positions, 
patient with 
eyes closed 
actively 
reproduces 
same flexion 
angles. 10 reps

Side–side 
and 
forward–
backward, 
50% weight 
bearing, 5 
sets × 10 
reps

Cup 
height 
2–3″, 
5 mins

Phase 2
Weeks 
2–3

Side–side 
and 
forward–
backward, 
75% weight 
bearing, 5 
sets × 10 
reps. May do 
on Biodex 
balance 
system for 
visual cues

Cup 
height 
3–4″, 
5 min

Level 
surface 
30 s × 5 
reps

2–4″ block 
onto stable 
surface 
1–3 
sets × 10 
reps

Forward 
and 
sideways 
5 min

Phase 3
Weeks 
4–6

Unstable 
surface 
30 s × 5 
reps

2–4″ block 
onto 
unstable 
surface or 
4–6″ block 
onto stable 
surface 
1–3 
sets × 10 
reps

All 
directions 
5 min

Double-leg 
to 
single-leg. 
Stable to 
unstable 
surface. 3 
sets × 10 
reps chest 
pass or 
overhead 
soccer 
throw

Side–side 
rocker board 
or use 
Biodex 
stabilometer 
60 s × 3 reps
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recover balance and dynamic muscular control 
required to maintain an upright position and be 
able to walk from one end of the roll to the other. 
Balance exercises are progressed from single-leg 
stance on a level surface to single-leg stance on 
an unstable surface such as a mini-trampoline or 
unstable platform in order to promote greater 
dynamic limb control (Fig.  8.7). To provide a 
greater challenge, patients may assume the 
single- leg stance position and throw and catch a 
weighted ball against an inverted mini- trampoline 
until fatigue occurs. Developing a center of bal-
ance, limb symmetry, quadriceps control in mid-
stance, and postural positioning are benefits 
obtained from these training methods.

Perturbation training techniques are begun 
during Phase 3 to further promote balance and 
neuromuscular control. The therapist stands 

behind the patient who is on a rocker board and 
disrupts their body posture, position, and the 
platform periodically to enhance dynamic knee 
stability (Fig. 8.8). Patients may begin in double- 
leg stance and progress to single-limb stance.

8.3  Clinical Studies

Multiple studies have documented the advan-
tages of formal preoperative rehabilitation in 
terms of improvements in ROM, muscle strength, 
and neuromuscular function [12–16]. Failla et al. 
[12] reported the effectiveness of a preoperative 
rehabilitation program (5 weeks, 10 clinic visits 
for neuromuscular training) as measured with the 
International Knee Documentation Committee 
(IKDC) subjective knee form and Knee Injury 

a b

Fig. 8.5 Gait retraining and balance exercises includes walking (a) over cups or cones and (b) on half foam rolls. 
(Reprinted from Heckmann et al. [65])

T. P. Heckmann et al.
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and Osteoarthritis Outcome Score (KOOS). After 
completion of the preoperative program (and 
before surgery), the 148 patients that participated 
had significant improvements in the IKDC score 
(from 70 + 13 to 77 + 13, P < 0.001), which were 
significantly greater than a group of 1994 patients 
that did not participate (mean, 50  +  17 points; 
P < 0.001). Two years after ACL reconstruction, 
the patients in the experimental group continued 
to have significantly higher IKDC scores com-
pared with controls (84 + 25 vs 72 + 32 points, 
respectively; P  <  0.001). KOOS scores for all 
subscales were significantly higher in the experi-
mental group at both baseline and follow-up (i.e., 
pain at follow-up: 94  +  10 vs 78  +  33, respec-
tively; P  =  0.004). A significantly greater per-
centage of patients in the experimental group 
returned to preinjury sports (72% vs 63%, respec-
tively; P < 0.001).

Shaarani et  al. [14] randomized 20 patients 
waiting ACL reconstruction to a preoperative 
rehabilitation exercise or control (no exercise) 
group. The preoperative program consisted of 
supervised resistance training and balancing 
exercises for 6  weeks. Compared with baseline 
(first office visit) values, patients in the preopera-
tive program had significantly improved quadri-
ceps peak torque (at 90°/s), quadriceps 
cross-sectional area (P = 0.001), distance hopped 
in the single-leg hop test (P = 0.001), and modi-
fied Cincinnati Knee Rating scores (P = 0.004) 
measured before surgery. Patients in the control 
group did not have significant differences in these 
values from baseline to the preoperative visit. At 
12 weeks post ACL reconstruction, patients who 
participated in the preoperative program had sig-
nificantly greater hop distances (P = 0.001) and 
modified Cincinnati Knee Rating scores 
(P  =  0.004) than controls. The mean time to 
return to sport was 42.5  weeks for the control 
group and 34.2  weeks for the exercise group 
(P  =  0.055). No further measurements were 
obtained after 12 weeks postoperative.

Eitzen et  al. [15] examined the effectiveness 
of a 5-week, 10-session preoperative rehabilita-
tion program in 100 patients who had sustained 
acute ACL ruptures. The program included inten-
sive muscle strength training, plyometrics, pro-
prioception, balance, and neuromuscular 
exercises. Upon completion of the program, sig-
nificant improvements were found in quadriceps 
and hamstrings peak torque (P  <  0.05; percent 
change range, 8.2–12.9%; standardized response 
means range, 0.49–0.60). Significant improve-
ments were found in two single-leg hop tests 
(triple hop and timed hop; P < 0.05) and in the 
IKDC-2000 score (from 69.7  +  11.7 to 
77.2 + 10.2; P < 0.001). The authors concluded 
that the program was well tolerated (symptoms 
occurred in only 3.4%) and could be used to 
either improve knee function before ACL recon-
struction or as an initial step in nonoperative 
treatment.

Fig. 8.6 Walking with exaggerated hip flexion may be 
done with or without a resistance band. (Reprinted from 
Heckmann et al. [65])
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a b

c

Fig. 8.7 Single-leg balance exercises done on (a, b) unstable platforms and (c) including the patient throwing and 
catching a weighted ball against an inverted mini-trampoline. (Reprinted from Heckmann et al. [65])
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Extended Preoperative 
Rehabilitation: Does It Influence 
Return to Sport After Surgery?

Elanna K. Arhos, Jacob J. Capin, May Arna Risberg, 
and Lynn Snyder-Mackler

9.1  Introduction

Preoperative rehabilitation for anterior cruciate 
ligament reconstruction (ACLR) typically stops 
once impairments are resolved prior to surgery. 
Clinician-scientists from the Delaware-Oslo 
cohort (DOC) operationally define extended pre-
operative rehabilitation, or “prehabilitation,” as a 
period of training sessions that focus on neuro-
muscular training (i.e., perturbation training), 
progressive strengthening, and plyometric and 
agility training. The intent of this program is to 
maximize function of the injured knee, as preop-
erative function directly influences the status of 

the knee joint after surgery. The DOC has spent 
more than a decade developing and evaluating 
outcomes of extended, evidence- based preopera-
tive rehabilitation programs.

For over a decade, we have been conducting a 
binational, ongoing prospective cohort study of 
patients with anterior cruciate ligament (ACL) 
injuries who undergo extended preoperative 
rehabilitation [1–4]. During this preoperative 
rehabilitation period, patients are classified as 
potential copers (those who demonstrate dynamic 
knee stability and good knee function) or non-
copers (those who demonstrate instability and 
poor knee function) [5]. The DOC consists of a 
Norwegian arm at Oslo University Hospital and a 
US arm at the University of Delaware. Prior to 
the DOC, there was little research to assess the 
effects of extended preoperative rehabilitation on 
outcomes after outcomes after ACLR [6].

Preoperative rehabilitation is common prac-
tice at clinics affiliated with both the University 
of Delaware and the Oslo University Hospital. 
We encourage patients to undergo extended pro-
gressive rehabilitation before moving forward 
with decision making regarding operative versus 
nonoperative injury management. Clinicians and 
researchers from our groups have been advocat-
ing internationally for years for the use of 
extended preoperative rehabilitation as standard 
of care. Implementing extended preoperative 
rehabilitation as part of the plan of care early 
after ACL injury, clinicians can counsel patients 
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and their families about outcomes, identify if ath-
letes require surgery, and improve both copers’ 
and noncopers’ post-surgical outcomes. There 
are many benefits to preoperative rehabilitation 
that positively influence an athlete’s outcomes 
after surgery [4]. When combined with time 
frames for healing and criterion-based postopera-
tive rehabilitation, extended preoperative reha-
bilitation leads to better patient- reported 
outcomes, function, and return to sport (RTS) 
rates [1–3]. This chapter will describe the evi-
dence-based components to a successful extended 
preoperative rehabilitation program and our out-
comes, along with criterion-based postoperative 
rehabilitation programs and RTS criteria.

9.2  Background

9.2.1  Preoperative Milestones

Impairments must be resolved first. We recom-
mend entering surgery with a “quiet knee,” 
including little to no effusion [7] or pain, full 
knee range of motion (ROM), no obvious gait 
impairments, and ≥70% quadriceps strength 
index (QI) (further explained in Sect. 9.5). Once 
patients and clinicians have achieved a quiet 
knee, often termed “clinical impairment resolu-
tion”, they should initiate preoperative progres-
sive strengthening. Patients also complete 10 
preoperative training sessions (at least 2×/week) 
that encompass neuromuscular training (i.e., per-
turbation training), strengthening, and plyomet-
ric and agility training [8].

9.2.2  Importance of Quadriceps 
Strength

Preoperative rehabilitation conceptually draws 
from focused strengthening of the quadriceps 
prior to surgery. Preoperative quadriceps muscle 
strength is positively correlated to short-term 
function after ACLR [9, 10]. Patients who enter 
ACLR with strong quadriceps strength do better 
after surgery than those who have weaker quadri-
ceps strength [10]. This evidence underscores the 

importance of strengthening the quadriceps prior 
to ACLR, and we suggest that ACLR not be per-
formed until quadriceps muscle strength is at 
least 80% of that of the uninvolved limb. 
Quadriceps strengthening is thus an essential 
component of a successful preoperative rehabili-
tation protocol. Preoperative quadriceps strength 
predicts International Knee Committee 
Documentation 2000 (IKDC 2000) scores 
6 months after ACLR [9]. These data further sup-
port the notion that higher preoperative quadri-
ceps strength results in better knee function 
postoperatively. Extended rehabilitation may be 
necessary to restore sufficient quadriceps strength 
and promote superior long-term outcomes.

9.2.3  Evidence for Preoperative 
Rehabilitation

The DOC has dedicated significant time and 
efforts into investigating the addition of progres-
sive strengthening and neuromuscular training to 
preoperative rehabilitation programs, and the 
effects of extended preoperative rehabilitation on 
strength, function, patient- reported outcomes, and 
RTS rates. Prior to the DOC, there was limited 
research looking at the effects of evidence-based 
protocols before ACLR.  The progressive preop-
erative rehabilitation program our patients follow 
commences after clinical impairment resolution, 
with the goal of optimizing knee function prior to 
ACLR [4]. Implementation of this rehabilitation 
program leads to significantly improved knee 
function early after ACL injury, including stron-
ger quadriceps and hamstring muscles, function, 
and patient-reported knee function, and highlights 
the importance of including a period of high-
intensity exercise prior to surgery [4].

During the preoperative rehabilitation pro-
gram, we classify patients as potential copers or 
noncopers. From here, patients make the decision 
to undergo ACLR or to pursue nonoperative man-
agement. Classification as a potential coper, with 
dynamic knee stability, may play a role in patients 
choosing nonoperative injury management. 
Recent data from our group suggests that 
extended preoperative rehabilitation may allow 
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patients who would typically undergo ACLR 
after initial classification as a noncoper the 
opportunity to determine if they are potential 
copers after extended rehabilitation. After a 
10-session preoperative rehabilitation program, 
44% of athletes who were initially classified as 
noncopers changed to potential copers, while 
only 13% of athletes changed from potential cop-
ers to noncopers [11]. These data highlight the 
importance of progressive preoperative rehabili-
tation in the possible prevention of surgery, and 
in enhancing optimal long-term knee function.

9.3  Evidence-Based 
Preoperative Rehabilitation 
Interventions

Preoperative rehabilitation programs must incor-
porate components of progressive strength train-
ing, agility and plyometric training, and 
neuromuscular re-education to maximize the ath-
lete’s preoperative function. Programs with more 
than one component (e.g., agility and strength) 
result in ACL injury risk reduction and we advo-
cate for multimodal programs for preoperative 
rehabilitation [12]. While it is not necessary to 
follow our exact program (detailed in Sect. 8.3), 
it is essential that clinicians incorporate all of the 
described elements (neuromuscular training, 
strength, agility) for a comprehensive preopera-
tive rehabilitation program.

9.3.1  Perturbation Training

Perturbation training, a neuromuscular training 
program, consists of a series of 10 sessions incor-
porating balance and proprioceptive training [4, 
8]. Perturbation training includes exercises per-
formed on roller boards, rocker boards, and plat-
forms. Patients begin in double-limb support on 
platforms and progress to single-limb support, 
first on the rocker board, and eventually the roller 
board (Figs. 9.1 and 9.2) We apply perturbations 
to the support surface of the injured limb in 
medial/lateral and anterior/posterior directions, 
and progress to diagonal and rotational move-

ments. As perturbation training sessions progress, 
the intensity, magnitude, and speed of the pertur-
bations increase to match sport-specific demands 
[8]. Data from primary ACL injury prevention is 
also relevant here and emphasizes the importance 
of a multi-component program including progres-
sive strength and agility training [11].

Several studies have discussed the benefits 
of preoperative rehabilitation with perturbation 
training versus preoperative rehabilitation 
alone [8, 13, 14]. Perturbation training 
improves coordinated muscle activity, allow-
ing patients to maintain functional status for 
longer periods of time [8, 15]. Sessions should 
include stability training and balance in a con-
trolled environment so that the involved knee is 
re-introduced to multi-directional forces and 
torques. The perturbation training session 
guidelines from the University of Delaware are 
published and accessible [15] and are pre-
sented in Table 9.1.

9.3.2  Progressive Strength Training

Preoperative strength training should focus on 
progressive strengthening of the quadriceps and 
hamstrings, with a goal of achieving 80% quad-
riceps and hamstring strength prior to surgery 
[3]. Clinicians should encourage both open and 
closed kinetic chain strengthening exercises, as 
well as unilateral and bilateral lower extremity 
training [16–19]. We recommend the use of 
heavy resistance strength training to improve 
neuromuscular activation and increase strength 
in the preoperative time period. Joint soreness 
should be distinguished from muscle soreness 
throughout the progressive strength training 
period and should be monitored, and exercise 
modified, based on soreness rules (Table  9.2) 
[20, 21].

9.3.3  Agility and Plyometric 
Training

Agility training is included to target neuromus-
cular control (dynamic stability) and muscle 
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strength during specific activities and consists 
of double- and single-limb plyometric exercises. 
Developing proper alignment during exercises 
is critical. Clinicians should ensure that athletes 
maintain a neutral (frontal plane) alignment and 
use a flexed, rather than stiff, knee during land-
ing [22]. We suggest a goal of achieving 90% 
LSI on hop test performance prior to surgery 
[23]. Hop testing, further described in Sect. 8.5, 
allows clinicians to assess inter-limb asymmetry 

and functional performance. Inter- limb asym-
metries are common early after ACL injury and 
reconstruction, and can persist up to several 
years [24, 25]. Restoring movement symmetry 
is critical in returning athletes to play and pre-
venting reinjury [26, 27]. Common strength and 
agility exercises that are included in our pro-
gram are presented in Table 9.3. In the Clinical 
Practice Guidelines (CPG) for Exercise- Based 
Knee and Anterior Cruciate Ligament Injury 

a b

c

Fig. 9.1 Perturbation training progression from double-
limb support with right lower extremity on a platform and 
left lower extremity on a roller board (a), to single-limb 

support on one roller board (b), to single-limb support on 
a rocker board (c)
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Prevention [12], Arundale et al. determined that 
programs that incorporate plyometric and 
strengthening components are more effective 
than those without both of these components in 
reducing ACL injuries in women [28–30]. While 
this CPG is focused on injury prevention, it 
points to the importance of multiple compo-
nents in both optimal lower extremity and ACL-
specific rehabilitation. Secondary prevention 
should be a part of a rehabilitation program to 
reduce the risk of new injuries in these individu-
als [31]. Further detail on many exercise pro-
grams and their content can be found in the 
CPG, as well as the many evidenced-based 
injury prevention programs on which the CPG is 
based [12].

9.4  Postoperative Criterion- 
Based Rehabilitation

Successful RTS is dependent on successful pre-
operative rehabilitation and implementation of 
evidence-based postoperative rehabilitation. 
Criterion-based rehabilitation programs, typi-
cally divided into three phases followed by a RTS 
training phase [21, 32–36], should be imple-
mented. In the early postoperative rehabilitation, 
the focus is on early activation of the quadriceps, 
normalizing gait patterns, and restoring full and 
symmetric knee ROM, particularly extension 
ROM. Enhancing full functional strength of the 
quadriceps is done with the addition of high-
intensity neuromuscular electrical stimulation 

a b

c

Fig. 9.2 (a) Platform, (b) roller board, (c) rocker board
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Table 9.1 Perturbation training protocola

Sessions 1–4. Early phase
Progression by adding perturbations in all directions and minimizing of verbal cues
Session Rocker board Roller board/Platform Roller board
1 • Bilateral stance

• 2 sets, anterior/posterior
• 2 sets, medial/lateral

•  2 sets with injured limb on roller board, 
anterior/posterior

•  2 sets with uninvolved limb on roller 
board, anterior/posterior

• Bilateral stance
• 2 sets anterior/posterior

2 • Unilateral stance
•  2 sets anterior/posterior 

direction
•  2 sets medial/lateral 

direction

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral

• Unilateral stance
• 2 sets anterior/posterior

3 • Unilateral stance
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral 

4 • Unilateral stance
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral plus 
rotation

Sessions 5–7: Middle phase
Progression by adding light sport-specific activity during perturbations
Session Rocker board Roller board/Platform Roller board
5 • Unilateral stance

•  2 sets anterior/posterior 
direction

•  2 sets medial/lateral 
direction

• 2 sets diagonal direction
• Ball against wall

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Ball against wall

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral plus 
rotation

• Ball against wall

6 • Unilateral stance
•  2 sets anterior/posterior 

direction
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction
• Ball against wall/floor

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral

• Ball against wall/floor

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral plus 
rotation

• Ball against wall/floor

7 • Unilateral stance
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction
• Ball thrown by other

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral

• Ball thrown by other

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral plus 
rotation

• Ball thrown by other
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Table 9.1 (continued)

Sessions 8–10: Late phase
Progression by adding sport-specific stances combined with sport-specific activity
Session Rocker board Roller board/Platform Roller board
8 • Unilateral stance

•  2 sets anterior/posterior 
direction

•  2 sets medial/lateral direction
• 2 sets diagonal direction
•  Ball against wall/floor, 

thrown by other
•  Other individually 

adjusted relevant 
sport-specific activities

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Ball against wall/floor, thrown by other
•  Other individually adjusted relevant 

sport-specific activities

• Unilateral stance
•  2 sets anterior/posterior plus 

medial/lateral plus rotation
•  Ball against wall/floor, 

thrown by other
•  Other individually 

adjusted relevant 
sport-specific activities

9 • Unilateral stance
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction
•  Ball against wall/floor, 

thrown by other
•  Other individually 

adjusted relevant 
sport-specific activities

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Ball against wall/floor, thrown by other
•  Other individually adjusted relevant 

sport-specific activities

• Unilateral stance
•  2 sets anterior/posterior 

plus medial/lateral plus 
rotation

•  Ball against wall/floor, 
thrown by other

•  Other individually 
adjusted relevant 
sport-specific activities

10 • Unilateral stance
•  2 sets medial/lateral 

direction
• 2 sets diagonal direction
•  Ball against wall/floor, 

thrown by other
•  Other individually 

adjusted relevant 
sport-specific activities

•  2 sets with injured limb on roller board, 
anterior/posterior plus medial/lateral 
plus rotation

•  2 sets with uninvolved limb on roller 
board, anterior/posterior plus medial/
lateral plus rotation

• Ball against wall/floor, thrown by other
•  Other individually adjusted relevant 

sport-specific activities

• Unilateral stance
•  2 sets anterior/posterior plus 

medial/lateral plus rotation
•  Ball against wall/floor, 

thrown by other
•  Other individually 

adjusted relevant 
sport-specific activities

aFrom Eitzen et al. [4] with permission from the Journal of Orthopaedic and Sports Physical Therapy

Table 9.2 Soreness rules for monitoring and educating 
patients on progression of rehabilitationa

Criterion Action
Soreness during warm-up 
that continues

2 days off, drop down one 
level

Soreness during warm-up 
that goes away

Stay at level that led to 
soreness

Soreness during warm-up 
that goes away but 
redevelops during session

2 days off, drop down one 
level

Soreness the day after 
lifting (not muscle 
soreness)

1 day off, do not advance 
program to the next level

No soreness Advance one level/week, 
or as instructed by 
healthcare professional

aFrom Fees et  al. [20] with permission from Sage 
Publications

(NMES) [37, 38]. During the middle postopera-
tive stage, it is critical to determine the optimal 
load for the patient depending on their response 
to treatment, graft type, and healing times. 

Exercise and activity progression should ensure 
that the patient is adequately challenged [37]. As 
the patient transitions to the late phases of reha-
bilitation, the involved quadriceps muscle 
strength should be at least 80% of the uninvolved, 
tested using a maximal volitional isometric con-
traction (MVIC). High-intensity NMES is no 
longer needed once a patient demonstrates a QI 
of 80%. When patients demonstrates full ROM, 
≥80% quadriceps index, trace or less effusion 
[7], and minimal to no joint pain or soreness 
(clinical impairment resolution), they may begin 
a running progression when they are at least 
12 weeks or more after ACLR. The late phase of 
postoperative rehabilitation is focused on con-
tinuing activity progression, quadriceps strength, 
and beginning to focus on sport-specific training. 
The patient needs to maintain adequate quadri-
ceps strength, have confidence in RTS, and dem-
onstrate no other deficits prior to being considered 
for standardized testing for RTS.
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Table 9.3 

Exercise Description
Sets by number 
of repetitions Figures

Stationary cycle Continuous warm-up at 
your preferred resistance

10 min

Treadmill Continuous warm-up at 
your preferred speed

10 min

Elliptical trainer Continuous warm-up at 
your preferred resistance

10 min

E. K. Arhos et al.
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Exercise Description
Sets by number 
of repetitions Figures

Single-limb 
squat

Maintain knee-over-toe 
position

3 × 8

Step-up Maintain knee-over-toe 
position

2 × 10

Squat on BOSU Maintain knee alignment 
and core stability. Squat 
quickly down and up

2 × 20

(continued)

Table 9.3 (continued)
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Table 9.3 (continued)

Exercise Description
Sets by number 
of repetitions Figures

Single-limb leg 
press

Start in 90° knee flexion 3 × 6 (+2)

Single-limb 
knee extension

Start in 90° knee flexion 4 × 6 (+2)

E. K. Arhos et al.
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Table 9.3 (continued)

Exercise Description
Sets by number 
of repetitions Figures

Squats Squat slowly down to 90° 
knee flexion, stop, lift 
quickly up again

3 × 8 (+2)

Leg curl Lift quickly up, stop, and 
then slowly down to full 
extension

3 × 8 (+2)

(continued)
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Table 9.3 (continued)

Exercise Description
Sets by number 
of repetitions Figures

Hamstring on 
Fitball

One foot on top of the 
ball, lift back and pelvis 
up, pull ball toward you

3 × 6

Single-leg hop Hop up on step, stop, 
continue down and 
directly 1 hop forward 
with a soft controlled 
landing

1 × 15

E. K. Arhos et al.
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Table 9.3 (continued)

Exercise Description
Sets by number 
of repetitions Figures

Sideways 
single-leg hop

Start on 1 side of a board. 
Hop quickly sideways and 
stop after 3 hops. Continue 
and stop 5 times

3 × 15

Skating Start on 1 leg, hop 
sideways, perform a soft, 
deep, and steady landing 
on 1 leg, hop back to the 
other side

2 × 20

All exercises are to be performed at each training session. Two to three series in each session. Training sessions mini-
mum two, maximum four times a week. Progression from increasing loads on the strength exercises and for higher 
steps, longer/higher jumps, movement in several directions and more wobbly surfaces for the neuromuscular and plyo-
metric exercises
Table reprinted from Eitzen I, Moksnes H, Snyder- Mackler L, Risberg MA. A progressive 5-week exercise therapy 
program leads to significant improvement in knee function early after anterior cruciate ligament injury. J Orthop Sports 
Phys Ther. 2010;40:705-721. https://doi.org/10.2519/jospt.2010.3345 ©Journal of Orthopaedic and Sports Physical 
Therapy®. Illustrations ©2018 ExorLive.com®
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9.5  Return to Sport Timeline 
and Criteria

We use a battery of functional performance tests 
and patient-reported outcomes that to guide clinical 
decision making. We use four single-leg hop tests 

[39] including a single hop for distance (Fig. 9.3), 
crossover hop for distance (Fig. 9.4), triple hop for 
distance, and a 6-m timed hop, performed in this 
order. The uninvolved limb is tested first, then the 
involved limb. Hop test performance is compared 
between legs using a LSI as:

a b

Fig 9.3 (a, b) Single hop for distance

 
LSI Calculation for  Single Limb Hops for Distance

Involv
3 - ∗

eed Limb Distance Uninvolved Limb Distance÷( )×100%

 

LSI Calculation for  Meter Timed Hop
Uninvolved Limb Time

6
÷ IInvolved Limb Time

meter timed hopis reversed
( )×

∗
100

6
%

Patients must achieve ≥90% LSI on all hop 
tests in order to meet our RTS criteria and be 
cleared by their health care provider.

Quadriceps index (QI) is used to assess 
strength. The index is calculated as:

 

Quadriceps Index
Involved Limb MVIC Uninvolved Limb MVIC÷( )×1100%
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Quadriceps strength should be tested with an 
MVIC using isometric or isokinetic dynamome-
try whenever possible [40] (Fig.  9.5). One-
repetition maximum (1-RM) on a knee extension 
machine (leg extension) is the best alternative for 
clinical decision making [40]. Drawbacks to 
using hand- held dynamometry include difficulty 
with stabilization and proper directional force 
application. Clinicians should avoid assessing a 
1-RM leg press whenever possible due to the 
inability to isolate the quadriceps resulting in an 
overestimation of quadriceps strength [40]. It is 
best to test the uninvolved limb prior to the 
involved limb with any of these methods. A score 
of ≥90% QI is required to meet the strength com-
ponent of the RTS criteria.

We recommend monitoring effusion through-
out the rehabilitation process using the stroke test 
(Table 9.4), which is reliable when used for grad-
ing intra-capsular swelling (i.e., effusion) in the 
knee [7]. An increase in effusion after progres-
sion of activity may indicate that there is unre-

solved pathology and/or the level at which the 
patient is performing may be overloading the 
joint [20, 21]. We apply joint- specific soreness 
rules that initially were written for the upper 
extremity [20] but have been applied to lower 
extremity injuries such as after ACL injury and 

Fig 9.4 Crossover hop for distance Fig 9.5 Quadriceps strength testing on an isokinetic 
dynamometer

Table 9.4 The stroke test [7]

Effusion grading scale of the knee joint based on the 
stroke test
Grade Test result
Zero No wave produced on downstroke
Trace Small wave on medial side with downstroke
1+ Larger bulge on medial side with 

downstroke
2+ Effusion spontaneously returns to medial 

side after upstroke (no downstroke 
necessary)

3+ So much fluid that it is not possible to move 
the effusion out of the medial aspect of the 
knee

From Adams et al. [21] with permission from the Journal 
of Orthopaedic and Sports Physical Therapy
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ACLR to progress the patient in postoperative 
rehabilitation and into the RTS phase [21]. Safe 
exercise progression is an important concept we 
include in our patient education when teaching 
home exercise programs and self-progression.

Finally, we use patient-reported outcome mea-
sures including the Knee Outcome Survey 
Activities of Daily Living Subscale [41] (KOS- 
ADLS), aforementioned IKDC 2000, and the 
Global Rating Score of Perceived Function 
(GRS) [42]. The KOS-ADLS, a reliable, valid, 
and responsive outcome measure, assesses knee 
function during activities of daily living [41]. A 
higher number represents less limitation in knee 
function in daily life, with a score of 100% equat-
ing to no limitation. To rate overall knee function 
compared to knee function prior to injury and 
surgery, we use the GRS, which is a single item 
rating from 0 to 100%. Here, a high percentage 
indicates higher perceived functional recovery. 
To meet our RTS criteria, patients must score 
>90% on the KOS-ADLS and GRS.

Although patients pass our RTS criteria, we 
withhold immediate unrestricted RTS and con-
tinue with a progression into full, unopposed par-
ticipation in sports. Our progression includes 
task-specific drills that mimic the demands of the 
athlete’s sport, beginning with individual drill 
and progressing into unopposed team play, then 
opposed individual play, and finally opposed 
team play. After this, we recommend the athlete 
begins full participation in practice and scrim-
mages, and then return to competition. We rec-
ommend that full, unrestricted return to level I 
and II sports [43, 44] is delayed until at least 
9 months [45]. The DOC data show that athlete’s 
reinjury rate is reduced by 51% for each month 
RTS is delayed until 9  months with additional 
evidence that similar risk reduction persists until 
12 months [26]. Athletes who passed all of our 
RTS criteria and returned after 9  months were 
84% less likely to reinjure their knee within 
24  months after ACLR [26]. This decrease in 
knee reinjury rate further supports the use of 
time-based and functional RTS criteria. The 
2-year rate of knee reinjury in patients who 
returned to level I sport after surgery was 30%, 
compared to 8% for those who returned to lower 

level sports, highlighting the importance of edu-
cating patients returning to level I sports of their 
increased risk of reinjury. Additionally, those 
who do not meet criteria for RTS, and demon-
strate lingering quadriceps strength asymmetry, 
may have up to a four times greater risk of ruptur-
ing their ACL graft [27]. Returning to a level I 
sport prior to 9 months postoperatively, and not 
achieving 90% QI prior to RTS were independent 
risk factors for reinjury of the ACL [26]. Recent 
evidence in a separate cohort of young, high-
level athletes corroborates the need to delay RTS 
for preventing second injury, even among those 
who meet our RTS criteria and have no lingering 
impairments [24].

9.6  Outcomes After Extended 
Preoperative Rehabilitation

While preoperative knee function has been asso-
ciated with outcomes after ACL injury and recon-
struction, few have looked at long-term outcomes 
of patients who have undergone extensive, pro-
gressive preoperative and postoperative rehabili-
tation. We compared the postoperative 
patient-reported outcomes from the Norwegian 
Arm (NAR) of the DOC to the outcomes from the 
Norwegian National Knee Ligament Registry 
(NKLR) [3]. The NAR group underwent a 
5-week rehabilitation program [4], with the rec-
ommendation that the patients achieve ≥90% QI 
and ≥90% inter-limb symmetry with hop testing 
prior to ACLR. The patients in the NAR group 
completed the KOOS, a previously validated [46] 
knee-specific self- assessment, after the comple-
tion of extended preoperative rehabilitation and 
again at 2 years postoperatively. A score differ-
ence of 10 points in any of the subsets was con-
sidered a clinically meaningful difference [47]. 
The NAR group had significantly higher scores 
in all subscales of the KOOS preoperatively after 
the completion of the 5-week rehabilitation pro-
gram compared to those in the NKLR.  Higher 
patient-reported outcomes in the NAR group 
continued at 2 years, in addition to clinically rel-
evant differences found in the KOOS Symptoms, 
Sports, and Quality of Life subscales. The nor-
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mative range values of the KOOS subscales for 
the NAR cohort ranged from 86% to 94%, mean-
ing these ACLR patients had outcomes compa-
rable to the general population, while the NKLR 
had 51–76% normative range values.

A similar comparison of the US arm of the 
DOC to a large registry in the USA, the 
Multicenter Orthopedic Outcomes Network 
(MOON), looked at the effects of preoperative 
rehabilitation on outcomes after ACLR [1, 2]. 
Specifically, the study looked at the IKDC sub-
jective knee form scores, KOOS results, and 
overall RTS rates 2  years after ACLR.  The 
patients in the DOC group were given the 5-week 
progressive preoperative rehabilitation [4] 
described in the aforementioned NAR group. The 
DOC group, compared to the MOON cohort, had 
significantly higher IKDC scores after preopera-
tive rehabilitation, and also at 2  years after 
ACLR. DOC patients also had clinically mean-
ingfully higher KOOS scores at 2  years after 
ACLR. RTS rates in the DOC group were 72%, 
significantly higher than the 63% in the MOON 
cohort group. The 72% rate for return to prein-
jury sport level also compares favorably to the 
65% rate published in a meta-analysis by Ardern 
et al. [48]. The consistent, positive results seen in 
the DOC reinforce the added benefit of extended 
preoperative rehabilitation beyond clinical 
impairment resolution. These results carry over 
not only through the immediate postoperative 
phase but also continue to be meaningful at 
2 years after ACLR.

9.7  Summary

ACLR patients from the DOC who followed the 
extended preoperative rehabilitation program, 
beyond clinical impairment resolution, and a cri-
terion-based postoperative rehabilitation pro-
gram showed superior outcomes 2  years 
postoperatively to outcomes from similarly 
matched cohorts who underwent standardized 
care. Patients who are initially classified as non-
copers may benefit from the use of extended pre-
operative rehabilitation to improve their function 
and outcomes. The overall aim of the progressive 

preoperative rehabilitation program is to maxi-
mize pre and therefore postoperative rehabilita-
tion functional outcomes.

Impairment resolution is critical prior to sur-
gery but it is not enough. Health care providers 
should add a rigorous preoperative rehabilitation 
that includes neuromuscular, strength, and plyo-
metric and agility training to maximize func-
tional and RTS outcomes.

9.8  Critical Points

• Extended preoperative rehabilitation plus cri-
terion-based postoperative rehabilitation, 
compared to postoperative rehabilitation 
alone, lead to higher patient-reported out-
comes, functional outcomes, and RTS rates.

• Athletes should achieve preoperative mile-
stones (little to no effusion and pain, full knee 
ROM, no obvious gait impairments) and have 
strong quadriceps strength preoperatively, as 
higher preoperative values lead to higher post-
operative values.

• Objective postoperative RTS criteria (≥90% 
QI, ≥90% hop tests, ≥90% KOS-ADLS, ≥90% 
GRS) including delayed RTS time frames 
(9–12 months for pivoting sports) are essential 
for successful RTS and reducing reinjury rates.

• Health care providers should consider 
extended preoperative rehabilitation including 
progressive strengthening and perturbation 
training as a strategy to improve outcomes 
after ACLR.

References

 1. Failla MJ, Logerstedt DS, Grindem H, Axe MJ, Risberg 
MA, Engebretsen L, et al. Does extended preoperative 
rehabilitation influence outcomes 2 years after ACL 
reconstruction? A comparative effectiveness study 
between the MOON and Delaware-Oslo ACL cohorts. 
Am J Sports Med. 2016;44(10):2608–14.

 2. Failla MJ, Logerstedt D, Grindem H. Corrigendum. 
Am J Sports Med. 2017;45(5):NP9. Available 
from: http://journals.sagepub.com/doi/10.1177/ 
0363546517696318.

 3. Grindem H, Granan LP, Risberg MA, Engebretsen L, 
Snyder-Mackler L, Eitzen I.  How does a combined 

9 Extended Preoperative Rehabilitation: Does It Influence Return to Sport After Surgery?

http://journals.sagepub.com/doi/10.1177/0363546517696318
http://journals.sagepub.com/doi/10.1177/0363546517696318


190

preoperative and postoperative rehabilitation pro-
gramme influence the outcome of ACL reconstruction 
2 years after surgery? A comparison between patients 
in the Delaware-Oslo ACL cohort and the Norwegian 
National Knee Ligament Registry. Br J Sports Med. 
2015;49(6):385–9.

 4. Eitzen I, Moksnes H, Snyder-Mackler L, Risberg 
MA. A progressive 5-week exercise therapy program 
leads to significant improvement in knee function 
early after anterior cruciate ligament injury. J Orthop 
Sport Phys Ther. 2010;40(11):705–21. Available from: 
http://www.jospt.org/doi/10.2519/jospt.2010.3345

 5. Fitzgerald GK, Axe MJ, Snyder-Mackler L, et  al. 
Knee Surg Sports Traumatol Arthrosc. 2000;8(2):76–
82. Available from: http://www.molbiolcell.org/cgi/
doi/10.1091/mbc.E02-08-0511

 6. Hägglund M, Waldén M, Thomeé R. Should patients 
reach certain knee function benchmarks before ante-
rior cruciate ligament reconstruction? Does intense 
“prehabilitation” before anterior cruciate ligament 
reconstruction influence outcome and return to 
sports? Br J Sports Med. 2015;49(22):1423–4.

 7. Sturgill LP, Snyder-Mackler L, Manal TJ, Axe 
MJ.  Interrater reliability of a clinical scale to assess 
knee joint effusion. J Orthop Sport Phys Ther. 
2009;39(12):845–9. Available from: http://www.
jospt.org/doi/10.2519/jospt.2009.3143

 8. Chmielewski TL, Hurd WJ, Rudolph KS, Axe MJ, 
Snyder-Mackler L.  Perturbation training improves 
knee kinematics and reduces muscle co-contraction 
after complete unilateral anterior cruciate ligament 
rupture. Phys Ther. 2005;85(8):740–54.

 9. Logerstedt D, Lynch A, Axe MJ, Snyder-Mackler 
L.  Pre-operative quadriceps strength predicts 
IKDC2000 scores 6 months after anterior cruciate 
ligament reconstruction. Knee. 2013;20(3):208–12. 
https://doi.org/10.1016/j.knee.2012.07.011.

 10. Eitzen I, Holm I, Risberg MA.  Preoperative quad-
riceps strength is a significant predictor of knee 
function two years after anterior cruciate ligament 
reconstruction. Br J Sports Med. 2009;43(5):371–6.

 11. Thoma LM, Grindem H, Logerstedt D, Axe M, 
Engebretsen L, Risberg MA, et al. Coper classifica-
tion early after ACL rupture changes with progressive 
neuromuscular and strength training and is associ-
ated with two-year success: the Delaware-Oslo ACL 
Cohort Study. Am J Sports Med. 2019;47:807.

 12. Arundale AJH, Bizzini M, Giordano A, Hewett TE, 
Logerstedt DS, Mandelbaum B, et al. Exercise-based 
knee and anterior cruciate ligament injury preven-
tion. J Orthop Sport Phys Ther. 2018;48(9):A1–42.. 
Available from: https://www.jospt.org/doi/10.2519/
jospt.2018.0303

 13. Hartigan E, Axe MJ, Snyder-Mackler L. Perturbation 
training prior to ACL reconstruction improves 
gait asymmetries in non-copers. J Orthop Res. 
2009;27(6):724–9.

 14. Hurd WJ, Chmielewski TL, Snyder-Mackler 
L.  Perturbation-enhanced neuromuscular training 
alters muscle activity in female athletes. Knee Surg 
Sports Traumatol Arthrosc. 2006;14(1):60–9.

 15. Fitzgerald GK, Axe MJ, Snyder-Mackler L.  The 
efficacy of perturbation training in nonopera-
tive anterior cruciate ligament rehabilitation pro-
grams for physically active individuals. Phys 
Ther. 2000;80(2):128. Available from: https://
academic.oup.com/ptj/article/80/2/128/2842479/
The-Efficacy-of-Perturbation-Training-in

 16. Morrissey MC, Perry MC, King JB.  Is knee laxity 
change after ACL injury and surgery related to open 
kinetic chain knee extensor training load? Am J Phys 
Med Rehabil. 2009;88(5):369–75.

 17. Perry MC, Morrissey MC, Morrissey D, Knight PR, 
McAuliffe TB, King JB. Knee extensors kinetic chain 
training in anterior cruciate ligament deficiency. Knee 
Surg Sports Traumatol Arthrosc. 2005;13(8):638–48. 
https://doi.org/10.1007/s00167-004-0603-8.

 18. Tagesson S, Öberg B, Good L, Kvist J. A comprehen-
sive rehabilitation program with quadriceps strength-
ening in closed versus open kinetic chain exercise in 
patients with anterior cruciate ligament deficiency: 
a randomized clinical trial evaluating dynamic tibial 
translation and muscle function. Am J Sports Med. 
2008;36(2):298–307.

 19. Mikkelsen C, Werner S, Eriksson E.  Closed kinetic 
chain alone compared to combined open and closed 
kinetic chain exercises for quadriceps strengthening 
after anterior cruciate ligament reconstruction with 
respect to return to sports: a prospective matched 
follow-up study. Knee Surg Sports Traumatol 
Arthrosc. 2000;8(6):337–42. https://doi.org/10.1007/
s001670000143.

 20. Fees M, Decker T, Snyder-mackler L, Axe MJ. Upper 
extremity weight-training modifications for the 
injured athlete: a clinical perspective. Am J Sports 
Med. 1998;26(5):732–42.

 21. Adams D, Logerstedt D, Hunter-Giordano A, Axe 
MJ, Snyder-Mackler L. Current concepts for anterior 
cruciate ligament reconstruction: a criterion-based 
rehabilitation progression. J Orthop Sport Phys Ther. 
2012;42(7):601–14. Available from: http://www.
jospt.org/doi/10.2519/jospt.2012.3871

 22. Palmieri-Smith RM, Thomas AC.  A neuromus-
cular mechanism of posttraumatic osteoarthritis 
associated with ACL injury. Exerc Sport Sci Rev. 
2009;37(3):147–53.

 23. Logerstedt D, Grindem H, Lynch A, Eitzen I, 
Engebretsen L, Risberg MA, et  al. Single-legged 
hop tests as predictors of self-reported knee function 
after anterior cruciate ligament reconstruction: the 
Delaware-Oslo ACL cohort study. Am J Sports Med. 
2012;40(10):2348–56.

 24. Capin JJ, Khandha A, Zarzycki R, Manal K, Buchanan 
TS, Snyder-Mackler L.  Gait mechanics and second 
ACL rupture: implications for delaying return-to- 
sport. J Orthop Res. 2017;35(9):1894–901.

 25. Nawasreh Z, Logerstedt D, Cummer K, Axe MJ, 
Risberg MA, Snyder-Mackler L.  Do patients fail-
ing return-to-activity criteria at 6 months after 
anterior cruciate ligament reconstruction continue 
demonstrating deficits at 2 years? Am J Sports Med. 
2017;45(5):1037–48.

E. K. Arhos et al.

http://www.jospt.org/doi/10.2519/jospt.2010.3345
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E02-08-0511
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E02-08-0511
http://www.jospt.org/doi/10.2519/jospt.2009.3143
http://www.jospt.org/doi/10.2519/jospt.2009.3143
https://doi.org/10.1016/j.knee.2012.07.011
https://www.jospt.org/doi/10.2519/jospt.2018.0303
https://www.jospt.org/doi/10.2519/jospt.2018.0303
https://academic.oup.com/ptj/article/80/2/128/2842479/The-Efficacy-of-Perturbation-Training-in
https://academic.oup.com/ptj/article/80/2/128/2842479/The-Efficacy-of-Perturbation-Training-in
https://academic.oup.com/ptj/article/80/2/128/2842479/The-Efficacy-of-Perturbation-Training-in
https://doi.org/10.1007/s00167-004-0603-8
https://doi.org/10.1007/s001670000143
https://doi.org/10.1007/s001670000143
http://www.jospt.org/doi/10.2519/jospt.2012.3871
http://www.jospt.org/doi/10.2519/jospt.2012.3871


191

 26. Grindem H, Snyder-Mackler L, Moksnes H, 
Engebretsen L, Risberg MA.  Simple decision rules 
can reduce reinjury risk by 84% after ACL recon-
struction: the Delaware-Oslo ACL cohort study. Br J 
Sports Med. 2016;50(13):804–8.

 27. Kyritsis P, Bahr R, Landreau P, Miladi R, Witvrouw 
E. Likelihood of ACL graft rupture: not meeting six 
clinical discharge criteria before return to sport is 
associated with a four times greater risk of rupture. Br 
J Sports Med. 2016;50(15):946–51.

 28. Yoo JH, Lim BO, Ha M, Lee SW, Oh SJ, Lee YS, 
et  al. A meta-analysis of the effect of neuromuscu-
lar training on the prevention of the anterior cruciate 
ligament injury in female athletes. Knee Surg Sports 
Traumatol Arthrosc. 2010;18(6):824–30.

 29. Sugimoto D, Myer GD, Foss KDB, Hewett 
TE.  Specific exercise effects of preventive neuro-
muscular training intervention on anterior cruciate 
ligament injury risk reduction in young females: 
meta-analysis and subgroup analysis. Br J Sports 
Med. 2015;49(5):282–9.

 30. Stevenson JH, Beattie CS, Schwartz JB, Busconi 
BD.  Assessing the effectiveness of neuromuscular 
training programs in reducing the incidence of anterior 
cruciate ligament injuries in female athletes: a system-
atic review. Am J Sports Med. 2015;43(2):482–90.

 31. Risberg MA, Grindem H, Øiestad BE.  We need to 
implement current evidence in early rehabilitation 
programs to improve long-term outcome after ante-
rior cruciate ligament injury. J Orthop Sport Phys 
Ther. 2016;46(9):710–3. https://doi.org/10.2519/
jospt.2016.0608.

 32. Manal TJO, Snyder-mackler L. Practice guidelines for 
anterior cruciate ligament rehabilitation: a criterion- 
based rehabilitation progression. Oper Tech Orthop. 
1996;6(3):190–6.

 33. Wright RW, Haas AK, Anderson J, Calabrese G, 
Cavanaugh J, Hewett TE, et  al. Anterior cruciate 
ligament reconstruction rehabilitation: MOON guide-
lines. Sports Health. 2015;7(3):239–43.

 34. Logerstedt DS, Snyder-Mackler L, Ritter RC, Axe 
MJ, Godges JJ.  Knee stability and movement coor-
dination impairments: knee ligament sprain. J Orthop 
Sport Phys Ther. 2010;40(4):A1–37. Available from: 
http://www.jospt.org/doi/10.2519/jospt.2010.0303

 35. Logertedt FS, Scalzitti D, Arna M, Engebretsen L, 
Webster K, Feller J, Snyder-Mackler L, Axe MJ, 
McDonough CM. Knee stability and movement coor-
dination impairments: knee ligaments sprain revision 
2017. J Orthop Sports Phys Ther. 2017;47(11):1–
47. Available from: https://sci-hub.hk/10.2519/
jospt.2017.0303

 36. Capin JJ, Behrns W, Thatcher K, Arundale A, Smith 
AH, Snyder-Mackler L. On-ice return- to- hockey pro-
gression after anterior cruciate ligament reconstruc-
tion. J Orthop Sport Phys Ther. 2017;47(5):324–33. 
Available from: http://www.jospt.org/doi/10.2519/
jospt.2017.7245

 37. Snyder-Mackler L, Delitto A, Stralka SW, Bailey 
SL.  Use of electrical stimulation to enhance recov-
ery of quadriceps femoris muscle force production in 

patients following anterior cruciate ligament recon-
struction. Phys Ther. 1994;74(10):901–7. Available 
from: https://academic.oup.com/ptj/article/2729152/
Use

 38. Snyder-Mackler L, Delitto A, Bailey SL, Stralka 
SW.  Strength of the quadriceps femoris muscle 
and functional recovery after reconstruction of the 
anterior cruciate ligament. J Bone Joint Surg Am. 
1995;77(8):1166–73.

 39. Noyes FR, Barber SD, Mangine RE. Abnormal lower 
limb symmetry determined by function hop tests after 
anterior cruciate ligament rupture. Am J Sports Med. 
1991;19(5):513–8.

 40. Sinacore JA, Evans AM, Lynch BN, Joreitz RE, 
Irrgang JJ, Lynch AD.  Diagnostic accuracy of 
handheld dynamometry and 1-repetition-maxi-
mum tests for identifying meaningful quadriceps 
strength asymmetries. J Orthop Sports Phys Ther. 
2017;47(2):97–107. Available from: http://www.
jospt.org/doi/10.2519/jospt.2017.6651

 41. Irrgang JJ, Snyder-Mackler L, Wainner RS, Fu FH, 
Harner CD. Development of a patient-reported mea-
sure of function of the knee. J Bone Joint Surg Am. 
1998;80(8):1132–45. Available from: http://www.
ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&d
b=PubMed&dopt=Citation&list_uids=9730122

 42. Gardinier ES, Manal K, Buchanan TS, Snyder-
Mackler L.  Clinically-relevant measures associated 
with altered contact forces in patients with ante-
rior cruciate ligament deficiency. Clin Biomech. 
2014;29(5):531–6. https://doi.org/10.1016/j.
clinbiomech.2014.03.011.

 43. Hefti E, Müller W, Jakob RP, Stäubli HU. Evaluation 
of knee ligament injuries with the IKDC 
form. Knee Surg Sports Traumatol Arthrosc. 
1993;1(3–4):226–34.

 44. Daniel DM, Stone ML, Dobson BE, Fithian DC, 
Rossman DJ, Kaufman KR. Fate of the ACL-injured 
patient. A prospective outcome study. Am J Sports 
Med. 1993;22(5):632–44. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/7810787

 45. Nagelli CV, Hewett TE.  Should return to sport be 
delayed until 2 years after anterior cruciate ligament 
reconstruction? Biological and functional consider-
ations. Sports Med. 2017;47(2):221–32.

 46. Roos EM, Roos HP, Lohmander LS, Ekdahl C, 
Beynnon BD.  Knee Injury and Osteoarthritis 
Outcome Score (KOOS)—development of a self- 
administered outcome measure. J Orthop Sport Phys 
Ther. 1998;28(2):88–96. Available from: http://www.
jospt.org/doi/10.2519/jospt.1998.28.2.88

 47. Roos EM, Lohmander L.  The Knee injury and 
Osteoarthritis Outcome Score (KOOS): from joint 
injury to osteoarthritis. Health Qual Life Outcomes. 
2003;1:64.

 48. Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty- 
five per cent return to competitive sport following 
anterior cruciate ligament reconstruction surgery: an 
updated systematic review and meta-analysis includ-
ing aspects of physical functioning and contextual 
factors. Br J Sports Med. 2014;48(21):1543–52.

9 Extended Preoperative Rehabilitation: Does It Influence Return to Sport After Surgery?

https://doi.org/10.2519/jospt.2016.0608
https://doi.org/10.2519/jospt.2016.0608
http://www.jospt.org/doi/10.2519/jospt.2010.0303
https://sci-hub.hk/10.2519/jospt.2017.0303
https://sci-hub.hk/10.2519/jospt.2017.0303
http://www.jospt.org/doi/10.2519/jospt.2017.7245
http://www.jospt.org/doi/10.2519/jospt.2017.7245
https://academic.oup.com/ptj/article/2729152/Use
https://academic.oup.com/ptj/article/2729152/Use
http://www.jospt.org/doi/10.2519/jospt.2017.6651
http://www.jospt.org/doi/10.2519/jospt.2017.6651
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9730122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9730122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=9730122
https://doi.org/10.1016/j.clinbiomech.2014.03.011
https://doi.org/10.1016/j.clinbiomech.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/7810787
http://www.ncbi.nlm.nih.gov/pubmed/7810787
http://www.jospt.org/doi/10.2519/jospt.1998.28.2.88
http://www.jospt.org/doi/10.2519/jospt.1998.28.2.88


193© Springer Nature Switzerland AG 2019 
F. R. Noyes, S. Barber-Westin (eds.), Return to Sport after ACL Reconstruction and Other Knee 
Operations, https://doi.org/10.1007/978-3-030-22361-8_10

Intraoperative Considerations 
Crucial for a Successful Outcome

Frank R. Noyes and Sue Barber-Westin

10.1  Introduction

This chapter discusses the indications and contra-
indications for anterior cruciate ligament (ACL) 
reconstruction, graft options, preoperative plan-
ning, anatomic graft placement issues, and treat-
ment of additional injuries that may occur to the 
menisci and other knee ligaments. Acute com-
plete ACL ruptures are treated first with rehabili-
tation until pain and swelling subside and joint 
motion and muscle function are restored (see 
Chap. 8). Reconstruction is then performed if the 
appropriate indications are met. However, even 
with surgery, patients are informed that an ACL 
rupture is a serious injury, and it is unlikely that 
they will ever have a truly normal knee joint. The 
injury may also involve a bone bruise and chon-
dral damage, with sequelae for future joint symp-
toms. The treatment of partial ACL ruptures has 
been discussed elsewhere [1].

Upon the initial patient presentation, a com-
prehensive physical examination requires 
assessment of knee flexion and extension, patel-
lofemoral indices, tibiofemoral crepitus, tibio-
femoral joint line pain, muscle strength, and gait 
abnormalities. The medial posterior tibiofemoral 

step-off on the posterior drawer test is done at 
90° of flexion. The integrity of the ACL is deter-
mined with KT-2000 arthrometer testing (134 N 
force) and the pivot shift test that is recorded on 
a scale of 0 to III, with a grade of 0 indicating no 
pivot shift; grade I, a slip or glide; grade II, a jerk 
with gross subluxation or clunk; and grade III, 
gross subluxation with impingement of the poste-
rior aspect of the lateral side of the tibial plateau 
against the femoral condyle. Radiographs include 
standing anteroposterior (AP) at 0°, lateral at 30° 
of knee flexion, weight- bearing posteroanterior 
(PA) at 45° of knee flexion, and patellofemoral 
axial views. Double- stance full-standing radio-
graphs of both lower extremities are obtained in 
knees in which varus or valgus lower extremity 
alignment is detected on clinical examination. 
Magnetic resonance imaging (MRI) is performed 
to provide further details of the condition of 
the articular cartilage and menisci and includes 
fast-spin-echo techniques and 3-Telsa articular 
cartilage T-2 mapping when necessary to obtain 
superior-quality articular cartilage images [2, 3].

10.1.1  Indications for ACL 
Reconstruction

Patients who are highly motivated to return to 
sport (RTS) or who are involved with strenuous 
occupations are considered for reconstruction [4]. 
In patients with a concomitant displaced bucket-
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handle meniscus tear, surgery within 7–10 days is 
required to reduce the meniscus to a normal loca-
tion and repair the tear. The ACL reconstruction 
may be performed at the same setting; however, 
knees with excessive swelling and pain undergo 
a staged meniscus repair first. After an appropri-
ate period of rehabilitation, ACL reconstruction 
is then performed.

Repairable meniscus tears almost always indi-
cate a concurrent ACL reconstruction. Otherwise, 
the success of the meniscus repair may be com-
promised [5–7]. A grade III pivot shift and 
grossly positive Lachman (increased ≥10-mm 
anterior tibial translation) indicate involvement 
of the secondary ligamentous restraints and, in 
our experience, an increased risk of giving-way 
reinjuries with recreational activities, and recon-
struction is frequently recommended.

Systematic reviews have demonstrated that 
ACL reconstruction reduces the incidence of 
subsequent meniscus injuries, reduces the need 
for further operations, and results in greater 
improvements in activity levels [8]. In patients 
who undergo reconstruction and in whom the 
menisci are retained, there is a lower incidence 
of knee osteoarthritis [9, 10]. Mather and associ-
ates [11] reported that, in the short term, ACL 
reconstruction was less costly (cost reduction of 
$4503) and more effective compared with reha-
bilitation. In the long term, the mean lifetime 
cost to society for a patient undergoing ACL 
reconstruction was calculated to be $38,121 
compared with $88,538 for nonoperative treat-
ment with rehabilitation.

10.1.2  Contraindications for ACL 
Reconstruction

Patients involved in low-impact activities or who 
are willing to avoid strenuous athletic and occu-
pational activities that place the knee at increased 
risk for reinjury may not require ACL recon-
struction. These patients undergo rehabilitation 
to regain muscle strength and neuromuscular 
function and are counseled on the risk of future 
giving-way reinjuries and potential damage to the 
joint. Patients who are unable to participate or be 

compliant with postoperative rehabilitation are 
not surgical candidates.

The presence of symptomatic patellofemoral 
or tibiofemoral arthritis is a general contraindi-
cation to ACL surgery, because pain symptoms 
remain postoperatively. Weight- bearing 45° 
PA views determine the millimeters of remain-
ing medial or lateral tibiofemoral joint space. In 
knees with absent or nearly absent joint space, 
conservative measures are instituted until such 
time that partial or total joint replacement is 
warranted.

Patients with symptomatic medial tibiofemo-
ral arthritis and varus malalignment require high 
tibial osteotomy. These patients often do not 
require subsequent ACL surgery due to limita-
tions in activities from the joint damage. Patients 
with lower extremity muscle atrophy require 
rehabilitation until adequate muscle function has 
been restored. These patients have an increased 
risk for postoperative complications including 
quadriceps muscle shutdown, patella infera, and 
arthrofibrosis. Complex regional pain syndrome 
is a contraindication to surgery.

Patients with a body mass index of 30 or greater 
are usually not surgical candidates. A history of 
prior infection with subsequent joint arthritis 
often contraindicates ACL surgery. There may be 
associated medical conditions contraindicating 
surgery. The use of nicotine products is strongly 
discouraged and absolutely contraindicated if 
osteotomy alignment procedures are required.

10.1.3  Preoperative Planning

All abnormalities or potential problems are 
addressed preoperatively, including patient 
expectation issues, muscular weakness, painful 
neuromas, residual pain syndromes, and ante-
rior knee pain due to patellofemoral cartilage 
damage. Considerable counseling and patient 
education are required on the expected results 
and outcomes from the reconstruction. This is 
especially important in knees with preexisting 
arthritis or loss of meniscal function or those 
that require additional major operative proce-
dures. A surgeon-rehabilitation team is required 
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to provide instruction on rehabilitation to ensure 
that the postoperative exercise program will be 
successfully followed by the patient. The patient 
and family consult with the physical therapy 
team before surgery to ensure that the postopera-
tive rehabilitation requirements are thoroughly 
understood. Disclosure is required that approxi-
mately 50% of patients in whom a bone-patellar 
tendon-bone (B-PT-B) autograft is used will have 
a small area of numbness just lateral to the patel-
lar tendon.

Knees with grossly positive clinical laxity 
tests have involvement of the secondary liga-
ment restraints, primarily the lateral structures. 
Associated medial or lateral ligament laxity is an 
indication for medial or lateral ligament recon-
struction. A summary of the essential aspects of 
ACL reconstruction is shown in Table 10.1.

It is important to determine the ACL graft 
length well before surgery to ensure a mismatch 
does not occur between intra-articular length of 
the tunnels and the length of the graft. The length 
of the patellar tendon is determined on lateral 
radiographs. The normal patellar length based on 
the Linclau technique [13] is a 1:1 ratio with the 
patellar tendon in the 35-mm range. The intra- 
articular ACL length is measured on the lateral 
MRI, and this length is matched with the graft.

10.1.4  ACL Graft Selection

The two most common autograft tissue sources 
for ACL reconstruction are B-PT-B and semi-
tendinosus-gracilis (STG) tendons. A quadri-
ceps tendon-patellar bone (QT-PB) autograft 
is also an excellent graft to substitute for STG 
tendons in small females and in other situations 
such as ACL revision reconstructions. We prefer 
B-PT-B autogenous grafts over allografts in ath-
letes, a recommendation supported by multiple 
long-term studies [14–18]. In addition, several 
investigations have documented a higher rate of 
ACL reconstruction failure in allografts com-
pared with autografts, especially in younger 
active patients [15, 19–26]. Although allografts 
offer technical ease and reduced donor site pain, 
there are additional risks of disease transmission, 
a biomechanically inferior graft, and biological 
reaction to irradiation and chemical sterilization 
processing [27].

A B-PT-B autograft is not recommended if 
there is associated patellofemoral arthritis, ante-
rior knee pain, or history of patellar subluxation 
or dislocation. A B-PT-B autograft is not per-
formed when patient issues suggest a decreased 
ability to manage the initial postoperative graft 
harvest-related pain. In recreational athletes 

Table 10.1 Summary of essential aspects of ACL reconstruction

1.  Autografts are recommended over allografts based on the superior healing, graft incorporation, overall higher 
success rates, and avoidance of transmission of disease (even though of rare incidence). Allografts are reserved for 
multioperated revision knees with concurrent instability where suitable graft sources are not available or special 
clinical cases in which a graft harvest is to be avoided

2.  ACL grafts should be placed in an anatomic position within the femoral and tibial footprint. The central portion of 
the femoral and tibial attachment site is recommended. The native ACL femoral attachment is located entirely on 
the lateral wall; no fiber attachments extend to the intercondylar roof

3.  The ACL graft is placed in a femoral tunnel that is located in the proximal two-thirds of the ACL footprint. A 
distal placement in the femoral attachment shortens the length and increases the failure rate. A tibial tunnel 
located in the posterior one-third of the ACL footprint results in an ineffective graft orientation. A central tibial 
footprint location should be achieved in the anteromedial bundle portion

4.  A limited notchplasty is usually required to prevent roof impingement in extension and to have an adequate graft 
space between the lateral notch and the posterior cruciate ligament

5.  Associated ligament injuries overload ACL grafts and require correction to prevent failure of the ACL 
reconstruction

6.  Abnormal knee hyperextension of 12–15° may overload an ACL graft and requires operative correction. The 
recommended posterolateral graft reconstructive procedures for a severe hyperextension varus recurvatum 
deformity have been described elsewhere [12]. Certain ACL revision knees with stretching or injury to the 
secondary ligament restraints and a grade III pivot shift require a lateral extra- articular procedure

7.  A comprehensive rehabilitation program is essential for success and return of lower extremity function. 
Rehabilitation principles and protocols are addressed in Chaps. 11 and 14

10 Intraoperative Considerations Crucial for a Successful Outcome
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and more sedentary patients, a four-strand or 
six-strand STG autograft or QT-PB autograft is 
recommended. Modern soft tissue graft fixation 
methods have increased success rates.

10.1.4.1  Critical Points

Indications
• Complete ACL rupture
• Patient desires to return to high-risk activities 

(pivoting, cutting, twisting, turning)
• Acute ACL rupture and concomitant displaced 

bucket-handle meniscus tear

Contraindications
• Sedentary patient, no symptoms, little expo-

sure high-risk activities
• Patient unable to participate in postoperative 

rehabilitation program
• Preexisting severe loss of patellofemoral or 

tibiofemoral compartment joint space
• Marked muscle atrophy, complex regional 

pain syndrome, obesity
• Prior joint infection

Preoperative planning
• Address patient expectation and goals of 

surgery
• Determine need for concomitant procedures, 

extra-articular procedures, other ligament 
reconstructions to correct all instabilities

• Determine ACL graft length

Graft Selection
• Prefer B-PT-B autograft in athletes, STG or 

QT-PB in recreational, more sedentary 
patients or those with patellofemoral 
problems.

• Allografts are rarely used and are reserved for 
multiligament procedures or special cases 
where graft harvest is to be avoided.

10.2  Intraoperative Evaluation

After the induction of anesthesia, all knee liga-
ment subluxation tests are performed in both the 
injured and contralateral limbs. The amounts 

of increased anterior tibial translation, poste-
rior tibial translation, lateral and medial joint 
opening, and external tibial rotation are docu-
mented. A thorough arthroscopic examination 
is conducted, noting articular cartilage surface 
abnormalities and the condition of the menisci. 
Appropriate debridement and meniscus repair (to 
be described) or partial excision are performed 
as necessary.

The lateral and medial gap tests are done dur-
ing the arthroscopic examination [28]. The knee 
is flexed to 25–30° and a varus load of approxi-
mately 89  N applied. A calibrated nerve hook 
is used to measure the amount of tibiofemoral 
compartment opening. Knees that have 12 mm or 
more of joint opening at the periphery or 10 mm 
at the midpoint of the tibiofemoral compartment 
require a posterolateral or medial ligament recon-
structive procedure. Studies have shown that 
uncorrected deficiency of other knee ligaments 
increases the risk of failure of ACL reconstruc-
tion [29, 30].

10.3  Graft Harvest

10.3.1  B-PT-B Autograft

A summary of the steps for the harvest of the 
B-PT-B autograft is shown in Table  10.2 [1]. 
A 3- to 4-cm vertical medial incision is made 
just adjacent to the medial border of the patella 
tendon, avoiding the tibial tubercle (Fig.  10.1). 
A cosmetic approach is used where the plane 
beneath the subcutaneous tissues is dissected to 
allow for a limited skin incision. The retinaculum 
in the middle of the patellar tendon is incised and 
the dissection limited only to the midportion of 
the patellar tendon. The retinaculum is protected 
to allow for closure over the bone-grafted patellar 
defect. A similar procedure is used at the tibial 
tuberosity.

The patellar tendon is incised in the midpor-
tion to 9–10 mm. The patella is displaced distally 
into the wound using a forked retractor placed at 
the superior patellar margin. A powered hand-
held saw with a thin-width blade is marked with 
a Steri-Strip 9–10 mm from the tip. A trapezoidal 
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bone block graft from the patella is removed by 
angling the fine saw 15° at each side of the cut. 
The bone cut extends to the inferior pole, and care 
is taken to protect the insertion site of the patel-
lar tendon. A 4-mm osteotome gently removes 
the patellar bone block. A similar procedure is 
followed in the harvest of the tibial bone block. 
The tourniquet is deflated, and a cotton sponge is 
placed in the wound. The graft is later wrapped 
in the blood-soaked sponge, which provides for 
protection of the graft, maintains a moist blood 
environment, and may allow cells to survive in 
the graft-remodeling process.

The bone blocks are prepared. The diameter 
of the tunnels will be configured 1 mm larger 
than the diameter of the bone block. One 2-mm 
drill hole is placed one-third of the way from 
the end of each bone block for sutures. The end 
sutures allow the graft to be passed into the tun-
nel. The bone block tip is fashioned into a bul-
let tip configuration for tibial tunnel passage. 
At the conclusion of the ACL reconstruction, 
closure of the patellar tendon graft harvest site 
is performed with loosely approximated 2-0 

absorbable sutures. A coring reamer used for 
the tibial tunnel provides a large dowel of can-
cellous bone to completely fill the patella and 
tibia defects.

10.3.2  Graft Harvest: STG Autograft

The STG graft harvest procedure is summa-
rized in Table 10.3. A 3- to 4-cm oblique inci-
sion is made over the pes tendons (Fig. 10.2). 
An anteromedial incision over a popliteal-based 
incision is preferred to gain maximum length of 
the tendons at the tibial confluent attachment. 
The sartorius fascia is incised directly proxi-
mal to the semitendinosus and gracilis tendons 
to provide an opening to protect the superficial 
medial collateral ligament (SMCL). Each ten-
don is identified, incised through the conflu-
ent distal tendon region, and then grasped at a 
90° angle and rolled two to three times around 
a straight hemostat, which allows tension to 
be placed on the tendon without producing 
damage.

The proximal fascia about each tendon is 
bluntly dissected, and the semitendinosus ten-
don attachment to the medial gastrocnemius fas-
cia is incised. The tendons will freely displace 
10 cm. The closed-end graft harvester is passed 
along the trajectory of each tendon, and each 
tendon is transected at 20 cm for a four-strand 
graft or 24  cm for a six-strand graft described 
later.

In the four-strand graft, each tendon is looped 
about a 3-mm tape and the tendon end sutured 
to itself with a No. 2 nonabsorbable suture. A 
third suture (FiberLoop, Arthrex) is added at 
both graft tendon ends. A running 0-nonabsorb-
able suture is used to produce a tubed struc-
ture running from proximal to distal and then 
back to the proximal starting point. The graft 
is marked 25  mm from each end, wrapped in 
a blood-soaked sponge, and placed in a secure 
place on the back table. A six- strand graft is 
used in women and patients of small stature in 
which the STG tendon diameter is decreased 
and to provide added tendon substance for a 
9- to 10-mm graft diameter. This avoids a 6–7-

Table 10.2 Summary of steps to harvest a bone-patellar 
tendon-bone autograft [1]

• Inflate tourniquet 275-mm pressure
•  3–4-cm incision adjacent medial border patellar 

tendon, medial to inferior pole of patella, mobilize 
skin flaps for cosmetic approach

•  Retinaculum middle patellar tendon incised, limited 
dissection only for width of graft to be removed

•  Use precut 10-mm and 22-mm paper ruler to define 
graft dimensions

• Patellar tendon incised in midportion
•  Trapezoidal bone block graft from patella removed 

with fine saw cuts, osteotome, similar procedure for 
tibial bone block

•  Sutures placed each bone block, prepared for 
passage

• Graft wrapped in blood-soaked sponge
•  Diameter of tunnels 1 mm larger than diameter of 

bone block
•  End of procedure, loosely approximate tendon graft 

harvest site with sutures
•  Meticulous bone graft from core reamer patella, 

tibia defects. Place 2 horizontal mattress sutures 
inferior pole patella, superior tibial tendon 
attachment to hold bone grafts in defects, close 
anterior tissues

10 Intraoperative Considerations Crucial for a Successful Outcome
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Fig. 10.1 The recommended technique for harvest of a 
bone-patellar tendon-bone (B-PT-B) autograft is shown. 
(a) A 3- to 4-cm skin incision, just medial to the patellar 
tendon, is made to avoid the bony prominence of the 
patella and tibial tubercle. The index finger points to the 
planned tibial tunnel, which can be reached through this 
cosmetic incision. (b) Mobilization of subcutaneous tis-
sues to allow the cosmetically placed incision to be moved 
in a proximal-distal and medial fashion. Infrapatellar 
nerves when present are protected. (c) A ruler measures the 
length of the patellar tendon and a 10-mm wide patellar 
tendon graft is marked by two or three ink dots. (d) The 
patella is displaced distally and the patellar bone block 
removed. Note the saw has a tape marking a 9-mm depth to 
prevent from cutting too deep into the patella. The saw is 

angled 10–15° to produce a trapezoidal bone block. The 
saw carefully cuts the medial and lateral borders, making 
sure the bone beneath the tendon insertion has been cut to 
prevent a fracture of the graft. A similar technique is used 
for the tibial tubercle. (e) Appearance of the graft after har-
vest. (f) Preparation of the graft is shown. Two nonabsorb-
able No. 2 sutures are placed in a distal drill hole in each 
bone plug. The bone tendon junction is marked. The graft 
is wrapped in a blood-soaked sponge with the goal of 
maintaining viability of some tendon cells. (g) The skin 
incision is displaced distally to reach the desired position 
for the coronal tibial tunnel, as described in the text. (h) 
The core reamer is placed in the tibial tunnel for the graft 
harvest. (i) The bone plug removed by the core reamer 
(Reprinted from Noyes and Barber-Westin [1])
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mm graft which has a known increased failure 
rate. The six-strand graft technique has been 
described in detail elsewhere [1].

10.3.3  Graft Harvest: QT-PB 
Autograft

A 5- to 6-cm longitudinal incision is made from 
the superior pole of the patella that extends proxi-
mally (Table 10.4). The prepatellar retinaculum 
is reflected and protected for later closure over 
the grafted patellar defect. The quadriceps tendon 
and its junction with the vastus medialis obliquus 
and vastus lateralis obliquus (VLO) are identi-
fied. The proximal portion of the quadriceps 
tendon is identified, and the graft harvest is car-
ried 10 mm distal to the rectus femoris muscle-

f g
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Fig. 10.1 (continued)

Table 10.3 Summary of steps to harvest a four-strand 
semitendinosus-gracilis autograft [1]

• 3–4-cm oblique cosmetic incision over pes tendons
•  Sartorius fascia incised, provides opening to protect 

superficial medial collateral ligament
•  Identify, palpate semitendinosus and gracilis 

tendons
• Turn down confluent tibial attachment
•  Grasp each tendon 90° angle distal end, roll 2–3 

times about straight hemostat
•  Superficial tissues removed, overlying sartorius 

fascia protected
•  Proximal fascia bluntly dissected, semitendinosus 

tendon attachment medial gastrocnemius fascia 
incised, avoid saphenous nerve

• Displace each tendon 10 cm in push-pull maneuver
•  Pass graft harvester, transect each tendon 20 cm for 

a 4-strand graft or 24 cm for a 6-strand graft
• Prepare, wrap in blood-soaked sponge
•  Six-strand graft used in women and patients of 

small stature

10 Intraoperative Considerations Crucial for a Successful Outcome
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Fig. 10.2 The recommended technique for harvest of a 
semitendinosus-gracilis (STG) autograft is shown. (a) A 
2-cm longitudinal or oblique incision at the AM tibia region. 
(b) An L-shaped incision at the pes tendon tibial attachment 
is performed, and the tendon flap is reflected to identify the 
STG tendons. (c) Dissection of soft tissue to identify STG 
and remove the gastrocnemius secondary attachment. (d) 
“Push-pull” test to confirm that the STG tendons are free of 

attachments. (e) Harvest of STG using closed-end harvester 
to prevent premature transection of STG. (f) Appearance of 
long semitendinosus tendon obtained at harvest. (g) Graft 
preparation with graft board. Nonabsorbable 3-mm tape at 
the proximal end and three 2-0 FiberWire fixation at the dis-
tal end. (Alternative is tight-rope fixation device.) Running 
suture is used on each side of the STG graft (Reprinted from 
Noyes and Barber- Westin [1])
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tendon attachment in order not to weaken this 
site. A 10-mm wide tendon graft, through all 
three layers, is removed to a length of 60–70 cm 
(Fig. 10.3). A power saw with the cutting blade 
marked with paper tape to a depth of 10 mm is 
used to cut the anterior cortex. It is necessary 
to place the thin saw blade at the superior pole 
immediately posterior to the quadriceps tendon 
patella attachment to saw through the patel-
lar bone at this location. The goal is to produce 
a patellar bone graft 22–24  mm long by 9–10-
mm wide. The bone graft is sized to 9–10 mm in 
diameter. The quadriceps tendon defect is closed 
with interrupted 0-Ethibond suture (Ethicon, 
Sumerville, NJ). Two sutures of 0-nonabsorbable 
material are placed just proximal to the proximal 
patellar bone defect to create a pocket for the 
bone graft obtained from the coring tibia reamer. 
The core bone graft completely obliterates the 
patellar defect, and a meticulous closure of ante-
rior tissues over the graft is performed, as already 
described.

10.4  ACL Anatomic 
Reconstruction

10.4.1  ACL Anatomy and Function 
Issues

Studies disagree on the division of the ACL into 
two distinct fiber bundles. Some authors have 
provided evidence of both an anatomic and func-
tional division, whereas others doubt this divi-
sion exists and argue that ACL fiber function is 
too complex to be artificially divided into two 
bundles. In some studies [31, 32], the antero-
medial (AM) bundle is identified functionally at 
its femoral location as the proximal half of the 
attachment (knee in extension) that tightens with 
knee flexion. The posterolateral (PL) bundle is 
identified as the distal half of the ACL femoral 
attachment that tightens with knee extension. The 
PL bundle is described to relax with knee flexion, 
as the ACL femoral attachment changes from a 
vertical to a horizontal structure. The problem 
is that this description of a reciprocal tightening 
and relaxation of the bundles occurs only under 
low anterior loading conditions. With substantial 
anterior tibial loading, and particularly with the 
coupled motion of anterior translation and inter-
nal tibial rotation, the majority of the ACL fibers 
are brought into a load-sharing configuration to a 
differing percentage.

We believe the characterization of the ACL 
into two fiber bundles represents a gross over-
simplification not supported by biomechanical 
studies [33, 34]. The length- tension behavior of 
ACL fibers is primarily controlled by the femo-
ral attachment in reference to the center of fem-
oral rotation, the coupled motions applied, the 
resting length of ACL fibers, and tibial attach-
ment locations. Under loading conditions, fibers 
in both the AM and PL divisions contribute to 
resist tibial displacements. The function of the 
ACL fibers is determined by the anterior-to-
posterior direction (knee at extension) as well 
as the proximal-to-distal femoral attachment. 
Placement of a graft in an anterior or posterior 
position may produce deleterious lengthening 
and graft failure.

g

Fig. 10.2 (continued)

Table 10.4 Summary of steps to harvest a quadriceps 
tendon-patellar bone autograft [1]

•  5–6-cm longitudinal incision from superior pole 
patella, extending proximally

•  Graft harvest: 10-mm wide through all 3 layers, 
length 60–70 cm

•  Patellar bone graft: Length 22–24 mm length, 
diameter 9–10 mm

• Close quadriceps tendon defect with sutures
•  Meticulous bone grafting patellar defect, closure 

soft tissues
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Patella

Patella

VLO

Rectus femoris

Rectus femoris

Confluent VMO-VLO

Intermedialis
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Fig. 10.3 (a) A quadriceps tendon graft 9- to 10-mm 
wide and 60–70 cm in length is removed. (b) Usually, all 
three layers are sutured together at the end of the graft 
(2-0 nonabsorbable suture) with a running suture on both 

sides of the graft. (c) Surgical case, initial skin incision. 
(d) Measurement of graft width. (e) Final harvest 
(Reprinted from Noyes and Barber-Westin [1])
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We conducted a series of robotic cadaveric 
in  vitro studies on the kinematic function of the 
AM and PL bundles of the ACL [35–37]. The 
results showed both ACL bundles functioned syn-
ergistically to resist medial and lateral compart-
ment subluxations during the simulated Lachman 
and pivot shift tests. In addition, a single ACL graft 
placed into the anatomic center of the femoral and 
tibial attachment sites restores normal tibiofemoral 
compartment translations and rotations (Fig. 10.4). 
The results of these studies support the recommen-
dations in this chapter to use a single ACL graft 
instead of a double-bundle ACL graft construct.

10.4.2  Recommended Location 
and Placement of Tibial 
Tunnel

It is important during surgery to outline the indi-
vidual size and shape of the ACL attachment 
for each patient. The important landmarks for 
the ACL tibial attachments are the medial tibial 
spine, posterior interspinous ridge (RER) of the 

proximal PCL fossa, and the attachment of the 
lateral meniscus. The recommended ACL tibial 
attachment location for a single graft is directly 
adjacent and anterior to the posterior edge of 
the lateral meniscus anterior horn attachment 
(Fig.  10.5). In some knees, the anterior extent 
of the ACL attachment may be obscured by soft 
tissues, and in these cases, the RER or posterior 
interspinous ridge of the PCL fossa is an impor-
tant landmark. The center of the ACL will be 
16–20 mm anterior to the RER or posterior inter-
spinous ridge.

The guide pin is placed eccentric and 2–3 mm 
anterior and medial to the true ACL center, 
because the ACL graft displaces to the posterior 
and lateral aspect of the tibial tunnel [39]. The 
tunnel places the majority of the graft within the 
central tibial attachment and avoids the posterior 
attachment location. It is important that graft 
impingement against the anterior intercondylar 
notch does not occur because the circular graft 
may occupy a portion of the native flattened 
ACL tibial attachment. An anterior notchplasty is 
required, particularly in knees with an A-shaped 
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Fig. 10.4 Compartment maps of a representative speci-
men under two pivot-shift loading profiles for ACL- intact, 
ACL-deficient, and ACL-reconstructed conditions. The 
specimen is a right knee with the medial compartment on 

the left and lateral compartment on the right (AT anterior 
load, CR center of rotation, IR internal rotation, VAL val-
gus) (Reprinted from Harms et al. [38])
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notch. In order to avoid a vertical graft orienta-
tion, it is important that the tibial drill does not 
inadvertently penetrate into or beyond the poste-
rior one-third ACL attachment and adjacent pos-
terior interspinous ridge.

The tibial tunnel is placed in a coronal man-
ner, at a 55–60° angle, allowing a tunnel length of 
35–40 mm. The tunnel is begun just anterior and 
adjacent to the SMCL and is usually 15 mm medial 
to the tibial tubercle medial border and 10 mm dis-
tal to the most proximal point of the patellar tendon 
tibial tubercle insertion. A core reamer is placed 
over the guide pin to remove a tibial bone plug 
when a B-PT-B autograft is used to obtain a core of 

bone to fill the bone defects. The tunnel is drilled 
to the desired graft diameter, and the joint tunnel 
edges are chamfered to prevent graft abrasion.

10.4.3  Recommended Location 
and Placement of Femoral 
Tunnel

Important landmarks for the femoral attachment 
are the posterior articular cartilage, Blumensaat’s 
line, and identification of the ACL attachment on 
the lateral femoral wall of the notch (Fig.  10.6). 
The goal is to locate the tunnel in the central to 

Lateral attachment
of posterior

cruciate ligament
Posterior cruciate

ligament
Posterior cruciate

ligament fossa

Anterior horn of
lateral meniscus

Retro
eminence

ridge

Anterior fibers
of anterior

cruciate ligament

Medial
intercondylar

tubercle

a b

c d

Fig. 10.5 (a) ACL tibial attachment is outlined along 
with the shaded region, indicating a central placement of 
an ACL graft and tibial tunnel. (b) Arthroscopic ACL 
attachment anterior to the posterior edge of the lateral 
meniscus. (c) Center of ACL attachment is marked and is 

anterior to the lateral meniscus posterior edge. (d) 
Placement of central guide pin for single tunnel ACL 
reconstruction. FC femoral condyle (Reprinted from 
Noyes and Barber-Westin [1])
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proximal thirds to maintain ACL graft length, and 
within the central direct ACL native insertion that 
occurs through fibrocartilage and not within the 
posterior indirect insertion of fibers adjacent to the 
femoral articular cartilage edge. Piefer and col-

leagues [40] in a systematic review of 20 ACL fem-
oral footprint publications arrived at recommended 
arthroscopic osseous landmarks on the lateral wall 
of the intercondylar notch which are very useful. 
These include, when possible, identification of 

a b

c d

e

Fig. 10.6 (a) ACL femoral attachment at 30° knee flexion 
shows the entire attachment on lateral wall of notch. (b) Three 
points identified in proximal, middle, and distal portions of 
ACL attachment. (c) Transtibial guide pin placement reaches 
only proximal one-third of ACL attachment with a portion of 

the femoral tunnel extending onto the notch roof when a cen-
tral ACL tibial tunnel is used. (d) ACL central point reached 
with knee hyperflexion and AM portal or with two-incision 
rear-entry technique. (e) Final graft appearance on lateral wall 
(Reprinted from Noyes and Barber-Westin [1])
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the native ACL attachment, the resident’s ridge or 
intercondylar ridge, the bifurcate ridge, the notch 
roof where no ACL fibers attach, and the articular 
cartilage junction of the lateral femoral condyle.

We recommend a central anatomic ACL place-
ment with the femoral guide pin 2–3 mm above 
the midpoint of the proximal-to-distal length of 
the ACL attachment (30° of knee flexion) and 
8 mm from the posterior articular cartilage edge 
(Fig. 10.5). This will produce a 10-mm tunnel in 
the proximal two-thirds of the ACL attachment, 
leaving a 3-mm thick posterior tunnel wall. The 
ACL attachment is defined at 20–30° of flexion 
with the arthroscope in the AM portal. After the 
femoral site is marked, the knee can be placed 
in 120° of flexion if an AM portal arthroscopic 
drilling technique is selected. A very acceptable 
alternative option is use of a flexible drill with the 
knee at 90° of flexion. A flip-cutter is also a viable 
technique. A 9- to 10-mm diameter tunnel occu-
pies the proximal two-thirds of the ACL attach-
ment. It is important that the ACL femoral tunnel 
not be placed too far posteriorly because this pro-
duces excessive graft tension with knee extension. 
In addition, the graft should not be too distal at 
its femoral attachment because this shortens the 
intra-articular graft tibiofemoral length.

A two-incision technique retrograde-drilling 
procedure is used if the B-PT-B graft is >90 mm 
and (Fig. 10.7) involves a lateral incision of 2–3 cm 
in length at the distal lateral femoral condyle. The 
posterior one-third of the ITB is incised for 4–6 cm 
to allow exposure. The interval posterior to the vas-
tus lateralis is entered and the muscle protected. An 
S retractor is placed beneath the VLO to gently lift 
the muscle anteriorly, avoiding entering the proxi-
mal joint capsule. The proximal edge of the lateral 
femoral condyle is bluntly palpated with an instru-
ment (over-the-top location), with the goal of locat-
ing the tunnel entrance just anterior to this point. A 
15-mm periosteal incision is made and an elevator 
used to remove soft tissues from the site for the tun-
nel proximal entrance. The two-incision technique 
allows adjustment of graft length if required by 
proximal advancement in the femoral tunnel and is 
ideal when there is graft mismatch due to an exces-
sively long patellar tendon. Alternatively, with a 
B-PT-B graft length of 80–85  mm, a FlipCutter 

procedure may be selected to create a femoral 
socket rather than a tunnel.

The ACL femoral attachment is mapped based 
on the bony landmarks already described. The 
location of the guide pin for an ACL central fem-
oral tunnel is shown in Figs. 10.6 and 10.8. The 
guide pin is placed within the central ACL attach-
ment, which is midway between the lateral notch 
roof and the distal articular cartilage edge, 8 mm 
from the posterior articular cartilage edge. With 
the central femoral tunnel, the posterior back wall 
is 3–4 mm thick and the graft occupies approxi-
mately two-thirds to three fourths of the ACL foot-
print. A guide pin placed 8 mm from the posterior 
articular cartilage at the central ACL attachment 
will have a 4-mm posterior back wall for an 8-mm 
graft and 3-mm wall for a 10-mm graft. The tun-
nel is drilled to the appropriate diameter, which is 
usually 1 mm greater than the bone portion that 
allows a snug graft fit in the tunnel. The edges of 
the tunnel are chamfered to prevent graft abrasion.

10.4.4  Graft Tunnel Passage, 
Conditioning, and Fixation

The graft is passed in a retrograde manner either 
with a Beath pin in the arthroscopic technique 
(placed through the accessory AM portal) or in 
the two-incision technique with a 20-gauge looped 
wire passed from the femur to the tibial tunnel. 
The graft is gently lifted up through the tibia and 
guided into the femoral tunnels with a nerve hook. 
The graft is marked at the bone- tendon junction 
to adjust its length in each tunnel. The graft is 
brought proximally until the bone is flush with the 
tibia. The femoral bone-graft plug is fixed with an 
interference screw of a metallic or absorbable type. 
Graft conditioning is performed by placing approx-
imately 88 N tension on the distal graft sutures and 
flexing the knee from 0° to 135° for 30–40 flex-
ion-extension cycles. The arthroscope is placed to 
verify that the graft position is ideal and there is no 
impingement against the lateral femoral condyle or 
notch with full hyperextension. Appropriate notch-
plasty is performed when necessary.

The knee is placed at 20° flexion, and the ten-
sion on the graft is reduced to approximately 
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10–15 N in order to avoid overconstraining AP 
tibial translation. A finger is placed on the ante-
rior tibia to maintain the posterior gravity posi-
tion of the tibia. An interference screw is placed. 
In cases where the interference screw fixation is 
not ideal or the screw resistance on placement is 

not acceptable, the sutures are tied over a suture 
post. The arthroscope is placed into the joint and 
final graft inspection performed. A Lachman 
test is performed, and there should be total AP 
translation motion of 3  mm, indicating that the 
graft has not been over-tightened. If the graft 

a b

c d

e

Fig. 10.7 The ACL procedure for a two-incision tech-
nique is shown. (a) The anatomic landmarks are shown. 
The joint line, tibial tubercle, and fibula are marked. (b) 
The 2-cm incision is made in the posterior one-third of the 

ITB, as described in the text. (c) Electrocoagulation of ves-
sels. (d) Commercially available drill guide. (e) Placement 
of guide pin. Antegrade drilling is viewed arthroscopically 
(Reprinted from Noyes and Barber-Westin [1])
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a b

c d
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Fig. 10.8 (a) A normal femoral notch is shown, which is 
viewed at arthroscopy by using the AM portal. 1 shows 
the normal space between the medial femoral condyle and 
the PCL which is occupied by the ACL. 2 shows the 
normal anterior notch that should not impinge on the 
graft. (b) Revision ACL with failed ACL graft shows 
overgrowth of the lateral notch and notch roof, requiring a 
limited notchplasty. (c) The lateral notch wall is visualized 
entirely posteriorly to the articular cartilage of the femoral 

condyle. (d) The ACL femoral attachment is mapped out, 
and a central small hole is made for placement of the 
guide pin. The resident’s ridge has been removed. The 
anterior notch region has not been disturbed. (e) Final 
placement of a single-bundle graft within a central 
anatomic tibial and femoral placement that occupies over 
75% of the attachment site (Reprinted from Noyes and 
Barber-Westin [1])
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has a “bowstring”, tight appearance with little to 
no anterior tibial translation on testing, the dis-
tal tensioning and fixation procedure is repeated 
with less tension placed on the graft.

10.4.5  Technique Using STG Graft

When a STG graft is selected, the same proce-
dure is used with the following exception. In 
the two- incision technique, a femoral post is 

used with the sutures tied first at the femoral 
site about the post (35 mm, 4.0-mm cancellous 
self-cutting screw with washer). An absorb-
able interference screw is added. At the tibia, 
the interference screw is first placed, followed 
by the suture post fixation. Using the combined 
interference screw and suture post provides suf-
ficient graft strength fixation for rehabilitation 
to proceed equal to the B-PT-B graft. An alter-
native technique for a four- strand STG graft 
using a FlipCutter (Fig. 10.9) and EndoButton 

a b c

d e f

g

Fig. 10.9 Demonstration of FlipCutter technique for 
femoral socket or tunnel. (a, b) Placement and location of 
drill guide. (c) Central ACL anatomic tunnel placement. 
(d) Placement of the FlipCutter. (e) The FlipCutter is 
advanced at the femoral attachment. (f) The drill end is 

“flipped” at a right angle to the pin. (g) Creation of a fem-
oral socket that can extend completely as a tunnel if 
desired. (This image provided courtesy of Arthrex, Inc., 
Naples, FL) (Reprinted from Noyes and Barber-Westin 
[1])
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or TightRope technique is described elsewhere 
[1]. A variety of techniques for femoral fixa-
tion (Fig. 10.10) and tibial fixation (Fig. 10.11) 
are available, based on the preference of the 
surgeon. Interference screw fixation alone 
is not recommended. A suture post is com-
monly required to achieve higher strength graft 
fixation.

Robust graft conditioning is required before 
final fixation to remove abnormal graft elongations 
in the postoperative period. Biomechanical studies 
in knee joints using robotic technology in our labo-
ratory show that an 88-N tensile load applied from 
0 to 120° for 40 cycles is necessary (Fig. 10.12). 
The graft board static conditioning alone does not 
provide adequate graft conditioning.

a

d e

b c

Fig. 10.10 (a–e)A variety of ACL femoral fixation tech-
niques for STG grafts. The interference screw alone (d) is 
not recommended because it produces the lowest graft 

tensile strength to pull-out (Reprinted from Noyes and 
Barber- Westin [1])
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a b

d e

c

Fig. 10.11 (a–e) Various tibial fixation techniques for STG grafts. An interference screw alone (d) is not recommended 
(Reprinted from Noyes and Barber-Westin [1])
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Fig. 10.12 Increase in knee anterior tibial translation 
with each ACL graft reconstruction during the flexion- 
extension conditioning cycles. The measurements were 
calculated at 25° knee flexion. This represents the graft 
elongation that occurs after graft-board pre-tensioning 
alone and indicates that this conditioning mechanism is 
ineffective in producing a steady-state graft. (a) 

Significantly different from hamstring TightRope (STG) 
graft (within the same cycle; P < 0.05). (b) Significantly 
different from bone-patellar tendon-bone TightRope 
(BPTB-TR) graft (within the same cycle; P < 0.05). (c) 
Significantly different from bone-patellar tendon-bone 
interference screw (BPTB-IF) graft (within the same 
cycle; P < 0.05)
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10.4.5.1  Critical Points

ACL Anatomy
• Characterization of ACL into two fiber bun-

dles represents a gross oversimplification not 
supported by biomechanical studies.

• A single ACL graft placed into the anatomic 
center of the femoral and tibial attachment 
sites restores normal tibiofemoral compart-
ment translations and rotations.

Tibial Tunnel
• Recommended tibial attachment location is 

directly adjacent and anterior to the posterior 
edge of the lateral meniscus anterior horn 
attachment.

• Place guide pin eccentric and 2–3 anterior and 
medial to true ACL center.

• Place tibial tunnel in coronal manner, 55–60° 
angle, tunnel length 35–40 mm.

• Use core reamer to obtain good quality bone 
to fill bone defects.

• Drill tunnel, chamfer edges.

Femoral Tunnel
• Two-incision technique: drill tunnel retro-

grade through lateral incision 2–3 cm at distal 
lateral femoral condyle.

• Perform femoral notchplasty to avoid graft 
impingement.

• Identify ACL attachment with knee in 20–30° 
flexion, scope in anteromedial portal.

• Place guide pin within central ACL attach-
ment. Preserve 3–4 mm of posterior back wall 
of the tunnel so that the graft is not placed too 
far posteriorly.

• Drill tunnel, chamfer edges.

Graft Tunnel Passage, Conditioning, and 
Fixation
• Pass graft gently in retrograde arthroscopi-

cally assisted.
• Bring graft proximally until bone is flush with 

tibia.
• Femoral position of graft at or just proximal to 

inside femoral tunnel.
• Fix femoral bone graft plug with interference 

screw.
• Condition graft: 44  N tension, flex knee 

0–135°, 40 cycles.

• Verify position arthroscopically, no 
impingement.

• Place knee in 20° flexion, reduce tension to 
10–15 N.

• Place interference screw tibia. Use additional 
sutures tied over suture post if required.

• Perform Lachman test, ensure no 
overconstraint.

• For STG graft, femoral fixation: post with 
sutures and absorbable interference screw if 
necessary. Tibial fixation: interference screw 
plus suture post.

• Robust STG graft conditioning: 88 N tension, 
flex knee 0–120°, 40 cycles.

10.5  Authors’ ACL Reconstruction 
Clinical Studies

We published a series of prospective clinical stud-
ies on ACL primary reconstruction in over 650 
knees with acute, subacute, and chronic ruptures 
(Table  10.5) [28, 41–57] The data from these 
investigations provide information regarding the 
following variables on clinical outcome: (1) type 
of graft, (2) sterilization of allografts, (3) gender, 
(4) chronicity of injury, (5) concomitant opera-
tive procedures, (6) preexisting joint arthritis, (7) 
varus osseous malalignment, (8) the rehabilita-
tion program, and (9) type of insurance (work-
ers’ compensation vs. private). A summary of the 
outcomes from our primary ACL reconstruction 
investigations is shown in Table 10.6.

10.6  Treatment of Meniscus Tears

Studies have shown that, regardless of the out-
come of ACL reconstruction in terms of restora-
tion of knee stability, meniscectomy accelerates 
degenerative joint changes [14, 58–64]. Nearly 
every long-term study has reported a statistically 
significant correlation between meniscectomy 
performed either concurrently or after the ACL 
reconstruction and moderate-to- severe radio-
graphic evidence of osteoarthritis. We conducted 
a systematic review of the treatment of menis-
cus tears during ACL reconstruction of stud-
ies published from 2001 to 2011 [65]. Data on 
11,711 meniscus tears (in 19,531 patients) from 
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159 studies showed that 65% were treated by 
meniscectomy; 26%, by repair; and 9%, by no 
treatment. This was concerning because many 
meniscus tears can be successfully treated by 
repair, thereby salvaging this important structure.

We have long advocated repair of meniscus 
tears instead of resection, assuming the appropri-
ate indications are met [3, 57, 66–68]. Our indi-
cations for meniscus repair are shown below:

 1. Meniscus tear with tibiofemoral joint line 
pain

 2. Patient <50  years old, or physically active 
patient <60 years old

 3. Concurrent knee ligament reconstruction or 
osteotomy

 4. Meniscus tear reducible, good tissue integ-
rity, will retain normal position in the joint 
once repaired

Table 10.5 Summary of authors’ primary ACL reconstruction clinical studies

Study 
citation

Demographic data, 
graft type, allograft 
sterilization

KT-2000 total AP 
displacement (I-N) at fu

Return to sports
<3 mm 
(%)

3–5 mm 
(%)

>5 mm 
(%)

Noyes [41] Acute ACL tears, 
5–9 years fu

47% preinjury level, 36% lower level, 13% no 
sports non-knee-related factors, 4% no sports 
knee-related problemsFascia lata allografts: 

fresh-frozen (n = 28)
77 20 3

Fascia lata allografts: 
freeze-dried (n = 40)

75 20 5

Noyes, 
Barber- 
Westin 
[42]

Chronic ACL tears, 
2–4.5 years fu

Compared with preoperative level: 66% 
increased level, 7% same level, 7% lower level, 
16% playing with symptoms, 3% no sports 
non-knee-related factors, 13% no sports 
knee-related problems

B-PT-B allografts: 
fresh-frozen (n = 54)

53 31 16

B-PT-B allografts: 
irradiated (n = 10)

60 10 30

B-PT-B 
allografts + ITB EA, 
fresh-frozen (n = 40)

74 23 3

Noyes, 
Barber- 
Westin 
[43]

Chronic ACL tears, 
2–3.4 years fu
B-PT-B allografts + 
LAD, irradiated 
(n = 49)

53 30 17 Compared with preoperative level: 65% 
increased level, 10% same level, 4% lower level, 
7% playing with symptoms, 7% no sports 
non-knee-related factors, 7% no sports 
knee-related problems

Noyes, 
Barber- 
Westin 
[44]

Acute vs. chronic ACL 
tears, 2–3 years fu

Acutes: 50% preinjury level, 3% increased level, 
27% lower level, 3% playing with symptoms, 
17% no sports non-knee-related factors
Chronics compared with preoperative level: 54% 
increased level, 9% same level, 12% lower level, 
11% playing with symptoms, 2% no sports 
non-knee-related factors, 12% no sports 
knee-related problems

B-PT-B autografts 
chronic ACL tears 
(n = 57)

84 12 4

B-PT-B autografts 
acute ACL tears 
(n = 30)

92 4 4

Barber- 
Westin 
[45]

Male vs. female ACL 
reconstruction, 
2–3 years fu

Acutes: 45% preinjury level, 5% increased level, 
33% lower level, 2% playing with symptoms, 
15% no sports non-knee-related factors
Chronics compared with preoperative level: 52% 
increased level, 11% same level, 15% lower 
level, 5% playing with symptoms, 11% no sports 
non-knee-related factors, 5% no sports 
knee-related problems

B-PT-B autografts 
men (n = 47)

80 16 4

B-PT-B autografts 
women (n = 47)

87 8 5

Noyes, 
Barber- 
Westin 
[46]

Chronic ACL tears, 
2–3.6 years fu
B-PT-B autografts 
(n = 53)

79 16 5 Compared with preoperative level: 66% 
increased level, 6% same level, 7% lower level, 
6% no sports non-knee-related factors, 15% no 
sports knee-related problems

AP anteroposterior, B-PT-B bone-patellar tendon-bone, EA extra-articular, fu follow-up, ITB iliotibial band, I-N 
involved-noninvolved

10 Intraoperative Considerations Crucial for a Successful Outcome



214

 5. Peripheral single longitudinal tears: red–red, 
1 plane, repairable in all cases, high success 
rates

 6. Middle one-third tears: red-white (vascular 
supply present), often repairable with good 
success rates

 7. Red-white single plane outer-third and mid-
dle-third tears (longitudinal, radial, horizon-
tal): often repairable if good tissue quality

 8. Outer-third and middle-third tears (complex, 
double longitudinal, triple longitudinal, 
flap): repair versus excision

 9. Red-white, multiple planes: repair versus 
excision

 10. Meniscus root tears: repair if not degenerative

Meniscus tears suitable for repair are located 
in either the periphery or at the junction of the 
middle and outer third regions where a blood 
supply is retained. Complex tears are evalu-
ated on an individual basis for repair potential. 
The repair may require an accessory posterome-
dial (Fig.  10.13) or posterolateral (Fig.  10.14) 
approach for exposure to tie the sutures using 
an inside-out suture technique. A meticulous 
vertical divergent suture technique is favored in 
which multiple sutures are passed through both 
the superior and inferior surfaces of the menis-
cus (Fig. 10.15). All-inside suture-based menis-
cus repair devices are also available which are 
ideal for red/white longitudinal tears and root 

Table 10.6 Summary of conclusions from authors’ primary ACL reconstruction clinical studies [1]

Factor Conclusions
Type of graft B-PT-B autografts preferred whenever possible, decreased failure rate in chronic knees, more 

rapid graft healing. Autografts provide higher success rate in subjective, objective, and functional 
parameters. Allografts reserved for multiligament surgery, knee dislocations, special situations

Augmentation 
procedures for 
allografts

ITB extra-articular procedure decreases allograft failure rate in chronic knees, recommended in 
grossly unstable knees (grade 3 pivot shift)

Secondary 
sterilization of 
allografts

Irradiation most likely deleterious, increase in failure rate, not recommended

Gender No difference in outcomes between males and females. No scientific basis to use gender as 
selection criteria for reconstruction

Chronicity of 
injury

No difference between acute and chronic knee injuries in objective stability after B-PT-B autograft 
reconstruction
Significantly poorer results in chronic knees for symptoms, limitations with sports and daily 
activities, and patient rating of knee condition owing to loss of meniscus tissue, preexisting joint 
damage
Reconstruct ACL early after injury in active patients

Concomitant 
operative 
procedures

Meniscus repairs frequent, results may be improved by concomitant ACL reconstruction. High 
success rates, even in complex tears extending into central third region, regardless of patient age
Posterolateral injuries frequently accompanied by ACL ruptures – reconstruct all ligamentous 
ruptures concurrently
MCL injuries usually do not require surgical treatment unless gross instability exists

Preexisting 
joint arthrosis

Symptomatic unstable knees can be improved by ACL reconstruction. Advise return low-impact 
activities

Varus osseous 
malalignment

ACL reconstruction usually staged after osteotomy in symptomatic unstable knees. ACL 
reconstruction not required after osteotomy in knees that are asymptomatic, willing to modify 
activities

Rehabilitation 
program

Immediate motion and rehabilitation safe, not deleterious to healing graft, low incidence (<1%) of 
arthrofibrosis. Identify and immediately treat limitation of knee motion with overpressure 
program. Full motion regained within weeks of surgery (with exception of PCL reconstructions in 
which hyperflexion is delayed)

Insurance No difference in outcome between workers’ compensation and privately insured patients except 
days of lost employment. Reconstruct workers’ compensation patients earlier after injury

B-PT-B bone-patellar tendon-bone, ITB iliotibial band, MCL medial collateral ligament, PCL posterior cruciate 
ligament
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a

c

b

Fig. 10.13 The accessory posteromedial approach is 
shown for a medial meniscus repair. (a) Site of the 
posteromedial skin incision. (b) The incision is shown 
through the anterior portion of the sartorius fascia. (c) The 
interval is opened between the posteromedial capsule and 

the gastrocnemius tendon, just proximal to the semimem-
branosus tendon (arrow). The fascia over the semimem-
branosus tendon is excised to its tibial attachment to 
facilitate retrieval of the posterior meniscus sutures 
(Reprinted from Noyes and Barber-Westin [66])
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tears (Fig.  10.16). The postoperative rehabilita-
tion programs allows immediate knee motion and 
early weight bearing but protects the repairs by 
not allowing squatting, kneeling, or running for 
4–6 months [69].

We have conducted several clinical studies to 
determine the outcome of meniscus repairs [57, 
67, 68, 70, 71]. In one study, 198 meniscus repairs 

in 177 patients were followed 2–9.6 years post-
operatively [68]. All of the tears extended into the 
red-white zone or had a rim width ≥4  mm. At 
follow-up, 80% of the patients had not required 
additional surgery and had no tibiofemoral symp-
toms related to the repair. These results were 
verified more recently in a systematic review we 
conducted of 23 investigations in which menis-

a b

c

Fig. 10.14 (a) Site of the posterolateral incision for a lat-
eral meniscus repair. (b) Incision site in the interval 
between the posterior edge of the iliotibial band and the 
anterior edge of the biceps tendon. (c) The interval 

between the lateral gastrocnemius and posterolateral cap-
sule is opened bluntly, just proximal to the fibular head, 
avoiding entering the joint capsule (Reprinted from Noyes 
and Barber-Westin [66])
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cus repairs for tears in the red-white zone were 
performed [72]. There were 767 repairs, of which 
78% were done with an ACL reconstruction. 
Overall, 83% of these repairs were considered 
clinically healed.

We conducted a long-term study (10–
22 years) of single longitudinal meniscus repairs 
that extended into the central region in patients 
≤20 years of age [3]. Twenty-nine repairs were 
evaluated; 18 by follow-up arthroscopy, 19 
by clinical evaluation, 17 by MRI, and 22 by 
weight- bearing posteroanterior radiographs. A 3 
Telsa MRI scanner with cartilage-sensitive pulse 
sequences was used and T2 mapping was per-
formed. Eighteen (62%) of the meniscus repairs 
had normal or nearly normal characteristics. Six 
(21%) repairs required arthroscopic resection; 

two had loss of joint space on radiographs, and 
three that were asymptomatic failed according to 
MRI criteria. There was no significant difference 
in the mean T2 scores in the menisci that had not 
failed between the involved and contralateral tib-
iofemoral compartments. There were no signifi-
cant differences between the initial and long-term 
evaluations for pain, swelling, jumping, patient 
knee condition rating, or the Cincinnati rating 
score. The majority of patients were participating 
in sports without problems, which did not affect 
the failure rate. The outcomes support the recom-
mendation in younger active patients to spend as 
much time and attention to a meniscus repair as 
a concurrent ACL reconstruction, as the eventual 
function of the knee joint is equally dependent on 
the success of both structures (Fig. 10.17).

Fig. 10.15 Meniscus repair instead of meniscectomy to 
preserve knee joint function. A longitudinal meniscal tear 
site demonstrates some fragmentation inferiorly. This tear 

required multiple superior and inferior vertical divergent 
sutures to achieve anatomic reduction (Reprinted from 
Noyes and Barber-Westin [67])
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11.1  Introduction

Considerable advances have been made in the 
treatment of complete anterior cruciate ligament 
(ACL) ruptures and reconstruction methods. 
These include the appropriate selection of patient 
candidates and criteria that should be achieved 
before surgery including resolving limitations of 
knee motion, muscle atrophy, gait abnormalities, 
pain, and joint effusion (see Chap. 8) [1–8]. The 
majority of patients who undergo ACL recon-
struction are athletes under 25 years of age who 
are frequently involved in high school, collegiate, 
or league athletics. The major goals are to stabi-
lize the knee to prevent future reinjuries and 
allow a safe return to sport (RTS). Although these 
goals are successfully achieved in many patients, 
reinjury rates (to either the ACL-reconstructed or 
contralateral knee) range from 3 to 22% [9–25]. 
Factors that are frequently cited as associated 
with reinjuries include younger age, return to 
high-impact sports that involve cutting and pivot-
ing, and use of an allograft or hamstring auto-
graft. Allowing athletes to RTS without a 
comprehensive objective assessment of muscle 

strength, neuromuscular function, ACL graft 
function, and range of knee motion may also be a 
source of high reinjury rates. Failure to restore 
complex neuromuscular function required for 
landing, pivoting, and cutting in both limbs could 
place both the ACL-reconstructed and contralat-
eral knee at increased risk. Other factors that may 
result in failure of ACL reconstructions include 
surgical errors (use of low-strength grafts, inade-
quate fixation, graft impingement in the notch, or 
excessive or insufficient graft tensioning at sur-
gery); failure of graft integration, tendon-to-bone 
healing, or remodeling; uncorrected lateral, pos-
terolateral, or medial ligament deficiency; and 
postoperative infection.

We believe that a comprehensive rehabilita-
tion program following ACL reconstruction is 
crucial to enable patients to RTS as safely as pos-
sible. After surgery, the main goals of rehabilita-
tion are to prevent complications such as 
arthrofibrosis and reinjury and eventually achieve 
normal to nearly normal knee function. There are 
many factors that may impact both the initial and 
long-term recovery after ACL reconstruction 
(Table  11.1) [3, 26]. Patients must regain full 
knee motion, normal patellar mobility, normal 
gait mechanics, and adequate lower extremity 
muscle strength, coordination, proprioception, 
and neuromuscular function for their desired 
activities. The exercise program should not pro-
duce undue forces on the healing ACL graft and 
patellofemoral or tibiofemoral compartments or 
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precipitate chronic joint effusions. Because of the 
published documentation of neuromuscular defi-
cits in both the reconstructed and contralateral 
limbs postoperatively [26], failure to address and 
fully rehabilitate both knees may be a factor for 
high postoperative reinjury rates.

At our center, the postoperative rehabilitation 
program takes into account the patient’s sports and 
occupational goals; the condition of the articular 
surfaces, menisci, and other knee ligaments; con-
comitant operative procedures performed with the 
ACL reconstruction; the type of graft used; post-
operative healing and response to surgery; and 
biologic principles of graft healing and remodel-
ing. The rehabilitation program incorporates open 
and closed kinetic chain activities for muscle 
strengthening and cardiovascular conditioning 
along with neuromuscular training techniques.

Patients who express the desire to resume 
strenuous sports activities early after surgery 
are warned of the risk of a reinjury to the ACL- 
reconstructed knee or a new injury to the con-
tralateral knee. At our center, advanced 
neuromuscular training (Sportsmetrics) is rec-
ommended in all athletes before returning to 
sports involving cutting, pivoting, and repeti-
tive jumping. In addition, athletes must pass a 
series of tests described in Chaps. 20 and 21 
before they are released to unrestricted 
athletics.

The early return to athletics is not allowed 
in patients in whom an allograft was used or 
those who underwent concomitant major oper-
ative procedures such as a complex meniscal 
repair, other ligament reconstructions, patello-
femoral realignment, articular cartilage restor-
ative procedure, or osteotomy. Strenuous 
athletics are not recommended in patients 
undergoing revision ACL reconstruction or 
those in whom magnetic resonance imaging or 
arthroscopic evidence of major bone bruising 
or articular cartilage damage exists. These 
patients are entered into a postoperative proto-
col that incorporates delays in return of full 
weight-bearing, initiation of certain strength-
ening and conditioning exercises, beginning 
running and agility drills, and return to full 
sports activities [27].

This chapter provides our recommenda-
tions for exercises and goals for the initial 
phases of rehabilitation based on over three 
decades of experience and multiple clinical 
studies [28–33]. Chapter 8 details the preop-
erative rehabilitation program required to 
assist the patient recover from the injury; rees-
tablish full knee motion, muscle strength, and 
neuromuscular control; and educate the patient 
and family regarding the surgery and postop-
erative program. Chapter 14 details advanced 
neuromuscular training concepts (including 
Sportsmetrics) that are incorporated in later 
phases of rehabilitation as the patient begins 
sports-specific rehabilitation. In addition, rec-
ommendations for objective, neurocognitive, 
and psychological testing are discussed 
throughout this textbook.

Table 11.1 Factors affecting recovery after anterior cru-
ciate ligament reconstruction

1. Resolution of limitations in knee motion, muscle 
atrophy, gait abnormalities, pain, and knee joint 
effusion before surgery
2. The amount of time between injury and surgery
3. Reinjuries before surgery
4. Meniscectomy before or with ACL reconstruction
5. The preinjury sports activity level
6. Patient age
7. ACL graft selection, harvest, placement, fixation, 
healing, and remodeling
8. Initial patient response to surgery including pain, 
effusion, and muscle inhibition
9. Psychological factors before surgery and during 
postoperative recovery such as motivation, beliefs, 
compliance, self-efficacy, locus of control, and fear of 
reinjury
10. The condition of the articular cartilage
11. The presence and severity of bone bruising
12. Concomitant major operative procedures: meniscus 
repairs or transplants, other ligament reconstructions, 
patellofemoral realignment procedures, and articular 
cartilage restorative procedures
13. Lingering postoperative deficits in muscle strength 
and neuromuscular function
14. Patellofemoral pain or tendinitis
15. Restoration of normal knee stability
16. Previous ACL reconstruction that failed
17. Premature return to strenuous activities before 
restoration of normal muscle strength and 
neuromuscular control and both limbs has been 
achieved

F. R. Noyes and S. Barber-Westin



225

Critical Points
• Major goals are to stabilize the knee to prevent 

future reinjuries and allow a safe return to pre-
vious sports levels.

• Following surgery, reinjury rates range from 3 
to 22%.
 – Multiple reasons for reinjuries, ACL graft 

failure
• Successful ACL rehab program:

 – Regain full range of motion, gait
 – Adequate strength for activity level
 – Normal bilateral proprioception, neuro-

muscular function
• Rehab program is designed based on:

 – Patient’s sports, occupational goals
 – Condition of articular cartilage surfaces, 

menisci, other knee ligaments
 – Concomitant operative procedures
 – Type of graft used
 – Postoperative healing, graft remodeling

11.2  Clinical Concepts

11.2.1  Control Knee Joint Effusion

A knee joint effusion may precipitate reflex inhibi-
tion of the quadriceps, leading to weakness and 
atrophy. Several investigators have shown that 
quadriceps muscle inhibition occurs following 
experimentally induced knee joint effusions and 
produces alterations in normal function during 
walking, jogging, and landing from a jump [34–
37]. Knee joint effusions must be avoided or treated 
immediately to lessen these deleterious impacts on 
quadriceps function. Joint aspiration, cryotherapy, 
transcutaneous electrical nerve stimulation, and 
compression are effective therapeutic measures 
[38, 39]. Prudent, short-term use of non-steroidal 
anti-inflammatory medications may also be 
required.

11.2.2  Immediate Knee Motion 
and Early Weight-Bearing

The scientific basis supporting immediate range of 
motion (ROM) exercises after ACL reconstruction is 

well established [5, 33, 40–44]. The use of an imme-
diate postoperative knee motion program (in the 
range of 0–90°) after ACL reconstruction was initi-
ated in our center in 1981 [45]. Early knee joint 
motion decreases pain and postoperative joint effu-
sions, aids in the prevention of scar tissue formation 
and arthrofibrosis, decreases muscle atrophy, main-
tains articular cartilage nutrition, and benefits the 
healing ACL graft [6, 46, 47]. Studies conducted 
many years ago demonstrated the detrimental effects 
of immobilization, including permanent limitation 
of knee motion, prolonged muscle atrophy, patella 
infera, and articular cartilage deterioration [46, 48–
51]. Failure to achieve full knee motion may cause 
abnormal joint arthrokinematics, increased contact 
pressures in the patellofemoral and/or tibiofemoral 
joints, patellofemoral osteoarthritis, and a poor out-
come [52–55]. Shelbourne et  al. [56] reported the 
effects of lacking normal extension or flexion at the 
time of discharge from physical therapy in 423 
patients followed a mean of 22.5 ± 2.1 years after 
ACL reconstruction. Lacking normal knee extension 
at discharge increased the odds of developing mod-
erate or severe osteoarthritis by 1.46, whereas lack-
ing normal extension at follow-up increased the 
odds by 3.36 (P  <  0.0001). Similar results were 
reported for loss of normal flexion.

Although many authors have recommended 
immediate partial or full weight-bearing after 
ACL reconstruction, few studies have examined 
its potential effect on both short- and long-term 
recovery [57, 58], especially in knees with note-
worthy articular cartilage damage or those in 
which major concomitant operative procedures 
were required. In addition, gait abnormalities 
may ensue from immediate full weight-bearing 
due to pain, knee joint effusion, and muscle 
weakness. It does appear from the literature [59–
62] and our experience [28] that immediate par-
tial weight-bearing is safe and not deleterious to 
the healing ACL graft.

11.2.3  Electrical Muscle Stimulation 
and Biofeedback

Neuromuscular electrical muscle stimulation 
(EMS) and biofeedback have been recommended 
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early after ACL reconstruction to aid in the initial 
recovery of quadriceps activation [27, 38, 63–
65]. Multiple studies have demonstrated that 
EMS combined with active exercise is more 
effective than active exercise alone in recovery of 
quadriceps strength and normal gait mechanics 
[63, 64, 66–68]. Wright et  al. [69] concluded 
from a systematic review that high-intensity EMS 
may help achieve improved quadriceps strength 
after ACL reconstruction. Imoto et al. [70] con-
cluded from their review that EMS added to con-
ventional exercises may be effective in improving 
muscle strength and recovery 2  months after 
surgery.

Biofeedback therapy has been suggested as a 
useful therapeutic technique in overcoming mus-
cle inhibition early postoperatively [38]. This 
therapy helps patients develop and increase their 
voluntary control over muscle contractions [71–
73]. However, no high-level studies have been 
conducted to ascertain the effectiveness of bio-
feedback following ACL reconstruction in regard 
to increases in muscle strength and/or reduced 
quadriceps atrophy.

11.2.4  Muscle Loss After ACL 
Reconstruction

Lower extremity muscle atrophy and weakness 
after ACL reconstruction represent a difficult and 
unresolved problem [74–78]. Investigators have 
reported postoperative strength deficits ranging 
from 5 to 40% for the quadriceps and from 9 to 
27% for the hamstrings [78–85]. Problems with 
muscle atrophy appear to occur regardless of the 
type of graft used to reconstruct the ACL and fre-
quently occur bilaterally [38]. Unresolved post-
operative muscle strength deficits may be 
associated with knee osteoarthritis that is present 
either at baseline or years after surgery [86–90]. 
The factors related to the loss of muscle size and 
strength after ACL reconstruction remain unclear 
(Table 11.2). Regardless of the cause of muscle 
atrophy and weakness, it is paramount that the 
rehabilitation program corrects the deficits in a 
controlled, effective, and safe manner. There are 
several principles the therapist must use to 

achieve this goal, which change as the patient 
progresses through the program.

11.2.5  Regaining Strength: 
Patellofemoral Joint 
Protection

It is critical as the clinician progresses the patient 
through both the early and later stages of rehabilita-
tion after ACL reconstruction to avoid placing high 
forces on the patellofemoral joint. Patients who 
develop patellofemoral symptoms must be carefully 
followed and the rehabilitation program altered as 
required to avoid activities that place high forces on 
the patella. Investigators have estimated that the 
loads on the patellofemoral joint range from 3 times 
body weight (BW) with stair climbing to 7 times 
BW with squatting and up to 20 times BW with 
jumping [109, 110]. Escamilla et al. [111] measured 
patellofemoral compressive forces during a wall 
squat closed kinetic chain (CKC) exercise in healthy 
subjects. The forces ranged from approximately 75 
to 1400 N between 0 and 50° of knee flexion and 
then rose to approximately 2100–3650 between 60 
and 90° of knee flexion. This compares to compres-
sive forces incurred on the patellofemoral joint dur-
ing walking of approximately 900  N.  Steinkamp 

Table 11.2 Proposed causes of quadriceps muscle 
strength deficits after ACL reconstruction [26]

1. Selective atrophy of type 1 fibers [91]
2. A reduction in muscle fiber size [92]
3. Hypertrophy of fast-twitch muscle fibers [93, 94]
4. Nonoptimal activation of muscles during voluntary 
contractions [95]
5. Loss of native ACL mechanoreceptors that result in 
abnormal (decreased) gamma loop function [96–103]
6. Arthrogenic muscle inhibition: inhibition of muscle 
tissue from joint effusion and soft tissue damage leads 
to altered afferent output from knee joint and muscle 
atrophy [38, 77, 104, 105]
7. Peripheral changes in muscle-tendon units of the 
quadriceps muscle, including chronic atrophy, changes 
in the compliance of the series elastic components of 
the muscle-tendon units, and alterations in structure 
and fiber type [106]
8. Elevated levels of atrophy-inducing signaling 
cytokines such as myostatin and TFG-β [107]
9. Alterations in neural pathways [108]
10. A combination of the above
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et al. [112] calculated patellofemoral joint reaction 
forces in normal subjects during a CKC leg press 
exercise and an open kinetic chain (OKC) leg exten-
sion exercise. Reaction forces were significantly 
greater (P < 0.001) at 0° and 30° in the OKC leg 
extension exercise than during the leg press exer-
cise. The opposite was true at the high knee flexion 
angles, for which forces were significantly greater 
in the leg press exercise.

Anterior or patellofemoral knee pain that devel-
ops after ACL reconstruction is a difficult complica-
tion [113, 114], and it is essential that the therapist 
understands the impact that exercises have on the 
patellofemoral joint. We recommend avoidance of 
the leg extension machine in the range of 30° to 0° 
of knee flexion and exercises that involve high knee 
flexion angles such as deep squatting, kneeling 
(past 50°), and extensive stair climbing in the first 
3  months after surgery. In low ranges of knee 
motion, CKC exercises are recommended because 
of the desirable patellar positioning and decrease in 
potential joint irritation [111, 115–118]. Some 
examples include mini-squats (to 45° of knee flex-
ion), wall sits (to 50° of flexion), lateral step-ups, 
and forward step-ups. One study compared patello-
femoral reaction forces and stresses during forward 
step-up, lateral step-up, and forward step-down 
exercises [119]. The step height for each subject 
was adjusted to allow for a knee flexion angle of 
45°. When averaged across concentric and eccentric 
phases, peak patellofemoral stress and peak patel-
lofemoral reaction forces were significantly greater 
during the forward step-down compared with the 
other exercises (P  <  0.01 and P  <  0.05, respec-
tively). Forward step-down exercises should there-
fore be avoided in patients with patellofemoral pain. 
The leg press machine is recommended because it 
places minimal stress on the patellofemoral joint in 
the functional ROM [112]; however, high knee flex-
ion angles should be avoided.

11.2.6  Open and Closed Kinetic 
Chain Exercises: Which Are 
Safe Early Postoperatively?

The process of ACL graft maturation and healing 
is assumed to be influenced by strains and forces 

applied to the lower limb during weight-bearing 
and exercises. While a general consensus exists 
that some strain is necessary to promote the pro-
cess of ligamentization [120], the amount of load 
that is safe versus the amount that may produce 
graft elongation remains questionable. Several 
investigations have attempted to measure force 
and strain incurred on the ACL during common 
OKC and CKC exercises used in rehabilitation.

Direct in  vivo measurement of ACL strain 
incurred during activities has been conducted by 
several investigators [121–128]. Beynnon and 
colleagues performed a series of studies in which 
a Hall effect transducer was arthroscopically 
implanted into the anteromedial fibers of the nor-
mal ACL in volunteers undergoing surgical proce-
dures under local anesthesia [122, 123, 125, 127, 
129]. Patients performed several OKC and CKC 
exercises at different knee flexion angles. The 
mean peak ACL strains reported in these studies 
are shown in Table 11.3 [120], and it is important 
to note that these investigators emphasized that 
the limits of ACL strain that are safe and not del-
eterious to healing ACL grafts remain unknown.

Escamilla et al. [130] summarized data from 
multiple experimental biomechanical models and 
in vivo measurements of ACL strain and tensile 
forces. The authors concluded that for both 
weight-bearing and non-weight-bearing exer-
cises, greater ACL loading occurs at lower knee 
flexion angles, with peak loading occurring 
between 10 and 30° of knee flexion. ACL loading 
then progressively decreases from 30 to 60°, with 
no ACL loading occurring beyond 60° of flexion. 
In addition, the magnitude of ACL loading 
between 10 and 50° of flexion is greater during 
non-weight-bearing exercises, such as seated 
knee extension, than during weight-bearing exer-
cises. Weight-bearing exercises also recruit 
important muscles at both the hip and knee.

CKC exercises such as double-leg squatting 
from 0 to 45° of knee flexion are safe early after 
ACL reconstruction [131, 132]. This may be 
progressed to single-leg squatting as the patient 
achieves full pain-free weight-bearing. It is 
important to realize that technique affects both 
muscle recruitment and ACL loading. For 
instance, a forward trunk position of 30–40° 

11 Early Postoperative Rehabilitation to Avoid Complications and Prepare for Return to Sport Training



228

during a squat will recruit greater hamstrings 
activity and lessen ACL loading, while an erect 
trunk position results in greater quadriceps acti-
vation and increased ACL loading [133, 134]. 
Forward and side lunges in the range of 0–45° 
of knee flexion are also safe and effective due to 
the relatively high hamstrings activation. The 
leg press machine produces no ACL tensile 
forces and is also a preferred CKC exercise. The 
stationary bicycle is also recommended in the 
initial recovery phase after surgery.

Studies have reported that the early incorpora-
tion of certain OKC exercises early postopera-
tively does not adversely affect anterior tibial 
translation compared with the later initiation of 
these exercises [43, 59, 60, 135, 136]. These 
exercises include:

 (1) Leg extensions in the range of 45–90° [59, 
60, 136–138]

 (2) Short arc quadriceps sets from 0 to 30°[136]
 (3) Quadriceps isometrics at 0° [60, 136, 139]

 (4) Quadriceps-hamstrings co-contraction iso-
metrics at 0° [43, 60, 136, 139]

Muscle EMG activation patterns that occur 
during OKC and CKC exercises have been mea-
sured in several studies in uninjured subjects 
[131, 140–149]. Notable findings included:

 (1) High and balanced levels of quadriceps acti-
vation occurred during CKC single-leg squat, 
step-ups, and leg press tasks [131, 145, 146].

 (2) The single-leg wall squat had the highest 
muscle efficiency compared with other 
single- leg CKC exercises [142].

 (3) Trunk position affected muscle activity pat-
terns during the forward lunge exercise 
[141].

 (4) Balanced quadriceps-hamstrings co- 
contractions occurred during the single-leg 
dead lift, single-leg transverse (rotational) 
hop, single-leg lateral hop, and lateral band 
walking exercises (Table 11.4) [140].

Table 11.3 Rank comparison of mean peak ACL strain values measured in vivo in healthy subjects [120]

Exercise

Open kinetic chain 
(OKC) or closed 

kinetic chain (CKC)
Peak ACL 
strain (%)

Isometric quadriceps contraction at 15° (30 Nm extension torque) OKC 4.4
Squat with Sport Cord CKC 4.0
Lachman test at 30° (150 N anterior shear load) NA 3.7
Squat, no resistance CKC 3.6
Isometric gastrocnemius contraction at 15° (15 Nm plantar flexion torque) OKC 3.5
Active flexion and extension, no resistance OKC 2.8
Co-contraction quadriceps and hamstrings at 15° OKC 2.8
Isometric gastrocnemius contraction at 5° (15 Nm plantar flexion torque) OKC 2.8
One-leg sit to stand exercise CKC 2.8
Isometric quadriceps contraction at 30° (30 Nm extension torque) OKC 2.7
Stair climbing CKC 2.7
Step-up and step-down CKC 2.5
Weight-bearing at 20° NA 2.1
Leg press at 20° (40% body weight) CKC 2.1
Anterior drawer test at 90° (150 N anterior shear load) NA 1.8
Lunge CKC 1.8
Stationary bicycling CKC 1.7
Isometric hamstrings contraction at 15° (10 Nm flexion torque) OKC <1
Co-contraction quadriceps and hamstrings at 30° OKC <1
Isometric gastrocnemius contraction at 30° (15 Nm plantar flexion torque) OKC <1
Passive flexion and extension OKC <1
Isometric quadriceps contraction at 60° and 90° (30 Nm extension torque) OKC 0
Isometric gastrocnemius contraction at 45° (15 Nm plantar flexion torque) OKC 0
Co-contraction quadriceps and hamstrings at 60° and 90° OKC 0
Isometric hamstrings contraction at 30°, 60°, and 90° (10 Nm flexion 
torque)

OKC 0
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Our protocol for muscle-strengthening exer-
cises for the first 26 postoperative weeks after 
ACL reconstruction is shown in Table 11.5 [27].

11.2.7  Other Muscle Training 
Options

Eccentric training has been proposed to enhance 
increases in muscle cross-sectional area (CSA), 
volume, and strength after ACL reconstruction 
[151–157]. This type of training is believed by 
some to be superior to concentric training 
owing to its potential to overload the muscle 
and produce greater increases in muscle size 
and strength. Gerber et al. [154] used a progres-
sive, gradual eccentric training protocol from 3 
to 15  weeks after ACL reconstruction in 16 
patients. These investigators reported that 
patients who completed this program had a 
twofold greater increase in quadriceps CSA, 
volume, and strength compared with patients 
who followed a standard rehabilitation program 
only. There were no significant differences 
between groups in the improvement in volume 
and CSA of the hamstring muscles. Brasileiro 
et al. [156] reported significant improvement in 
isokinetic peak torque and quadriceps CSA fol-
lowing 6  weeks of eccentric training in nine 
ACL-reconstructed subjects. The training was 
conducted on an isokinetic dynamometer 
9–10 months postoperatively.

In a cohort of male soldiers who underwent 
ACL hamstring reconstruction, Papandreou 
et  al. [157] reported significant differences in 
quadriceps strength between patients who fol-
lowed a program of 8 weeks of eccentric train-
ing (done during postoperative weeks 1–8) 
combined with standard rehabilitation and 
patients who completed standard rehabilitation 
only. Both the reconstructed and contralateral 
limbs were trained in the two experimental 
groups, one which trained 3  days a week and 
one which trained 5 days a week. Although all 
groups reported noteworthy decreases in iso-
metric quadriceps strength, the experimental 
groups had significantly lower losses of strength 
(Table 11.6). There are concerns with high-force 
eccentric training after ACL reconstruction, 
including the potential for inducing damage to 
the muscle and healing graft. Further high-level 
research is required to determine the efficacy of 
this type of training.

Recently, studies have begun to explore the 
use of blood flow-restricted training (BFRT) 
with low resistance loads (such as 30% 1 repeti-
tion maximum) in individuals who cannot tol-
erate high-load resistance training (Fig.  11.1) 
[158]. Three studies have assessed the effect of 
BFRT initiated early after ACL reconstruction 
(which varied from the first postoperative day 
to the  second postoperative week) [159–161] 
on quadriceps CSA. The BFRT groups had less 
quadriceps atrophy early postoperatively in two 

Table 11.4 Normalized percent muscle contraction averages for quadriceps and hamstrings and coactivation ratios in 
healthy recreationally active college studentsa [140]

Exercise Quadriceps MVIC Hamstrings MVIC Q:H coactivation ratio
Single-leg dead lift 65.71 ± 29.40 24.15 ± 8.51b,c 2.87 ± 1.77d

Single-leg transverse hop 48.46 ± 40.04 16.47 ± 10.29 3.77 ± 3.51d

Single-leg lateral hop 67.84 ± 42.18 17.97 ± 8.79 3.83 ± 3.51d

Lateral band walk 45.27 ± 19.01 10.69 ± 6.05 3.64 ± 1.57d

Single-leg forward hop 75.87 ± 58.77 14.66 ± 7.58 5.26 ± 4.43
Single-leg squat 113.27 ± 38.49e 22.24 ± 8.42c 5.52 ± 2.89
Transverse lunge 123.73 ± 51.06e 20.99 ± 9.09c 7.78 ± 5.51
Lateral lunge 141.42 ± 55.07e 15.08 ± 7.37 9.30 ± 5.53f

Forward lunge 128.42 + 57.32e 15.20 ± 7.98 9.70 ± 5.90f

MVIC maximum voluntary isometric contraction, Q:H quadriceps-to-hamstrings
aValues shown are mean ± SD
bExercise greater hamstrings activation than lateral band walk, forward hop, lateral lunge, and forward lunge (P < 0.01)
cExercise greater hamstrings activation than lateral band walk (P < 0.001)
dExercise different from all three lunge exercises (P < 0.01)
eExercise greater quadriceps activation than lateral band walk, single-leg dead lift, and all hopping exercises (P < 0.01)
fExercise different from all other exercises (P < 0.01)

11 Early Postoperative Rehabilitation to Avoid Complications and Prepare for Return to Sport Training



230

Table 11.5 Muscle-strengthening exercises [150]

Time postop, 
frequency, 
duration

Quadriceps 
isometrics 
(active)

Straight leg 
raises

Knee 
extension 
(active- 
assisted, 
90–30°)

Toe 
raises, 
heel 
raises

Wall 
sits (to 
fatigue)

Mini- 
squats

Hamstring 
curls 
(active, 
0–90°)

Multi- 
hip

Leg 
press 
(80–
10°)

1–2 weeks, 3 
times per day, 
15 min

1 set × 10 
reps
every hour 
patient is 
awake

All four planes
3 sets × 10 reps

3 sets × 10 
reps

0–45°, 
50% 
weight- 
bearing: 
3 sets ×
20 reps

3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

3–4 weeks, 
2–3 times per 
day, 20 min

Multi-angle:
90°, 60°, 30°
1 set × 10 
reps
each angle

3 sets × 10 
reps

3 sets × 10 
reps

3 sets × 
10 reps

5 reps 3 sets × 
20 reps

3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

5–6 weeks, 
1–2 times per 
day, 20 min

Multi-angle:
30°, 60°, 90°
3 sets × 10 
reps each 
angle

With ankle 
weight (≤10% 
of body 
weight): 3 sets 
× 10 reps
With resistance 
band: 3 sets × 
10 reps

With 
resistance: 3 
sets × 10 
reps

3 sets × 
10 reps

5 reps 3 sets × 
20 reps

With 
resistance: 
3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

7–8 weeks, 
1–2 times per 
day, 20 min

With resistance 
band: 3 sets × 
30 reps

With 
resistance: 3 
sets × 10 
reps

3 sets × 
10 reps

5 reps 3 sets × 
20 reps

3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

9–12 weeks, 1 
time a day, 
20 min

With resistance 
band: 3 sets × 
30 reps

With 
resistance: 3 
sets × 10 
reps

3 sets × 
10 reps

5 reps 3 sets × 
20 reps

3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

13–26 weeks, 
1 time a day
20–30 min, 3 
times per 
week 
machines

With resistance 
band, high 
speed, 3 sets × 
30 reps

With 
resistance: 3 
sets × 10 
reps

3 sets × 10 
reps

3 sets × 
10 reps

3 sets 
× 10 
reps

Reps repetitions

Table 11.6 Effect of eccentric training: quadriceps isometric strength changes 8 weeks after ACL reconstruction [157]

Group ACL-reconstructed limb Contralateral limb (Nm)
Mean difference reconstructed- 
contralateral (%)

% decrease 
pre-postop

Nm 8 weeks 
postop

% increase 
pre-postop

Nm 8 weeks 
postop Preop 8 weeks postop

Group A 
(3 days per 
week; n = 14)

−16.25 ± 24.70 344.80 ± 135.23 22.70 ± 20.60 458.75 ± 87.33 12.17 ± 9.30a 27.95 ± 24.20a

Group B 
(5 days per 
week; n = 14)

−6.30 ± 26.01 295.50 ± 84.80 18.00 ± 17.60 394.00 ± 91.20 17.22 ± 15.45a 29.82 ± 21.05a

Control 
(n = 14)

−37.83 ± 16.90 225.30 ± 122.30 14.08 ± 16.20 487.95 ± 108.33 24.32 ± 17.95 53.00 ± 24.20

aSignificantly less than the control group (P < 0.05)
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of the studies [159, 160]. One study conducted 
training from weeks 2 to 16 postoperatively and 
reported a significant effect of training for the 
quadriceps involved limb-uninvolved limb ratio 
at 60°/s, 180°/s, and isometric mode compared 
with a control group [159]. The use of short-
duration vascular occlusion and low-load resis-
tance exercises appears safe and not deleterious 
after knee surgery or in arthritic knees. This 
treatment option requires further investigation 
to refine protocols related to cuff pressure and 
exercise dosage and duration.

11.2.8  Early Restoration 
of Neuromuscular Function

Restoration of normal neuromuscular function 
after ACL reconstruction is paramount for the 
eventual implementation of sports-specific 
exercises and release to full activities [27, 162]. 
Knee joint proprioception is considered by 
many to be a crucial element of neuromuscular 
function and its recovery essential for a suc-
cessful outcome [52, 163]. Proprioception is 
altered after ACL injury from damage incurred 
to the joint mechanoreceptors and muscle affer-
ents and may be further impaired with a con-
current meniscus tear [164, 165]. Dynamic 
postural control or stability is another impor-
tant neuromuscular factor that must be restored 
after ACL reconstruction. Balance requires 
constant adjustment to the body’s muscular 
activity and positioning and is influenced by the 
integration of sensorimotor information into 
the central nervous system and the resultant 
motor response. Impairment in postural stabil-
ity is believed to be related, in part, to deficien-
cies in proprioception [166, 167].

Howells and associates [168] reviewed ten 
studies of ACL reconstruction and concluded 
that subjects appeared to have impaired pos-
tural control, especially in dynamic tasks that 
were relevant to sports activities. Subsequently, 
other studies demonstrated impairments in 
dynamic postural stability in athletes [169–
172]. A general consensus exists that the ACL 
postoperative rehabilitation program should 
include exercises believed to improve proprio-
ception and postural stability as soon as possi-
ble after surgery and gradually progress in 
difficulty. Our protocol for balance and pro-
prioception exercises to perform for the first 26 
postoperative weeks after ACL reconstruction 
is shown in Table 11.7.

Critical Points
• Control or treat knee joint effusions 

immediately.
• Immediate knee motion safe and effective.
• Early partial weight-bearing not deleterious to 

healing graft.

a

b

Fig. 11.1 Examples of blood flow-restricted exercise 
training that may be done non-weight-bearing, such as 
during knee extension (a), or weight-bearing, such as dur-
ing partial squatting (b) (Reprinted from Barber-Westin 
and Noyes [158])

11 Early Postoperative Rehabilitation to Avoid Complications and Prepare for Return to Sport Training



232

• Muscle loss postoperatively unresolved prob-
lem, multiple potential causes.

• Understanding forces on patellofemoral joint 
important to select appropriate exercises:
 – Avoid leg extension machine 30–0°.
 – Avoid high knee flexion exercises and 

extensive stair climbing.
 – Closed kinetic chain exercises begun first 

postoperative week.
• Understanding forces on ACL also important 

to select appropriate exercises:
 – Safe closed kinetic chain exercises: double- 

leg squatting 0–45° with forward trunk 
lean, forward and side lunges 0–45°, leg 
press, and stationary bicycle

 – Safe open kinetic chain exercises: leg 
extensions 45–90°, short arc quadriceps 
sets 0–30°, quadriceps isometrics 0°, and 
quadriceps-hamstrings co-contraction iso-
metrics 0°

• Eccentric muscle training and blood flow- 
restricted training potentially effective, require 
further research.

• Begin proprioceptive and postural control 
exercises first week postoperatively.

11.3  Recognition of Major 
Complications

The first few postoperative weeks after ACL recon-
struction is the time period to recognize and treat 
early postoperative problems such as infection, 
deep venous thrombosis (DVT), arthrofibrosis, 
patellar tendon or patellofemoral pain, the onset of 
a pain syndrome, or early graft stretching.

For the first postoperative week, patients 
should take their oral temperature during the day 
and at night, and the surgeon should be notified 
immediately if the patient maintains a low-grade 
temperature, if the temperature reaches 101 °F, or 
if the patient experiences persistent joint pain, 
redness, warmth, and increased swelling. The 
wound should be inspected weekly by the medi-
cal team for redness, swelling, or any other signs 
of infection. Knee joint aspiration and fluid anal-
ysis are done for joint hematoma or if effusion 
reaches approximately 50 mL. Other rules to pre-
vent and treat knee joint infection have been dis-
cussed in detail elsewhere [30].

The protocol for prevention of DVT includes 1 
aspirin a day for 10 days and use of a bulky com-

Table 11.7 Balance and proprioception exercises [150]

Time 
postop

Frequency, 
duration

Weight 
shifting

Balance 
board

Cup 
walking

Single-leg 
stance

Front 
and 
lateral 
step-ups

Resistance 
band 
walking

Plyoback 
ball toss

Perturbation 
training

1–2 weeks 3 times per 
day, 5 min

Side-side and 
forward- 
backward 5 
sets × 10 reps

3–4 weeks 3 times per 
day, 5 min

Side-side and 
forward- 
backward 5 
sets × 10 reps

Double 
leg

Perform Level 
surface 5 
reps

5–6 weeks 3 times per 
day, 5 min

Double 
leg

Level 
surface

2–4″ 
block

7–8 weeks 3 times per 
day, 5 min

Double 
leg

Stable vs. 
unstable 
platform

4–6″ 
block

Start Start Start

9–12 weeks 3 times per 
day, 5 min

Double 
leg

Unstable 
platform

6–8″ 
block

Continue Continue Continue

13–
26 weeks

3 times per 
day, 5 min

Single 
leg

Unstable 
platform, 
add 
secondary 
activity
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pression dressing for 24–48 h which is then con-
verted to compression stockings with an additional 
Ace bandage if necessary. Ambulation (with 
crutch support) is allowed 6–8 times a day for 
short periods of time, ankle pumping is encour-
aged for 5  min every hour that the patient is 
awake, and the lower limb is closely observed by 
the therapist and surgeon. Non-steroidal anti- 
inflammatories are used for at least 5 days postop-
eratively. Doppler ultrasound should be performed 
if any suspicion of DVT is noted, including abnor-
mal calf tenderness, a positive Homans sign, or 
increased lower extremity edema.

Loss of a normal range of knee motion after 
ACL reconstruction is a potentially devastating 
complication. There are many potential reasons 
for this problem, including an impinged or 

improperly placed ACL graft [173–178], a cyclops 
lesion [179], improper graft tensioning that con-
strains normal knee joint motion [180, 181], and 
graft fixation at ≥30° of extension [182]. 
Contracture of the posterior capsular structures 
may limit knee extension. If not resolved early, 
these problems may result in the development of 
arthrofibrosis that greatly complicates the course 
of treatment. Proliferative scar tissue or fibrous 
adhesions may form within the joint, which can 
result in either localized or diffuse involvement of 
all of the compartments of the knee and the extra-
articular soft tissues (Fig. 11.2). In the most severe 
cases, dense scar tissue obliterates the normal 
peripatellar recesses, suprapatellar pouch, inter-
condylar notch, and articular surfaces. The conse-
quent pain and permanent loss of knee motion 

Fig. 11.2 Multiple areas of soft tissue contracture, adhe-
sions, and scar tissue formation with knee arthrofibrosis. 
SMCL superficial medial collateral ligament, VLO vastus 

lateralis oblique, VMO vastus medialis oblique (Reprinted 
from Noyes and Barber-Westin [183])
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may lead to severe quadriceps atrophy, loss of 
patellar mobility, patellar tendon adaptive short-
ening, patella infera, and articular cartilage dete-
rioration [49, 50]. The prevention of knee 
arthrofibrosis is paramount and preferred over 
using the currently available treatment options 
for this complication.

Performing ACL and other knee ligament 
reconstructions within a few weeks of the injury 
or before the resolution of swelling, pain, quadri-
ceps muscle atrophy, abnormal gait mechanics, 
and motion limitations has been noted by many 
authors to correlate with postoperative knee 
motion problems [46, 184–190]. It appears that, 
in the majority of cases, delaying surgery until 
knee motion is regained, swelling is resolved, 
and a good quadriceps contraction is demon-
strated is advantageous in decreasing the risk of 
postoperative arthrofibrosis. This is especially 
true in patients who demonstrate an exaggerated 
inflammatory response to the ACL injury that is 
characterized by pain, soft tissue edema, and red-
ness and increased warmth to tissues surrounding 
the knee.

Modern rehabilitation programs incorporate 
immediate knee motion and muscle- strengthening 
exercises the day after surgery, both of which 
have been shown to be safe and not deleterious to 
healing grafts. Failure to obtain full knee motion 
will greatly hinder the patient’s ability to reach 
other rehabilitation goals, and therefore, any 
problems achieving flexion and extension should 
be addressed during the early postoperative 
period. Our ROM program begins the first post-
operative day and includes patellar mobilization 
(inferior, superior, medial, and lateral directions) 
to avoid an infrapatellar contracture (Fig. 11.3). 
Patients are expected to demonstrate 0–90° by 
the seventh day; those who fail to achieve this 
motion goal are placed into the treatment proto-
col shown in Table 11.8 [183]. The exercises and 
modalities described next to obtain gentle over-
pressure are usually successful in restoring full 
extension and flexion. For knee extension, a 
hanging weight regimen may be done in which 
the foot and ankle are propped on a towel or other 
devices to elevate the hamstrings and gastrocne-
mius (Fig. 11.4). This position is maintained for 
10 min per session and repeated 4–8 times a day. 

Weight (up to 25 pounds, 11.3 kg) may be added 
to the distal thigh to provide further overpressure 
to stretch the posterior capsule. An extension 
board may also be effective if available. If prob-
lems persist, a drop-out cast is used for 24–36 h 
for continuous extension overpressure.

Flexion overpressure options include wall 
slides and commercially available modalities 
(Fig. 11.5). Patients who have difficulty achiev-
ing 90° by the fourth postoperative week require 
a gentle ranging of the knee under anesthesia as 
described elsewhere [183].

The senior author has reported on the compli-
cation of developmental patella infera that occurs 
after major knee injury or surgery, secondary to 
contracture of peripatellar and infrapatellar scar 
tissues and quadriceps weakness [49, 50, 183]. 
This condition may result in permanent shorten-
ing of the patellar tendon, patellofemoral arthritis, 
and severe functional limitations. To prevent this 

a

b

Fig. 11.3 Patellar mobilization (glides) are begun the 
first postoperative day in the (a) superior and inferior and 
(b) medial and lateral planes (Reprinted from Heckmann 
et al. [27])
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problem, the steps previously described to pre-
vent arthrofibrosis are taken before and after sur-
gery. In addition, the patient is instructed 
preoperatively on the importance of achieving a 
voluntary quadriceps contraction as soon as pos-
sible after surgery, which is expected to occur by 
the second postoperative day. Patellar mobility is 
assessed weekly by the therapist to detect any 
early contracture. Serial lateral radiographs are 
taken to detect any decrease in patellar height for 
patients demonstrating limited patellar mobility 
or in whom an early arthrofibrotic response is 
detected (Fig. 11.6).

OKC extension exercises are begun after the 
first four postoperative weeks. Caution is war-
ranted due to the potential problems these exer-
cises may create for the healing graft and the 
patellofemoral joint. Resistance in the terminal 
phase of open kinetic chain extension (0–30°) is 
avoided as described previously. The patello-
femoral joint must be monitored for changes in 
pain, swelling, and crepitus to avoid a patellar 
conversion in which painful patellofemoral 
crepitus develops with articular cartilage 
damage.

Table 11.8 Protocols for limitation of knee motion [150]

Extension limitations
0° not achieved by seventh postoperative day
   – Hanging weight exercise: prefer supine position; 

prop the foot and ankle on a towel or other 
devices to elevate the hamstrings and 
gastrocnemius to allow the knee to drop into full 
extension

       Add 10 lb weight to the distal thigh to provide 
overpressure to stretch the posterior capsule

      Maintain for 10–15 min and repeat 4–8×/day
       Add more weight (up to 25 lb) if full extension 

is not achieved within a week
   – Commercially available extension board
   – Drop-out cast for 24–36 h, unless knee has >12° 

extension deficit with a hard block to terminal 
extension

>10° extension deficit third to fourth postoperative 
week
   – Gentle manipulation under anesthesia
12° extension deficit and hard block to terminal 
extension sixth postoperative week
   – Arthroscopic release of contracted scar tissues
Flexion limitations
90° not achieved by seventh postoperative day
   – Rolling stool exercise: sit on a small stool close 

to the ground, flex the knee to its maximum 
position possible, and hold that position for 
1–2 min. Then, gently roll the stool forward 
without moving the foot to achieve a few more 
degrees of flexion

   – Wall slide exercise: lie on the back and place the 
foot of the reconstructed knee on a wall with the 
knee flexed. Use the foot of the opposite leg to 
gently slide the opposite foot and further flex the 
reconstructed knee in a gradual manner

   – Commercially available knee flexion devices
90° not achieved by third to fourth postoperative week
   – Gentle manipulation under anesthesia
< 90° flexion sixth postoperative week
   – Arthroscopic release of contracted scar tissues

a

b

c

Fig. 11.4 Options to regain full knee extension include 
(a) hanging weights, (b) extension board, and for difficult 
cases, (c) a drop-out cast (Reprinted from Noyes and 
Barber-Westin [183])
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135°
flexion
goal

a b

c

d

e

Fig. 11.5 Options to regain full knee flexion include (a) 
rolling stool exercise, (b) wall slides, (c) flexion seat, (d) 
knee flexion overpressure device, and (e) figure-four knee 

flexion overpressure exercise (Reprinted from Noyes and 
Barber-Westin [183])
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A rare but potentially severe problem is the 
onset postoperatively of complex regional pain 
syndrome (CRPS) [191]. Nomenclature relat-
ing to CRPS has varied over the years and has 
included Sudeck’s atrophy, reflex sympathetic 
dystrophy (RSD), post-traumatic dystrophy, 
and causalgia. The disorder usually follows tis-
sue injury or surgery to a limb (although it may 
have a spontaneous onset) that may be associ-
ated with sensory, vasomotor, sudomotor, 
motor, and dystrophic changes [192]. The pain 
is distinct in that it is out of proportion to the 
inciting event and may be accompanied by dis-
coloration of skin, change in skin temperature, 
abnormal sweating, edema, and loss of the nor-
mal range of motion of the affected limb. The 
early diagnosis and treatment of this disorder is 

crucial because early management yields a 
more favorable outcome [193–196]. If not suc-
cessfully managed, CRPS patients suffer a 
major loss of quality of life for several years 
[197] and will most likely experience psycho-
logical consequences of their chronic pain [198, 
199]. The term CRPS-I indicates diagnostic cri-
teria are present without major nerve damage, 
while the term CRPS-II indicates diagnostic 
criteria exist along with nerve injury, entrap-
ment, or compression or the formation of a neu-
roma. The current diagnostic criteria for CRPS, 
known as the Budapest Criteria, are shown in 
Table 11.9 [201].

Several theories have been devised to explain 
the etiology and pathophysiology of CRPS 
[202–208], most of which discuss CRPS in 

a b

Fig. 11.6 Lateral radiographs document a 22% decrease 
in patellar vertical height ratio following a combined ACL 
reconstruction and medial meniscus repair in a 14-year- 
old female gymnast. (a) The injured knee before the 
reconstruction. (b) Four weeks postoperatively, the patient 
was referred to our center with significant quadriceps 
atrophy, difficulty performing knee motion exercises, and 
limited patellar mobility. The patient was treated with 

daily physical therapy and required an arthroscopic 
debridement, peripatellar release, lysis of adhesions, and 
removal of infrapatellar scar tissue. Nine months postop-
eratively, the patient had regained full knee motion, had 
no pain symptoms, and had returned to recreational activi-
ties. However, the patellar infera remained unchanged 
(Reprinted from Noyes et al. [50])
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general and not specifically as it relates to the 
knee joint [209]. Investigators typically agree 
that this  disorder involves the central, auto-
nomic, and somatic nervous systems, may be 
influenced by neurogenic inflammation and an 
immunologic response, creates central sensiti-
zation, and may induce cortical reorganization. 
In the chronic state, tissue ischemia/hypoxia 
may result from endothelial dysfunction and 
impaired circulation, and severe psychological 
distress and neuropsychological impairment 
may occur.

Common self-reported symptoms include 
asymmetry in skin color, hyperesthesia (allodynia, 
hyperpathia), asymmetric edema, and motor 
changes. Frequent signs observed on physical 
examination are skin color asymmetry, hyperalge-
sia, decreased active range of motion, and motor 
changes. A classic finding is allodynia during the 
physical exam in which the patient describes the 
inability to tolerate pressure from bed sheets at 
night, clothing, and even air currents. The hallmark 
finding of CRPS is pain disproportionate to the 
inciting event, including pain more intense than 
expected, lasting longer than expected, and expand-
ing beyond the dermatomal region of the extremity. 
The pain may be described as burning and shooting 
or as deep, constant, and aching (Figs.  11.7 and 
11.8). Pain may worsen with aggressive physical 
therapy, weather changes (becoming colder), phys-
ical activity, and fear or agitation.

In patients with suspected nerve injuries or 
neuromas, a diagnostic nerve block is indicated 

Table 11.9 Budapest clinical diagnostic criteria for 
complex regional pain syndrome (CRPS) [200]

General definition of the syndrome
  CRPS describes an array of painful conditions that 

are characterized by a continuing (spontaneous and/
or evoked) regional pain that is seemingly 
disproportionate in time or degree to the usual course 
of any known trauma or other lesions. The pain is 
regional (not in specific nerve territory or 
dermatome) and usually has a distal predominance 
of abnormal sensory, motor, sudomotor, vasomotor, 
and/or trophic findings. The syndrome shows 
variable progression over time

To make the clinical diagnosis of CRPS, the following 
criteria must be met
1. Continuing pain, which is disproportionate to any 

inciting event
2. Must report at least one symptom in three of the four 

following categories
  Sensory: Reports of hyperesthesia and/or allodynia
  Vasomotor: Reports of temperature asymmetry and/

or skin color changes and/or skin color asymmetry
  Sudomotor/edema: Reports of edema and/or 

sweating changes and/or sweating asymmetry
  Motor/trophic: Reports of decreased range of motion 

and/or motor dysfunction (weakness, tremor, 
dystonia) and/or trophic changes (hair, nail, skin)

3. Must display at least one sign at time of evaluation in 
two or more of the following categories

  Sensory: Evidence of hyperalgesia (to pinprick) and/
or allodynia (to light touch and/or deep somatic 
pressure and/or joint movement)

  Vasomotor: Evidence of temperature asymmetry 
(>1 °C) and/or skin color changes and/or asymmetry

  Sudomotor/edema: Evidence of edema and/or 
sweating changes and/or sweating asymmetry

  Motor/trophic: Evidence of decreased range of 
motion and/or motor dysfunction (weakness, tremor, 
dystonia) and/or trophic changes (hair, nail, skin)

4. There is no other diagnosis that better explains the 
signs and symptoms

Fig. 11.7 Patient pointing to the painful areas along the 
regions of the infrapatellar nerve and the saphenous nerve. 
She was diagnosed with CRPS type II because her direct 
anterior below-knee trauma produced a nerve contusion and 
injury (Reprinted from Noyes and Barber-Westin [191])

F. R. Noyes and S. Barber-Westin



239

[191]. In the knee, this usually involves the 
infrapatellar branch of the saphenous nerve and 
may also involve the medial retinacular nerve, 
the medial cutaneous nerve, and the lateral reti-
nacular nerve. A lumbar sympathetic ganglion 
block is one tool used for both diagnosing and 
treating CRPS-I, although its use is controver-
sial. MRI is done before a lumbar block to detect 
other possible triggers for pain such as a menis-
cus tear to avoid the necessity of this test. 
Treatment options vary and have been described 
in detail elsewhere [183].

Critical Points
• Recognize and treat complications early 

postoperatively.
• First postoperative week, watch for:

 – Infection
 – Deep venous thrombosis
 – Less than 0–90° knee motion

• Treat limitations of knee motion with over-
pressure program beginning seventh postop-
erative day.

• Gentle ranging of knee under anesthesia post-
operative week 4 if 90° not obtained.

• Assess patellar mobility weekly; if there is 
any contracture, assess for patella infera.

• Continually watch for onset of patellofemoral 
pain or patellar tendinitis.

• Understand symptoms of complex regional 
pain syndrome.

11.4  Protocol for Primary ACL 
Bone-Patellar Tendon-Bone 
Autogenous Reconstruction: 
Early Return to Strenuous 
Activities

This rehabilitation protocol is used for patients 
who undergo primary ACL bone-patellar tendon- 
bone autogenous reconstruction and desire to 
return to strenuous sports or work activities as 
soon as possible after surgery. The overall goals 
for the early phases of rehabilitation are to con-
trol pain and swelling, regain ROM of at least 

a b

Fig. 11.8 Patient pointing to the site of skin hypersensi-
tivity to touch and burning sensation on the anteromedial 
aspect of her knee. She was diagnosed with CRPS type I 

because no specific nerve damage was detected (Reprinted 
from Noyes and Barber-Westin [191])
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0–135°, resume full weight-bearing with a nor-
mal gait pattern, and recover adequate strength of 
the lower extremity and hip musculatures 
(Table 11.10).

The first postoperative week is a critical time 
period in regard to control of knee joint pain and 
swelling (Table 11.11). The patient must demon-
strate an adequate quadriceps muscle contraction 
and begin immediate knee motion, patellar mobi-
lization, and basic lower extremity muscle- 
strengthening exercises. Patients are encouraged 
to elevate the limb above their heart several times 
a day for the first 5–7 days. High-intensity elec-
trical muscle stimulation, biofeedback, and cryo-
therapy are used as required to control pain and 
swelling, assist in achieving an adequate quadri-
ceps contraction, and regain normal knee motion.

Patients begin passive knee motion exercises 
the first day postoperatively in a seated position 

for 10 min a session, 3–4 times a day (Fig. 11.9). 
The patella is mobilized in all four directions 
(medial, lateral, superior, inferior) initially by the 
therapist and then by the patient along with the 
knee motion exercises (Fig. 11.10).

A long-leg hinged brace may be used during 
the first few postoperative weeks to protect the 
patient in case of a fall, promote early comfort-
able weight-bearing, and encourage normal knee 
flexion during ambulation. Derotation or func-
tional knee braces are not routinely prescribed 
upon return to full activities.

Balance and proprioceptive training are begun 
the first postoperative week with weight shifting. 
Double- and single-leg balance exercises in the 
stance position are beneficial early postopera-
tively. Walking over cups or cones is done for-
ward, backward, and sideways (Fig.  11.11a). 
Half foam rolls are also used as part of the gait 

Table 11.10 Goals of each phase of rehabilitation [150]

Phase Goals
I
Weeks 
1–2

Control pain, inflammation, effusion
ROM minimum: 0–110°
Achieve adequate quadriceps contraction, patellar mobility
50% weight-bearing

II
Weeks 
3–4

Control pain, inflammation, effusion
ROM minimum: 0–120°
Muscle control: 3/5
Full weight-bearing
Lachman, KT-2000 arthrometer test ≤3 mm increase over opposite side

III
Weeks 
5–6

No or minimal pain, effusion
ROM: 0–135°
Full weight-bearing, normal gait, no pain, good patellar mobility
Muscle control: 4/5
Recognition of complications (motion loss, pain syndrome, increased anteroposterior tibial 
displacement), patellofemoral changes

IV
Weeks 
7–8

Manual muscle test hamstrings, quadriceps, hip: 4/5
No pain, swelling, patellofemoral crepitus
Normal patellar mobility, knee motion
Lachman, KT-2000 arthrometer test ≤3 mm increase over opposite side

V
Weeks 
9–12

Isokinetic test (isometric, 12 weeks): ≤30% deficit quadriceps and hamstrings
No pain, swelling, patellofemoral crepitus
Lachman, KT-2000 arthrometer test ≤3 mm increase over opposite side

VI
Weeks 
13–26

Isokinetic test (isometric and 180°/s and 300°/s): <20% deficit quadriceps and hamstrings, test monthly
No pain, swelling, patellofemoral crepitus
Lachman, KT-2000 arthrometer test ≤3 mm increase over opposite side
Single-leg hop tests (any 2 tests): ≤15% deficit compared to uninvolved limb

VII
Week 
27–
beyond

Isokinetic test (180°/s and 300°/s): <10% deficit quadriceps and hamstrings, test monthly
No pain, swelling, patellofemoral crepitus
Lachman, KT-2000 arthrometer test ≤3 mm increase over opposite side
Single-leg hop tests (any 2 tests): ≤15% deficit compared to uninvolved limb

ROM range of motion, KT knee arthrometer
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retraining and balance program (Fig.  11.11b). 
This exercise helps the patient develop balance 
and dynamic muscular control required to main-
tain an upright position and be able to walk from 

one end of the roll to the other. Developing a cen-
ter of balance, limb symmetry, quadriceps con-
trol in midstance, and postural positioning are 
benefits obtained from this type of training. 

Table 11.11 Cincinnati SportsMedicine and Orthopaedic Center rehabilitation protocol for primary ACL reconstruc-
tion: early return to strenuous activities

P.O. weeks P.O. month
1–2 3–4 5–6 7–8 9–12 4 5 6 7–12

Brace: long-leg hinged X (X)
Range of motion minimum goals
 0–110° X
 0–120° X
 0–135° X
Weight-bearing
 ½ body weight X
 Full X
Patella mobilization X X X
Modalities
 Electrical muscle stimulation X X X
 Biofeedback X X X
 Pain/edema management (cryotherapy) X X X X X X X X X
Stretching
Hamstring, gastrocnemius-soleus, iliotibial band, quadriceps X X X X X X X X X
Strengthening
 Quadriceps isometrics, straight leg raises, active knee extension X X X X X
 Closed chain: gait retraining, toe raises, heel raises, wall sits, 
mini-squats

X X X X X

 Knee flexion hamstring curls (0–90°) X X X X X X X X X
 Knee extension quadriceps (90–30°) X X X X X X X X X
 Hip abduction-adduction, multi-hip X X X X X X X X X
 Leg press (80–10°) X X X X X X X X X
 Upper body weight training X X X X X X X
 Dynamic hip and core training X X X X X X X
Balance/proprioceptive training
 Weight shifting, cup walking, BBS X X
 BBS, BAPS, single-leg stance X X X X X X X
  Step-ups X X X
 Resistance band walking, perturbation training, ball toss 
mini-trampoline

X X

Conditioning
 Upper body cycle X X X
 Bike (stationary) X X X X X X X X
 Aquatic program X X X X X X X X
 Stair climbing machine (low resistance, low stroke) X X X X X X X
 Ski machine (short stride, level, low resistance) X X X X X X X
 Swimming (kicking) X X X X X X
 Walking X X X X X X
 Elliptical machine X X X X X
Running and agility program (X) X X X X
Functional (plyometric) training, sports-specific drills (X) X X X
Full sports X X

BAPS Biomechanical Ankle Platform System, BBS Biodex Balance System. Brace: (X) if needed
Running, functional training: (X) based on symptoms and isokinetic testing goals [27]
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a b

c d

Fig. 11.9 Passive range of knee motion exercises done by (a–c) the patient or (d) the therapist (Reprinted from 
Heckmann et al. [150])

a b

Fig. 11.10 Patella mobilization performed by (a) the therapist or (b) the patient (Reprinted from Heckmann et al. [150])
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During weeks 5–6, lateral step-ups are done on a 
step or surface that is 2–4 inches (5.08–10.16 cm) 
high. Perturbation training techniques are begun 
at approximately weeks 7–8 to further promote 
balance and neuromuscular control. The therapist 
stands behind the patient and disrupts his/her 
body posture and position and the platform peri-
odically to enhance dynamic knee stability 
(Fig. 11.12).

Lower extremity-strengthening exercises 
begun the first day after surgery include isomet-
rics, straight leg raises in the four planes of hip 
movement, and active-assisted knee extension. 
CKC exercises are initiated the first postoperative 
week, including mini-squats and the leg press 
machine (Fig. 11.13). Hamstring curls are begun 
with Velcro ankle weights within the first few 
weeks and eventually advanced to weight 

machines. Hamstring strength is critical to the 
overall success of the rehabilitation program due 
to the role that this musculature plays in the 
dynamic stabilization of the knee joint. OKC 
extension exercises are also begun after the first 
four postoperative weeks to further develop 
quadriceps muscle strength.

A full lower extremity-strengthening program 
is critical for early and long-term success of the 
rehabilitation program. Other muscle groups 
included in this routine are the hip abductors, 
adductors, flexors, and extensors. These muscle 
groups are exercised by using a multi-hip or cable 
system or a hip abductor/adductor machine 
(Fig.  11.14), performing a side-lying “clam” 
exercise with (or without) a resistance band 
(Fig. 11.15), walking with exaggerated hip flex-
ion with (or without) a resistance band 

a b

Fig. 11.11 The early gait retraining and balance program includes walking (a) over cups or cones and (b) on half foam 
rolls (Reprinted from Heckmann et al. [150])
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(Fig. 11.16), and ambulating with side-stepping 
with (or without) a resistance band, making sure 
the patient lands on a flexed knee. Strength of the 
gastrocnemius and soleus muscles is a key com-
ponent for both early ambulation and progression 
to the running program and is recovered using toe 
raises and heel raises, beginning with both feet 
together (Fig. 11.17) and processing to single-leg 
raises. Importantly, upper body weight training 
and dynamic hip and core training are initiated 
5–6 weeks postoperatively.

Muscle-strengthening exercises are pro-
gressed as shown in Table 11.5. The amount of 
weight should be gradually increased according 
to patient tolerance. Patients should also perform 
upper extremity and core strengthening depend-
ing on their overall activity goals. Single-leg bal-
ance exercises may incorporate a mini-trampoline 
or unstable platform, as these devices promote 
greater dynamic limb control than that required 
to stand on a stable surface (Fig. 11.18a, b). To 
provide a greater challenge, patients may assume 
the single-leg stance position and throw and catch 
a weighted ball against an inverted mini- 
trampoline until fatigue occurs (Fig.  11.18c). 

They may also perform controlled single-leg 
hops in specific directions by balancing first on 
the normal contralateral limb (Fig. 11.19a), hop-
ping and landing on the reconstructed limb in a 
controlled manner (Fig. 11.19b), and then return-
ing to the starting position, balanced on the nor-
mal limb (Fig. 11.19c).

Aerobic conditioning may begin the first 
week with an upper body cycle machine (Biodex 
Medical Systems, Shirley, NY) if available. 
Stationary bicycling is begun during the third 
week. Water walking may be initiated when the 
surgical wound has healed. Cross-country ski 
and stair climbing machines are permitted dur-
ing the fifth to sixth postoperative week. 
Protection against high stresses to the patello-
femoral joint is strongly advocated. During bicy-
cling, the seat height is adjusted to its highest 
level based on patient body size and a low resis-
tance level is used initially. Stair climbing 
machines are adjusted to produce a short step 
with low resistance. Early goals of these pro-
grams include facilitation of full range of motion, 
gait retraining, and cardiovascular recondition-
ing. At postoperative week 9, patients are 

a b

Fig. 11.12 Perturbation training performed by using direct contact with either the (a) patient or (b) platform (Reprinted 
from Heckmann et al. [150])

F. R. Noyes and S. Barber-Westin



245

a b

c

Fig. 11.13 Closed kinetic chain exercises begun the first postoperative week include (a) mini-squats, (b) wall sits, and 
(c) the leg press machine (Reprinted from Heckmann et al. [150])
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a b c

Fig. 11.14 The hip (a) abductors, (b) adductors, and (c) flexor muscle groups exercised on a cable system machine 
(Reprinted from Heckmann et al. [150])

a b

Fig. 11.15 The hip abductors exercised using a side-lying “clam” exercise which may be performed with (a, b) or 
without a resistance band (Reprinted from Heckmann et al. [150])

encouraged to spend at least 3  days a week in 
20–30-min sessions using available equipment 
and facilities.

The remainder of the rehabilitation program, 
including programs for running, agility training, 
plyometric training, sports-specific drills, and 
criteria to return to full unrestricted sports, has 
been described elsewhere [27]. Chapter 14 details 
basic and advanced neuromuscular training tech-
niques, including the use of Sportsmetrics as 
end- stage rehabilitation. This program is manda-
tory in our practice for all athletes regardless of 
gender to prepare them to return to high-risk 
sports involving cutting, pivoting, and repeated 
jumping.

11.5  Protocol with Delayed 
Parameters for Revision ACL 
Reconstruction, Multi- 
ligament Reconstruction, 
Allografts, and Complex Knees

We developed a postoperative rehabilitation pro-
tocol (Table 11.12) for patients who undergo 
ACL revision, ACL allograft (primary or revi-
sion) reconstruction, and major concomitant 
operative procedures (complex meniscus repairs 
or transplants, other ligament reconstructions, 
articular cartilage restorative procedures, patel-
lofemoral realignment procedures, or osteoto-
mies) or who have noteworthy articular cartilage 
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damage. Allografts are only used in our practice 
in patients requiring multi-ligament reconstruc-
tion due to the increase in failure rate compared 
with autografts reported in multiple studies [10, 
12, 15].

This protocol incorporates delays in return of 
full weight-bearing and knee flexion; initiation of 
certain strengthening, conditioning, running, and 
agility drills; and return to unrestricted activities. 
The amount of weight patients are allowed to 
bear depends on the concomitant operative pro-
cedures performed as well as evaluation of post-
operative pain and swelling, quadriceps muscle 
control, and ROM. The majority of patients are 
weaned from crutch support between postopera-
tive weeks 6–8.

Allowance of knee flexion of at least 135° is 
delayed according to the concomitant proce-
dure performed. A long-leg hinged knee brace 
is used for approximately the first 8 weeks in all 
patients except those who undergo a posterolat-
eral procedure. The brace provides protection 
and support to the healing tissues and assists 
with patient comfort during this time period. 

Fig. 11.16 Walking with exaggerated hip flexion may be 
done with or without a resistance band (Reprinted from 
Heckmann et al. [150])

a b

Fig. 11.17 Strength of the gastrocnemius and soleus muscles initially recovered using (a) toe raises and (b) heel raises 
(Reprinted from Heckmann et al. [150])
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a b

c

Fig. 11.18 Single-leg balance exercises done on (a, b) unstable platforms and (c) including the patient throwing and 
catching a weighted ball against an inverted mini-trampoline (Reprinted from Heckmann et al. [150])
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a b

c

Fig. 11.19 Controlled single-leg directional hopping and balancing (a–c) (Reprinted from Heckmann et al. [150])
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Knees that undergo a posterolateral reconstruc-
tive procedure are placed into a bivalved long-
leg cast for the first 4 weeks [210]. The patient 
removes the cast to perform ROM exercises 
several times a day and is instructed to reach 0° 
of extension, but to avoid hyperextension. 
Patients who undergo a concomitant proximal 

patellar realignment are allowed 0–75° for the 
first 2 postoperative weeks. Flexion is slowly 
advanced to 135° by the eighth week. Knee 
flexion is also initially limited in knees that 
undergo a concomitant posterior cruciate liga-
ment reconstruction [211] or complex meniscus 
repair [212].

Table 11.12 Cincinnati SportsMedicine and Orthopaedic Center rehabilitation protocol for ACL reconstruction: revi-
sion knees, allografts, and complex knees

P.O. week P.O. month
1–2 3–4 5–6 7–8 9–12 4 5 6 7–12

Brace: long-leg hinged and functional X X X X (X) X X
Range of motion minimum goals
 0–90° X X
 0–120° X
 0–135° X
Weight-bearing
 Toe touch X
 ¼ to ½ body weight X
 ¾ to full body weight X
Patella mobilization X X X X
Modalities
 Electrical muscle stimulation X X X X
 Biofeedback X X X
 Pain/edema management (cryotherapy) X X X X X X X X X
Stretching
Hamstring, gastrocnemius-soleus, iliotibial band, quadriceps X X X X X X X X X
Strengthening
 Quadriceps-hamstrings isometrics, co-contraction, straight leg 
raises, active knee extension

X X X X X

 Closed-chain: gait retraining, toe-raises, wall-sits, mini-squats X X X X X X
 Knee flexion hamstring curls (0–90°) X X X X X X X
 Knee extension quadriceps (90–30°) X X X X X X X
 Hip abduction-adduction, multi-hip X X X X X X X
 Leg press (70–10°) X X X X X X X
Balance/proprioceptive training
 Weight-shifting, cup-walking X X X X X
 BBS, BAPS, perturbation training, balance board, mini-trampoline X X X X X
Conditioning
 Upper body cycle X X X
 Bike (stationary) X X X X X X X
 Aquatic program X X X X X X X
 Swimming (kicking) X X X X X
 Walking X X X X X
 Stair climbing machine X X X X X X
 Ski machine X X X X X X
 Elliptical machine X X X X X X
Running: straight (X) (X)
Agility program, plyometric training, sports-specific drills (X)
Full sports (X)

BAPS Biomechanical Ankle Platform System, BBS Biodex Balance System. Brace: (X) if needed
Running, agility training, plyometric training, full sports: (X) based on symptoms, condition of the articular cartilage, 
and isokinetic testing goals [27]
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Knee extension is limited in individuals who 
have abnormal hyperextension (≥10°) with phys-
iologic laxity to 0–5° for approximately 3 weeks 
to allow for sufficient healing before stress is 
applied to push for 0°.

Modifications in strengthening, conditioning, 
and strenuous training are based on the concomi-
tant procedures performed. Return to running is 
delayed until at least the sixth postoperative 
month to allow for healing of all repaired and 
reconstructed tissues and return of joint and mus-
cle function. It is our opinion that allografts have 
a delay in maturation compared to autografts and 
that the resultant time constraints postoperatively 
in terms of release to full activity are empiric at 
present. Evaluation is a key component to allow 
initiation of the functional program, which 
includes the assessment of symptoms and exami-
nation of knee motion, muscle strength, and liga-
ment stability. In patients following this protocol, 
return to full activity is not usually expected to 
occur until postoperative months 9–12. 
Consideration of use of a derotation or functional 
brace is given in patients who undergo ACL revi-
sion or multi-ligament reconstruction or who 
demonstrate an increase in anteroposterior dis-
placement postoperatively of >3  mm compared 
with the contralateral limb. In addition, patients 
who are apprehensive in returning to strenuous 
activities or who experience a subjective sensa-
tion of instability are candidates for functional 
bracing.
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Early Postoperative Role of Blood 
Flow Restriction Therapy to Avoid 
Muscle Atrophy

Stephen D. Patterson, Luke Hughes, 
and Johnny Owens

12.1  Introduction

The anterior cruciate ligament (ACL) is the most 
frequently injured knee ligaments with over 
120,000 injuries occurring annually in the United 
States [1]. The rehabilitation techniques used 
postoperatively have evolved over the last num-
ber of decades, from an approach of minimal 
muscle activity and full immobilisation [2] to one 
of increased muscle activation and range of 
movement (ROM) in the early stages following 
surgery [3–5]. A major consequence of ACL 
injury and surgery is skeletal muscle atrophy [6] 
and muscle weakness [7], which occurs postop-
eratively [8] and can remain for several years 
postoperatively [9]. The effects of muscle atro-
phy are unavoidable throughout the acute stages 
of ACL rehabilitation due to a period of reduced 
physical activity and muscular unloading to allow 
the new graft, bone tunnels and other issues con-
comitant with ACL injury and surgery to heal 
[10, 11]. Such issues may serve as contraindica-
tions to heavy-load exercise in load- compromised 
individuals. This is problematic as heavy exercise 
loads of 65–70% 1 repetition maximum (1RM) 

[12] are required to induce the tissue strain and 
physiological response required for an adaptive 
response [13]. Thus, clinicians are faced with the 
task of finding alternative rehabilitation tools, 
especially in the early stages of rehabilitation. 
One such tool that may play a role is blood flow 
restriction training (BFRT). This novel technique 
involves the application of a tourniquet at the 
proximal portion of the limb, which is then 
inflated either passively or during exercise, to 
maintain muscle mass or increase strength and 
hypertrophy, respectively. Throughout this chap-
ter, we will outline the purpose of BFRT and the 
way it can be used in ACL rehabilitation.

12.2  Disuse Muscle Atrophy

Atrophy of skeletal muscle, manifested as loss of 
muscle mass [14], occurs in the postoperative 
recovery phase following ACL surgery. 
Substantial atrophy of the vastus lateralis muscle 
in particular has been observed [15], with signifi-
cant atrophy evident following 5 days of muscu-
lar disuse [16]. Despite earlier ambulation, knee 
extensor (KE) muscle atrophy is still evident 
[17]. Significant decreases in thigh girth have 
been observed in the first 3–4 weeks post-surgery 
and can exceed a 20% loss of pre-surgery muscle 
size by 12  weeks [8]. Evidence has suggested 
that loss of thigh muscle size plays a larger role in 
strength deficits following ACL reconstruction 
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than neuromuscular deficits, and an emphasis on 
hypertrophy after surgery should be emphasised 
[18]. Furthermore, muscle atrophy may last much 
longer, as evidenced by deficits of 7% [19] and 
3% [20] in total KE muscle volume in the injured 
limb compared to the contralateral limb at 12 and 
18 months, respectively.

Atrophy is mainly evident in the injured limb 
and is due to intrinsic processes such as anabolic 
resistance. There is a decline in skeletal muscle 
myofibrillar muscle protein synthesis rate [21] 
and an increase in breakdown rate [22] during 
unloading due to a lack of muscle activation, 
which both likely contribute to changes in muscle 
protein balance and loss of muscle mass [14]. 
Short periods of disuse have been shown to lower 
myofibrillar protein synthesis rates and induce 
anabolic resistance to protein ingestion [23]. 
Other aspects such as reduced mitochondrial 
function, gene expression [24] and satellite cell 
proliferation [25] within the vastus lateralis are 
associated with muscle atrophy. Although these 
studies are not all specific to an ACL rehabilita-
tion context, such findings demonstrate the rapid 
physiological changes within the unloaded limb 
that contribute to substantial atrophy, which is 
problematic during the early phases following 
ACL surgery [8]. Recently, a reduction in KE 
endurance has been demonstrated to be a likely 
predictor of postoperative atrophy in the first 
4 weeks after ACL rehabilitation [26]. Although 
not fully understood, this may propose a role of 
reduced vascularity in the thigh postoperatively. 
If so, postoperative treatments to promote an 
angiogenic response may be warranted [26].

12.3  Impact on Strength

Research demonstrating muscle strength loss 
following ACL surgery is extensive. Though 
lower limb strength loss may involve multiple 
muscle groups, weakness of the KE and knee 
flexor (KF) muscle groups is most evident [27–
29]. This is unsurprising given the involvement 
of these muscle groups in the dynamic control of 
the knee joint. Loss of KE and KF muscle 
strength in the injured limb appears universal 

across different types of surgical grafts [30–32]. 
Weakness of the KE muscle group in the injured 
limb is particularly substantial in the first 
12  weeks following surgery, often exceeding a 
30% loss of pre- surgery strength [26]. This 
results in limb strength asymmetries [33], which 
reports suggest range from 5 to 30% [6, 19, 27, 
30, 34]. Loss of strength has also been observed 
in the non-injured limb [35, 36] with bilateral 
strength deficits ranging from 9 to 27% [30, 31, 
34, 37]. Deficits in KF strength in the injured 
limb range from 9 to 27% [30, 31, 34, 37] simi-
larly resulting in limb strength asymmetries [6]. 
Moreover, bilateral KF muscle strength deficits 
are observed [31]. Deficits in KE and KF muscle 
strength are not limited to the early phases fol-
lowing surgery. A 32.6% deficit in KE strength 
measured at 60°/s was observed in the injured 
limb compared to the contralateral limb at 
6 months post-surgery [6]. KE and KF strength 
deficits have been observed up to 1 year [31, 32], 
2 years [9], 3 years [31], 6 years [38] and 7 years 
[34] post-surgery. Unsurprisingly then, failure to 
tackle strength deficits in the early phases post-
surgery is often considered a risk factor for lon-
ger-term deficits [20].

12.4  Arthrogenic Inhibition

Loss of strength may be of greater magnitude 
than the loss of muscle mass [39], and weakness 
following ACL surgery can be extensive [40, 
41]. Therefore, atrophy alone may not account 
for the loss of muscle strength [29]. KE muscle 
weakness following ACL surgery may be due to 
a decrease in the recruitment of high threshold 
type II motor units, known as arthrogenic inhibi-
tion [42, 43]. Furthermore, anatomical changes 
of atrophy remain during early improvements in 
KE muscle strength following ACL surgery [17], 
suggesting that muscle weakness was partly 
attributable to a decrease in neural activation 
[44]. Indeed, bilateral KE muscle arthrogenic 
inhibition alongside muscle weakness has been 
observed 6  months post ACL surgery [7]. 
Following ACL surgery, arthrogenic inhibition 
is associated with joint damage, effusion and 

S. D. Patterson et al.



263

pain [45]. These factors alter the afferent signal 
sent to the central nervous system, which leads 
to an inhibitory signal transmitted to the KE 
muscle motor neuron pool and a decrease in vol-
untary muscle activity.

Following ACL surgery, patients may avoid 
contraction of the KE muscles when the knee is 
in full extension to prevent straining the graft. 
Reduction in KE group contraction may reduce 
anterior tibial subluxation [46], thus arthrogenic 
inhibition may be viewed as a compensatory 
mechanism to protect the knee joint from exces-
sive anterior drawer [47]. It has been proposed 
that this compensatory mechanism may facilitate 
activation of the KF muscle group [46, 48] which 
may help reduce anterior forces and stabilise the 
knee joint in response to external varus and val-
gus load [49]. However, arthrogenic inhibition 
has also been observed in the KF muscles in a 
recent meta-analysis [46], which may partially 
explain deficits in KF strength following ACL 
surgery. Arthrogenic inhibition can persist at 
12 months post-surgery [50], with reports of defi-
cits of 15% or more remaining present 2  years 
post-surgery [35].

12.5  Blood Flow Restriction 
Training (BFRT) and Usage 
in ACL Rehabilitation

BFRT is a novel training method that aims to par-
tially restrict arterial inflow and fully restrict 
venous outflow in active musculature during 
exercise [51]. The technique of restricting blood 
flow to the muscle using a pneumatic tourniquet 
system involves applying an external pressure, 
typically using a tourniquet cuff, to the most 
proximal aspect of the upper and lower limbs. 
When the cuff is inflated, there is gradual 
mechanical compression of the vasculature 
underneath the cuff, resulting in occluded venous 
return and partial restriction of arterial blood flow 
to structures distal to the cuff. Compression of 
the vasculature proximal to the muscle induces 
an ischemic environment, which subsequently 
results in hypoxia within the muscle [52]. 
Furthermore, the diminution of venous blood 

flow results in blood pooling within the capillar-
ies of the occluded limbs, often reflected by visi-
ble muscle oedema. The level of such oedema, 
hypoxia and ischemia may be influenced by the 
amount of pressure applied. In addition to this, 
when performing exercise under conditions of 
restricted blood flow, during muscular contrac-
tions there is an increase in intramuscular pres-
sure under the cuff [53], which further disturbs 
blood flow.

BFRT is applied during both voluntary resis-
tance [54] and aerobic [55] exercise, and also 
passively without exercise [56, 57]. More recent 
research has examined the combination of BFRT 
with non-traditional exercise modalities, such as 
whole body vibration techniques [58] and neuro-
muscular electrical stimulation [59, 60]. At pres-
ent, there is no universal standard method for the 
application of BFRT during exercise. Differences 
exist in the types of cuff used, pressures selection 
and the duration of BFRT application. Early 
research utilised more general procedures to 
determine cuff pressures, such as prescribing 
pressure relative to systolic blood pressure [61], 
thigh circumference [62], or arbitrary pressures. 
Recent research supports individualisation of 
BFRT application, where BFRT is prescribed as a 
percentage of arterial limb occlusion pressure 
(LOP), which represents the minimum pressure 
required for total arterial occlusion [51]. 
Additionally, the adoption of wider tapered tour-
niquet cuffs allows occlusion at lower pressures 
which may be more tolerable to the patient and 
reduce potentially dangerous pressure gradients 
[63].

BFRT may be used as a rehabilitation tool in 
ACL rehabilitation and periods of brief unload-
ing and muscle disuse. Specifically, the low-load 
nature of BFRT may be critical in the early post-
operative phase to increase quadriceps muscle 
strength, hypertrophy, endurance and voluntary 
activation. This is without heavy loading of the 
knee joint, thus allowing for preservation of the 
graft and reducing the risk of aggravating any 
concomitant cartilage, meniscal and bruising 
pathologies. Current, general BFRT research 
suggests it may be used in a progressive model 
through all stages of rehabilitation from early 
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post-op to return to heavy-load exercise [64] and 
pre-injury activity levels. In the next section of 
this chapter, we will revisit this progressive 
model and discuss BFRT application specific to 
ACL rehabilitation throughout each phase. We 
will examine how BFRT may combat the mecha-

nisms of muscle atrophy and strength loss previ-
ously discussed and update the model with more 
recent evidenced-based guidelines on safe and 
effective application. Table 12.1 provides an out-
line of the specific goals and suggested therapeu-
tic exercises and modalities.

Table 12.1 Blood flow restriction training protocol following ACL surgery

Phase Goals Precautions
Suggested therapeutic exercise(s), 
modalities

1 preoperative 
(7 days to 
4 weeks)

Create a protective effect 
for the surgical limb via 
multiple bouts of 
ischemic exercise (IPC)

As tolerated BFRT: low-load, high volume of 
repetitions, longer reperfusion periods 
between exercises to enhance IPC and 
increase patient tolerance
  80% LOP
  4 sets (30, 15, 15, 15). 30 s rest 

between sets
  1–3 min reperfusion between exercises
  Exercises at 15–30% 1RM: leg press 

(single leg), knee extension, seated 
hamstring curl, standing plantar flexion

Increase muscle strength 
and endurance
Last session to be 
performed within 48 h of 
surgery to emphasise 
protective window of IPC

Immediately 
postoperative 
(days 0–3)

Control pain, 
inflammation, effusion

Monitor swelling and 
pain

Passive joint and soft tissue mobilisation
Flexibility training (avoid hamstring 
stretch with hamstring graft)
Gentle active ROM

Maintain ROM SLR, hip abduction/adduction (avoid 
extensor lag with SLR flexion)

Restore voluntary muscle 
contraction

Begin weight shifting and proprioception 
training

Partial to full weight 
bearing as tolerated

WBAT with crutches until quadriceps 
control gained

Restore patellar mobility Cryotherapy as needed
Phase 2  
(days 3–7)

Control pain, 
inflammation, effusion

Monitor swelling and 
pain
BFRT as long as no signs 
for VTE or improper 
wound healing

Continue passive joint and soft tissue 
mobilisations
Progress flexibility training

ROM 0–110° Initiate passive BFRT (5 min at 100% 
LOP/5 mins reperfusion × 4)

Improve muscle strength 
and endurance

Or initiate passive MFRT with NMES 
(10–20% MVC) E-stimulation cuff placed 
proximal on limb (80% LOP)

Progress WBAT Balance and proprioceptive training
Restore full patellar 
mobility

Cryotherapy as needed

Phase 3 
(1–3 weeks)

ROM 0–125° Monitor swelling and 
pain. BFRT as long as no 
signs for VTE or 
improper wound healing

Continue progression with active ROM 
and flexibility

Eliminate pain, 
inflammation, effusion

Continue BFRT with NMES (10–20% 
MVC, 80% LOP)

Improve muscle strength 
and endurance

Begin stationary bike (if 105° flexion 
present) with BFRT (80% LOP): level 2 
or 3 on bike (easy) for 15–20 min

Restore proprioception Proprioceptive, neuromuscular, stability 
training

Discharge crutches as 
tolerated

Cryotherapy as needed
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12.5.1  Phase 1: Prehabilitation 
with BFRT

Recent evidence suggests pathophysiological 
changes not only intra-articularly after ACL sur-
gery but also within the thigh muscle. After 
injury, but prior to surgery, muscle pennation 
angle and satellite cell content is reduced and 
extracellular matrix content is increased [65]. 
These changes within the muscle were also found 
to persist despite ACL surgery and extensive 
rehabilitation [65]. The preoperative window 
may allow for adaptive changes in the acute 
stages of injury where the limb can tolerate low 
loads under BFRT that would not be tolerated 
immediately postoperatively. Three weeks of 
BFRT has demonstrated a significant increase  
in both type I and II muscle fibre satellite cell 

content and significant gains in muscle fibre size 
and strength in the quadriceps. Theoretically, this 
3-week application preoperatively could serve as 
a countermeasure to the pathophysiological 
changes after ACL surgery. Additionally, the 
level of quadriceps muscle endurance not strength 
has been found to be the strongest predictor of 
muscle wasting the first month postoperatively 
[26]. This may require clinicians to look for treat-
ment approaches to not only address the muscle 
but the supporting vasculature that may be com-
promised from ischemic-reperfusion injury dur-
ing surgery. Seven days of passive BFRT, 
tourniquet inflation without exercise, demon-
strated improved muscle oxidative capacity via 
enhanced mitochondrial and vascular function in 
healthy individuals [66]. Furthermore, applica-
tion of BFRT 8 days prior to ACL surgery resulted 

Phase Goals Precautions
Suggested therapeutic exercise(s), 
modalities

Phase 4 
(3–12 weeks)

Restore full ROM 0–135° Continue progression with active ROM 
and flexibility

Increase lower extremity 
strength and endurance

BFRT (4 sets: 30, 15, 15, 15; 80% LOP): 
Leg press (bilateral or single leg), 
step-back lunge, knee extension, 
hamstring curl, plantar flexion, bike 
(15–20 min active work, 80% LOP), 
increase intensity

Improve dynamic balance 
and proprioception

Improve neuromuscular 
control

Proprioceptive, neuromuscular, stability 
training

Restore functional 
capability and confidence

Cryotherapy as needed

Phase 5 
(>12 weeks)

Increase work capacity Phase out BFRT (4 sets: 30, 15, 15, 15; 
80% LOP) to 1–2 ×/week until full 
transition to heavy-load strength training

Increase tendon loading

Increase rate of force 
development

Begin heavy-load strength training (>75% 
1RM; 3–4 sets × 4–12 reps) intermittently 
with BFRT until no need for further 
BFRT: Unilateral exercises, multiple 
planes

Increase ability to 
withstand force in 
multiple planes of 
movement

Bilateral/unilateral multi- and single plane 
plyometrics

Develop landing tasks Proprioceptive, neuromuscular, stability 
training

BFRT blood flow resistance training, IPC ischemic preconditioning, LOP limb occlusion pressure, NMES neuromuscu-
lar electrical stimulation, MVC maximum voluntary contraction, RM repetition maximum, ROM range of motion, SLR 
straight leg raises, WBAT weight bearing as tolerated
This is an empirical rehabilitation protocol that describes best practice with BFR and how it can be implemented for 
ACLR.

Table 12.1 (continued) 
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in no loss of quadriceps muscle endurance at 
4 weeks post-operation compared to a 50% loss 
in work matched controls [26]. From this, it can 
be suggested that the application of BFRT 1 to 
2 weeks preoperatively, with a focus on low-load 
exercises for the thigh muscle, may help counter-
act acute pathophysiological muscle changes 
associated with ACL reconstruction.

12.5.2  Phase 2: Early Postoperative 
with BFRT

The primary goals of the early postoperative 
phase are reducing joint effusion, pain control 
and combating muscle atrophy and strength loss. 
As previously mentioned, muscle atrophy during 
early postoperative unloading [14] is caused by a 
disturbance in muscle protein balance, namely a 
decrease in synthesis [67] and an increase in 
breakdown [22]. A modest amount of research 
has examined the use of passive BFRT. The use of 
passive BFRT is typically applied with a protocol 
consisting of 5 sets comprised of 5  min of full 
occlusion followed by 3  min of reperfusion. 
Takarada et  al. demonstrated that this protocol 
could attenuate post-surgery atrophy of the KE 
and KF muscles in patients by approximately 
50% compared to controls when used for 10 days, 
beginning at 4 days post-surgery [68]. Following 
a period of unloading in healthy individuals, pas-
sive BFRT was also found to compare more 
favourably to control and isometric exercise con-
ditions at attenuating atrophy [69], even at a low 
pressure of 50 mmHg [57]. However, not all evi-
dence is positive for this technique; one study 
found no attenuation of muscle atrophy following 
BFRT compared to a control group in ACL recon-
structed patients 2  weeks post-surgery [70]. A 
definitive mechanism behind such adaptations to 
BFRT per se, despite the absence of mechanical 
tension, has not been identified yet. Passive BFRT 
is thought to cause cell swelling that is evident 
after release of the cuff [71]; such acute cell 
swelling can stimulate protein synthesis and sup-
press  breakdown [72] which may explain the 

attenuation of atrophy with BFRT [68, 69]. 
Enhanced mTOR signalling in a rat skeletal mus-
cle model has also been demonstrated with pas-
sive BFRT [73].

The use of passive BFRT offers further benefits 
in the early stages post-surgery. Postoperative pain 
has an inflammatory and nociceptive nature that 
results. It from the interaction between tissue dam-
age and nociceptive sensory receptor stimulation 
through inflammatory mediators. Passive BFRT, 
also known as ischemic pre-conditioning (IPC), 
has been shown to reduce postoperative pain in 
patients undergoing conventional cholecystec-
tomy who were submitted to remote precondition-
ing ischemic before the surgical procedure [70]. 
Furthermore, passive BFRT has been shown to 
reduce pain following exercise-induced muscle 
damage, which may in part be related to reduced 
swelling [74, 75]. Therefore, though not directly 
studied following ACL surgery, passive BFRT 
may be a useful aid in reducing swelling and pain 
in the early stages post-surgery.

Neuromuscular electrical stimulation (NMES) 
is commonly used to combat muscle atrophy and 
strength loss following ACL surgery [28] and can 
prevent the decrease in muscle protein synthesis 
during unloading [76]. Whilst there is some evi-
dence that NMES alone can help prevent skeletal 
muscle atrophy following periods of disuse, the 
evidence for strength maintenance is not as clear 
[76]. Recently, studies combining low-intensity 
NMES with BFRT have found increases in mus-
cle size and strength [59, 60] and thus may be an 
adjunct to BFRT in the early stages post-surgery. 
NMES of the quadriceps does not involve trans-
mission of large forces through the tibiofemoral 
joint, thus exhibiting a low risk of damaging the 
graft or exacerbating any cartilage, meniscal, or 
bone injuries. Early increases in muscle strength 
and size are necessary to perform voluntary train-
ing later in the rehabilitation process [77], and 
there is debate over whether passive BFRT alone 
is truly effective [70]. Thus, we suggest NMES 
with BFRT as an updated and potentially more 
effective approach to the early postoperative 
phase.
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12.5.3  Phase 3: Postoperative 
Ambulation with BFRT

The primary goals of this phase are to further 
attenuate atrophy and strength loss, improve 
quadriceps activation and control and normalise 
gait kinematics. Full knee extension is required to 
start gait re-education [78]; if a patient starts to 
undertake high volumes of walking with a patho-
logical gait pattern, there is opportunity for fur-
ther injury or tissue overload of other structures 
supporting that movement pattern [79]. In order 
to provide patients with full ROM: BFRT walking 
activities can help meet the goals of this phase.

Unloaded isotonic work acts as a prerequisite 
for regaining muscle strength and size during 
low-load resistance rehabilitation. Combining 
activities such as walking with BFRT has been 
shown to increase muscle size and strength [55] 
and multiple aspects of physical function [80]; it 
may therefore be used to increase muscle size 
and strength in early ambulation post-ACL sur-
gery. Once patients are able, cycling can also be 
combined with BFRT; low-intensity cycling with 
BFRT can concurrently increase muscle hyper-
trophy and aerobic capacity [81]. It may also pro-
mote muscle deoxygenation and metabolic strain, 
thus further stimulating endurance adaptations in 
the quadriceps to combat the post-surgery loss of 
muscular endurance [82]. BFRT should be pre-
scribed at a pressure between 60% and 80% LOP; 
aerobic exercise intensity is typically prescribed 
at a percentage of <50% VO2max, depending 
upon on the mode of exercise. However, this is 
difficult to reproduce clinically, and anecdotal 
observations support the use of simple low-level 
cycling, such as level 2 or 3 on an exercise bike, 
whilst under BFRT produce a significant aerobic 
workload.

12.5.4  Phase 4: Low-Load Resistance 
Training with BFRT

Once patients have full range knee flexion and 
extension and gait is normalised, low-load resis-
tance training is normally introduced. This is to 
accelerate the hypertrophy process and improve 

strength to begin a return to full weight bearing 
and pre-injury activity levels. The strength and 
hypertrophy adaptations from low-load resis-
tance training with BFRT are well-documented, 
with our recent review and meta-analysis con-
cluding that low-load BFRT is an effective, toler-
able and useful clinical musculoskeletal 
rehabilitation tool [83]. During this phase of the 
model, progressive and individualised low-load 
resistance training on 2 to 3  day/week using a 
low-load between 20% and 30% 1RM is suffi-
cient for muscle size and strength adaptations 
[51, 84] using an occlusive pressure of 60–80% 
LOP [85].

Low-load resistance training with BFRT has 
been shown to increase muscle protein synthesis, 
which may be a result of activation of the mTOR 
signalling pathway that is thought to be an impor-
tant cellular mechanism for enhanced muscle 
protein synthesis with BFRT exercise [86]. Such 
increases in muscle protein synthesis with low- 
loads can help recover and increase muscle size 
without loading the tibiofemoral joint with the 
heavy loads traditionally required for such an 
adaptation [87]. Low-load BFRT resistance exer-
cise may also be used to combat the reduced 
muscle satellite cell abundance observed during 
periods of unloading following ACL surgery 
[25]. Proliferation of myogenic stem cells and 
addition of myonuclei to human skeletal muscle, 
accompanied by substantial myofibre hypertro-
phy, has been demonstrated following 23 training 
sessions in just under 3 weeks [88].

Regarding strength, the early preferential 
recruitment of type II fast-twitch fibres at low- 
loads due to the hypoxic muscular environment 
generated during BFRT is thought to be an impor-
tant mechanism behind strength adaptations at 
such low loads [89]. Fast-twitch fibres, which are 
more susceptible to atrophy and activation defi-
cits during unloading [90] and are  normally only 
recruited at high intensities of muscular work, are 
recruited earlier. Indeed, several studies have 
demonstrated increased muscle activation during 
low-load BFRT resistance exercise [91, 92]. 
Greater internal activation intensity has been 
found relative to external load during low-load 
BFRT resistance exercise [93], suggesting type II 
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fibres are preferentially recruited. Such preferen-
tial recruitment of the fibres that are more suscep-
tible to atrophy [90] during the early stages of 
ACL rehabilitation may help combat activation 
problems whilst also triggering muscle hypertro-
phy and recovery of strength.

Interestingly, knee pain is reduced 24 h after 
an acute training session with BFRT following 
ACL surgery [94]. Recent evidence suggests 
BFRT may have an analgesic effect in patients 
with knee pain [95, 96]. The authors reported 
clinically significant immediate pain reduction in 
the physiotherapy session exercises following 
BFRT, whilst no pain reduction was observed in 
patients performing light-load training alone. 
Interestingly, the analgesia effect remained for 
45 min following the physiotherapy session [95, 
96]. Furthermore, Giles et  al. demonstrated 
greater reduction in pain in activities of daily liv-
ing with BFRT during an 8-week training period 
in patients with knee pain [97]. A reduction in 
knee joint pain due to both lower joint forces and 
a potential hypalgesia effect may be beneficial to 
patients following ACL surgery. Conditioned 
pain modulation resulting from cuff pressure and 
ischemic and exercise-induced muscle pain [98], 
exercise-related release of endogenous sub-
stances which inhibit nociceptive pathways [99] 
and hypoxia during BFRT may serve as mecha-
nisms of hypalgesia with BFRT.

12.5.5  Phase 5: Heavy-Load 
Resistance Training with Low- 
Load BFRT

The end goal of ACL rehabilitation is for patients 
to be able to resume heavy loading and return to, 
or exceed, their pre-injury strength and activity 
levels. Heavy-load resistance training is more 
effective at increasing muscle strength compared 
to low-load BFRT [83], thus the latter may best 
be used as tool for effective and potentially 
quicker progression back to heavy exercise loads. 
Combination of low-intensity BFRT with 
 heavy- load training has been shown to increase 
muscle strength and size gains observed in low-
load BFRT alone [100]. Once physically able, 

individuals can integrate low-load BFRT with 
high- load resistance training to re-introduce 
larger mechanical loads to structures of the mus-
culoskeletal system. This can stimulate other 
adaptations alongside muscle size and strength, 
such as tendon stiffness—which may not be pos-
sible with low-load BFRT [101]—to contribute 
to further improvements in physical function. It is 
important that the patient is physically able to uti-
lise the heavy loads required without an adverse 
reaction. Therefore, it is recommended that the 
patient should be able to exercise with the loads 
required to stimulate muscle and tendon adapta-
tion of 65–70% preoperative 1RM [87] when 
entering this advanced phase of rehabilitation.

12.6  Safety Considerations

Several published papers have questioned the 
safety of BFRT in different populations [53, 102–
104]. Naturally, the safety issues have been 
reviewed in depth [105]. The following section 
discusses the reported side effects of BFRT, 
screening for risk minimisation and recommen-
dations for safe practice in clinical research. For 
a detailed and most recent review on the safety of 
BFRT, the reader is directed to the work of 
Brander et  al. [105]. They reported that no 
adverse responses to BFRT have been reported in 
RCTs involving clinical populations.

All clinical populations should be screened 
thoroughly and extensively to identify possible 
risks and contraindications prior to engagement 
in a BFRT rehabilitation program [105]. A num-
ber of screening tools have been published [53, 
105] which are designed to examine intrinsic fac-
tors such as age, lifestyle factors and blood, 
respiratory and neurological disorders which 
may place an individual at greater risk of an 
adverse event during BFRT.  Additionally, it is 
important that potential causes of rhabdomyoly-
sis, such as infections and prolonged immobilisa-
tion, are ruled out before implementation of 
BFRT [106]. Using screening tools, thorough 
clinical judgement is required by a clinician 
alongside selection of the correct parameters of 
BFRT prescription by an individual who is 
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knowledgeable in the optimal prescription and 
exercise responses to BFRT. Finally, it is impor-
tant that the hemodynamic and physiological 
responses to light load BFRT are monitored dur-
ing exercise and throughout a rehabilitation 
programme.

The risks of any adverse events seem minimal 
if patients are thoroughly screened prior to com-
mencing a training programme and BFRT is pre-
scribed, and subsequently applied, correctly. 
Moreover, there is no robust evidence to suggest 
that any risks are greater than traditional exercise 
modes such as heavy-load resistance training. At 
present, there are no complete standardised rec-
ommendations for use even in non-injured popu-
lations. However, optimal guidelines for 
parameters such as BFRT pressure and duration 
will help minimise any risk. This highlights the 
importance of an individualised approach to 
BFRT.

12.7  Conclusion

The rehabilitation process following surgery is 
complex and requires a number of different pro-
cesses. Throughout this chapter, we describe the 
evidence behind the addition to BFRT in both 
prehabilitation and rehabilitation. The use of 
BFRT passively, in combination with NMES, 
aerobic exercise and resistance training, may all 
be used at various stages to enhance these pro-
cesses. The application of BFRT is a safe and 
effective tool to optimise and offset skeletal mus-
cle atrophy in the early stages post-surgery.
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Current Concepts of Plyometric 
Exercises for the Lower Extremity

George J. Davies and Bryan L. Riemann

13.1  Introduction

Many sport activities require explosive move-
ments of the lower extremities. Athletes are 
returning back to competition following knee 
injuries and surgeries faster than anyone could 
have predicted 10 years ago. However, that has 
not always been in the best interest of the patient 
because of reinjury rates and not being able to 
return to the same premorbid level of activity. 
The ability of the clinician to return the athlete 
back quickly and safely is multifactorial and 
includes advances in surgical techniques and 
rehabilitation, such as the use of integrated open 
and closed kinetic chain exercises, propriocep-
tive training, neuromuscular reactive dynamic 
stability exercises, and plyometrics.

In order to improve explosive power move-
ments, plyometric exercises are incorporated into 

almost every program in the terminal phases of 
rehabilitation, strength, and conditioning or per-
formance enhancement programs. To demon-
strate the interest and popularity of plyometrics, a 
recent Google search for plyometrics identified 
over 3 million items. However, the scientific 
papers on plyometrics based on a PubMed Search 
(10/5/18) identified 183 articles. This includes 42 
studies on the lower extremity and 36 studies on 
the knee, many of which demonstrate the effec-
tiveness of plyometrics in improving power and 
performance in the lower extremities [1–11]. 
Evidence for the use of plyometric exercises in 
the lower extremities is available with regard to 
enhancement of performance in uninjured sub-
jects [12–15] and also in those with injury or pre-
vious injury [16]. Numerous studies have 
described improvements in jump height [3, 6, 9, 
17], sprint time [10, 18–20], running economy 
[18], and joint position sense and postural control 
as a result of plyometric training [8, 11, 21–26]. 
There is increasing evidence that lower extremity 
plyometric exercises and training may help pre-
vent first time noncontact ACL injuries [1, 2, 27]. 
Several studies [8, 11, 19, 22–26, 28] have also 
reported that the introduction of a proper plyo-
metric training program can increase neuromus-
cular control in all three planes of motion which 
will stress-shield the ACL and transfer it to the 
muscles, tendons, and bones. This allows for 
improved force dispersal, resulting in less torque 
applied directly to the knee [28].
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Because of the large forces involved, plyomet-
rics are most appropriately used in the periodiza-
tion program toward the terminal phases of 
rehabilitation. Moreover, this poses the question: 
why use plyometrics in the rehabilitation or per-
formance enhancement of the athlete following a 
knee injury or surgery? Many functional moments 
of the lower extremity during running, jumping, 
and kicking use the plyometric concept as part of 
the functional movement patterns while execut-
ing the requirements for the sport. For example, 
when an athlete is preparing to jump, they use a 
countermovement which initiates the stretch- 
shortening cycle (SSC) that is one of the unique 
concepts of plyometric exercises. This counter-
movement provides a stretch to the muscle spin-
dles and loads potential kinetic energy into the 
series and parallel elastic components of the 
muscle. This is then transferred to the shortening 
cycle and facilitates the resultant force produc-
tion of the power phase, enhancing the perfor-
mance pattern of the movement.

An important part of performance-based reha-
bilitation programs is the development of power 
often addressed by using plyometric exercises. 
Due to the concepts of specificity of rehabilita-
tion and specific adaptation to imposed demands 
(SAID), plyometrics should form a foundation 
for the athlete to help build a power foundation 
from which to refine the skills of the sport. Every 
rehabilitation and conditioning program is 
designed to return the athlete back to his or her 
optimum function as quickly and as safely as 
possible. The rehabilitation and conditioning 
programs accomplish this with the use of exer-
cises based on the functional and sports specific-
ity principles. Plyometric exercises play an 
important role in this process with the athlete 
[29–44]. Consequently, it is important to under-
stand the current concepts of plyometrics and 
how they can be integrated as advanced training 
concepts for the return to sport. Therefore, the 
purposes of this chapter are to discuss the history, 
definition, phases, scientific foundations and 
research, clinical guidelines, and contraindica-
tions of plymetric training. In addition, we will 
describe the design and components of plyomet-
ric programs, the theoretical training benefits, 

and specific plyometric exercises for the knee for 
rehabilitation and condition.

13.2  History of Plyometrics

Plyometrics were initially used for many decades 
in the original Russian and Eastern European 
countries in training track and field athletes [29–
33, 45–51]. A popular and well-known track and 
field coach in Russia used the original plyometric 
concept, which he described as the shock method 
or jump training. It is thought that this type of 
training is the reason that, in the 1950s and 1960s, 
the Russian and European athletes were so suc-
cessful in international competitions. The actual 
term plyometrics was first coined in 1975 by for-
mer Purdue University women’s track coach, 
Fred Wilt [51]. Because of the definition, the pur-
pose of plyometrics may be thought of as “to 
increase the measurement” which in sports per-
formance is in testing or competition, such as 
throwing, sprinting, or jump height [16, 30–35, 
45–47, 52].

13.3  Definition of Plyometrics

The term plyometric is a combination of two 
Greek words, plo and plythein. “Plio” means 
“more” or to increase, and “metric” means “to 
measure” [30–32, 47]. Plyometrics is an exercise 
technique that involves a blend of SSC and bal-
listic exercise modes. During the SSC phase, or 
the loading phase, a sudden stretch of the elastic 
components of the muscle-tendon unit and eccen-
tric muscle activation occurs. The goal during 
this phase is to absorb and store the momentum 
of the limb(s), body, and any external loads (i.e., 
medicine ball) to bring the velocity to zero. Once 
the velocity is brought to zero, there is a brief 
period of time in which the muscle activity is best 
described as a transitory isometric period before 
there is an apparent concentric muscle activity. 
The unique feature of plyometrics is that the con-
centric phase, or rebound phase, involves the pro-
duction of the body or external load into free 
space (ballistic mode).
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13.4  Phases of Plyometrics

Although plyometrics have been described as 
consisting of two phases (eccentric and concen-
tric), most clinicians consider plyometrics as tri-
phasic by including the transition between the 
eccentric and concentric phases as the third 
phase. Plyometrics are a form of resistance train-
ing that involves a quick eccentric prestretch of 
the muscle, followed immediately by the resul-
tant concentric muscle contraction. Most of the 
literature identifies plyometrics as having three 
phases of action: (1) eccentric prestretch loading 
phase, (2) transition, amortization, coupling, or 
rebound phase, and (3) concentric shortening 
power production performance phase [30, 34, 35, 
46, 47].

13.4.1  Eccentric Prestretch 
Loading Phase

The eccentric prestretch phase has also been 
described as the countermovement, counterforce, 
facilitatory, preloading, presetting, preparatory, 
or readiness phase of the plyometric movement 
pattern [30, 34, 35, 53–58]. This phase begins 
with the application of a load; in the case of lower 
extremity plyometrics, such as drop jumps, the 
load often comes from contact with the ground. 
Through eccentric tension, the goal of this phase 
is to absorb the kinetic energy of the load and 
reverse the movement direction. Absorption of 
the energy occurs by stretching the muscle ten-
don units as a result of a load being applied. The 
prestretching prior to concentric muscle action is 
referred to as SSC [57].

The purpose of this phase is to stimulate the 
muscle receptors and activate the muscle spindle. 
Furthermore, this eccentric prestretch loads 
potential kinetic energy into the series elastic 
components (SEC) and parallel elastic compo-
nents (PEC), which in turn contribute to the con-
centric force production. This stimulation of the 
muscle receptors is often referred to as the neuro-
physiological–biomechanical response [11,  
21–24, 26, 59–62]. Several investigators [50, 53, 
54, 63–67] have demonstrated that an eccentric 

muscle action immediately preceding a concen-
tric muscle contraction will enhance the resultant 
concentric muscle contraction.

The advantages of SSC augmentation on the 
subsequent concentric phase have been well doc-
umented [57, 68], such as increased average 
velocity and power and higher peak force and 
acceleration. Interestingly, the exact mechanism 
of the augmentation remains uncertain [68, 69]. 
Current hypotheses include increased time for 
force development, strain energy storage in the 
series elastic muscle-tendon components, height-
ened levels of muscle activation, and evoking of 
stretch reflexes [64, 69–72]. A full examination 
of the research supporting each of these explana-
tions is beyond the scope of this chapter; how-
ever, interested readers may refer to several 
papers dedicated to this topic [57, 68, 69, 72]. 
Important for the practitioner to understand is 
that SSC augmentation is related to the stretch 
magnitude, rate, and duration of the stretch [53, 
57, 63, 69–71]. Thus, altering or changing any of 
these variables will have a potent effect on the 
amount of energy stored during the loading phase 
[73].

13.4.2  Transition, Amortization 
(Coupling, Rebound) Phase

This phase, also known as the electromechanical 
delay phase, is the time delay from the cessation 
of the eccentric prestretch phase to the onset of 
the concentric muscle contraction. This has also 
been described as moving from negative work to 
positive work [50, 64, 66, 74–77]. The amortiza-
tion phase is the time delay between overcoming 
the negative work of the eccentric prestretch to 
generating the force production and accelerating 
the muscle contraction and the elastic recoil in 
the direction of the plyometric movement pattern 
[74, 75]. The shorter the amortization time, the 
more effective and powerful the plyometric 
movement is because the stored energy is used 
efficiently in the transition. Also, the shorter the 
amortization phase, the greater the work output is 
due to the maximal utilization of stored elastic 
energy [63]. If there is a delay in the amortization 
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phase, the stored energy is wasted as heat, the 
stretch reflex is not activated, and the resultant 
contraction is not as effective. Decreasing the 
amortization phase is one of the key goals of ply-
ometric training. We are performing studies at the 
Georgia Southern University Biodynamics and 
Human Performance Center to identify the opti-
mum time of this phase to be most effective in 
facilitating performance.

Interspersed between the eccentric loading 
and concentric unloading phases is the transi-
tion phase. While this phase has also been 
referred to as the coupling phase [54, 78], tradi-
tionally, in the context of plyometrics, the 
length of time needed to transition between the 
loading phase and initiation of the concentric 
unloading phase has been referred to as amorti-
zation time [30, 32–35, 50, 51]. Paradoxically, 
amortization is defined as a decreasing attenua-
tion, such as a home mortgage. Thus, because 
the unloading phase is augmented as a result of 
the preceding loading phase, we advocate refer-
ring to this phase as the transition phase. 
Similarly, instead of using amortization time, 
we prefer to use the term time to rebound to 
describe the length of time between the begin-
ning of the loading and concentric unloading 
phases [34, 35].

Several investigations have described the 
muscle as being in an isometric contraction state 
as the shift from negative work to positive work 
occurs during this phase; thus, the increases in 
the muscle–tendon unit length are largely attrib-
uted to tendon elongation [54, 79, 80]. A shorter 
time to rebound has been demonstrated to pro-
duce a more enhanced concentric performance 
[54, 67, 70, 77]. For example, delaying the tran-
sition to the concentric unloading phase has been 
reported to reduce the augmentation of the SSC 
effect, as evidenced by higher oxygen consump-
tion [67] and lower force and power–time curves 
[77]. One of the hypotheses concerning the 
diminished augmentation associated with a 
delayed time to rebound is that there is a reduc-
tion in the active actin–myosin cross-bridges, 
which reduces the tautness of the muscle-tendon 
unit and allows the strain energy stored in the 

tendon to be dissipated as heat [77]. One of the 
concerns of the eccentric action of the muscle is 
that it creates muscle damage and initially may 
create a short-term inhibition response to the 
muscle’s performance [81–83].

13.4.3  Concentric Unloading 
Shortening Phase

The concentric shortening phase is often 
described as the power production, performance, 
facilitated, or enhancement phase of plyometrics 
[30, 32–35, 50, 51]. It has also been called the 
rebound and propulsion phase. This third compo-
nent of SSC is the biomechanical response that 
utilizes the elastic properties of the prestretched 
muscles [24, 84, 85]. The phase begins with the 
muscle moving into a concentric muscle action 
and terminates with the projection of the load 
(e.g., body, medicine ball) into space. Again, 
assuming the transition from loading to unload-
ing occurs in a timely manner, the resulting con-
centric action should be enhanced beyond the 
force and power production of a strict concentric- 
only action.

Also, as mentioned previously, plyometrics 
involves the projection of the load into space, 
which means that plyometrics is also a ballistic 
form of exercise. As a result, the patient is not 
required to decelerate the load at the terminal end 
of the concentric phase. This circumstance allows 
for a longer period of time in which acceleration 
can occur during the concentric phase. For a thor-
ough review of the benefits of ballistic exercise 
on velocity, acceleration, force, and power, the 
reader is recommended to consult Frost et  al. 
[68].

The eccentric prestretch, amortization, and 
concentric shortening phases are blended in 
plyometric training to enhance a muscle’s per-
formance [7, 24, 30, 33–35, 40, 50, 51, 53, 63, 
86]. It is the careful planning through designing 
periodization programs and execution of the 
plyometric drills to be described that makes 
these exercises so effective in performance 
enhancement.
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13.5  Scientific Foundation 
of Plyometrics

13.5.1  Neuromusculoskeletal 
Adaptations to Plyometric 
Training

This section will briefly review the evidence 
examining the responses and adaptations to plyo-
metric training. For a detailed and comprehensive 
review specific to the lower extremity, the reader 
is suggested to consult the paper by Markovic 
and Mikulic [26]. Prior to briefly reviewing the 
evidence examining the neuromusculoskeletal 
adaptations to plyometric exercise, it is important 
to recognize several factors limiting our current 
ability to fully understand and synthesize the evi-
dence. First, the participants used in the studies 
examining the adaptations have varied in age, 
sex, and activity level. Second, the length of 
training programs has varied from 4  weeks to 
24 months. The specific outcome measures used 
to reflect the neuromusculoskeletal adaptations 
have varied extensively. Finally, except for a few 
studies examining knee and hip kinematics and 
muscle activation during various landing and 
jumping tasks, most training studies focused on 
the ankle. The characteristics of the tendon such 
as length and stiffness likely influence the extent 
of muscle fascicle versus tendon elongation dur-
ing the loading phase of plyometrics, which in 
turn likely makes the adaptations in responses to 
training unique for each muscle tendon unit. 
Thus, with regard to knee rehabilitation, there is 
a need for additional investigations considering 
quadriceps and hamstring tendon and muscle 
fiber, geometry, and contractile element 
adaptations.

13.5.2  Bone

Typically, following serious acute knee injuries, 
such as an anterior cruciate ligament (ACL) rup-
ture, there is often a transitory period of lower 
extremity immobilization and limited weight- 
bearing. Extending beyond the transitory period 
of limb protection is often a reduction in physical 

activity, particularly sport-related participation. 
Bone, being one of the most metabolically active 
musculoskeletal tissues, responds to both use and 
disuse. Thus, it is not surprising that research has 
demonstrated deficiencies in bone density fol-
lowing knee injury and surgery [87–90]. Based 
on the high magnitude of loading associated with 
plyometrics, it would be expected that bone adap-
tations would occur. Evidence supporting this 
notion was a conclusion made by Markovic and 
Mikulic [26] following a review of 18 investiga-
tions on bone adaptations to plyometric training. 
Thirteen of the studies were conducted in chil-
dren, and the magnitude of bone responses was 
not universal across all age groups, nor were the 
lower extremity sites considered. It is important 
to consider that the studies including adults 
largely only included pre/postmenopausal 
women. Additionally, the studies reviewed 
involved completing plyometrics 3–5  days per 
week over a 5–24 month period. The large range 
in the training program length may help explain 
some of the seemingly contradictory study 
results. Overall, there was supportive evidence 
for plyometrics to promote increased bone mass 
in children and premenopausal women [26]. The 
effectiveness for plyometrics to prompt bone 
adaptations in young adult athletes, particularly 
men, as well as the minimal dosage for plyomet-
rics to prompt bone adaptations remains 
unknown.

13.5.3  Tendon

Research examining tendon adaptations in 
response to plyometric training has largely only 
considered the Achilles tendon [58, 91–97]. The 
majority of the research on tendon adaptations to 
plyometric training has assessed cross-sectional 
area and stiffness. While Kubo et  al. [96] and 
Fouré et al. [91, 92, 98] reported no changes in 
the cross-sectional area of Achilles tendon, 
Houghton et  al. [94] reported a significant 
increase. Changes in tendon stiffness in response 
to plyometrics have been assessed in a variety of 
manners, yielding some studies [58, 91, 99] to 
demonstrate increases in stiffness, with others 
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failing to demonstrate stiffness changes [94, 96, 
98]. Most recently, Kubo et  al. [97] compared 
12 weeks of plyometric and isometric training on 
active and passive muscle stiffness and tendon 
properties during ramp and ballistic contractions, 
which are believed to be more reflective of the 
tendon behavior during running and jumping. 
The results revealed that the plyometric training 
increased the extensibility of the tendon during 
ballistic contractions and active muscle stiffness 
during fast stretching. These adaptations are 
attributed with enhancing the storage of elastic 
energy during SSC activities, which could lead to 
enhanced athletic performance. Additionally, 
these adaptations may also have implications for 
enhancing functional joint stability. Specifically, 
if the muscle-tendon unit can absorb and store 
more energy during the eccentric phase of an 
SSC action, they may stress-shield the ligaments 
and joint capsule.

13.5.4  Muscle [100]

Restoring and augmenting muscle strength is fre-
quently part of the rationale for using plyomet-
rics following knee injury or surgery. Despite 
plyometrics being a high-velocity exercise, some 
research has demonstrated improvements to one 
repetition maximum [101] and isometric [59, 
102, 103] and concentric/eccentric [102] knee 
extensor strength. Muscle geometry, volume, 
cross-sectional area, fiber length, and pennation 
angle are all relevant factors influencing a mus-
cle’s ability to produce force. These factors have 
been considered in various plyometric training 
studies with conflicting results. For example, 
increases in triceps surae [96] and thigh muscle 
volume [4] have been reported; however, four 
other studies failed to reveal any changes in the 
gastrocnemius cross-sectional area [91, 92, 104, 
105]. Fascicle length and pennation angle also do 
not appear to be changed by isolated plyometric 
training [92, 104]. Furthermore, several studies 
have reported increased maximal voluntary con-
traction force, but no change in force production 
during an electrically evoked twitch [59, 76, 96]. 

Collectively, all of this evidence suggests that 
neural adaptations are likely responsible for the 
strength gains associated with plyometric train-
ing. In addition, it is commonly thought that ply-
ometrics can enhance the rate of force 
development. Studies examining knee extension 
reported a significant rate of force development 
increase [59, 105], while those considering plan-
tar flexion did not [91, 96]. The differences in 
results may be attributed to the differences in the 
muscle-tendon structure and properties.

13.5.5  Neural

Neural adaptations are believed to explain mus-
cle strength gains, particularly those that happen 
soon after initiating plyometrics. Studies have 
demonstrated higher levels of voluntary isomet-
ric muscle activation following plyometric train-
ing [58, 59, 96, 102, 106]. Research examining H 
reflexes is conflicting, with one report of 
enhanced (soleus) [107] and one report of no 
change (vastus medialis) [59]. Even more rele-
vant to knee injury prevention and rehabilitation 
have been studies demonstrating higher levels of 
muscle activation during functional activities 
such as jumping [5, 25, 96, 104], although not all 
studies have demonstrated changes in muscle 
activation levels [8, 105].

13.6  Examples of Plyometrics 
in Athletics

The rapid deceleration–acceleration that occurs 
when performing plyometrics is an explosive 
reaction that increases both the speed and power 
of the limbs during athletic activities [7, 10, 16, 
31, 32, 41, 42, 47, 50, 78, 86, 87, 99, 108–111]. 
This explosive reaction facilitates the produc-
tion of maximal force in the shortest amount of 
time. Plyometric training is often considered the 
missing link between strength and return to per-
formance. There are many examples of plyo-
metric activities in the lower extremities, such 
as running, jumping, and kicking. The angular 
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velocities of the knee have been recorded at 
around 1000°/s with each foot contact [112, 
113]; there is an eccentric stretch followed by 
the concentric shortening contraction. Jumping, 
cutting, and pivoting activities occur in almost 
all sports, and each has plyometric demands; 
thus, the concept of power development is the 
key for many activities of daily living and work-
related activities, as well as recreational and 
competitive sports [7, 33, 42, 43, 46, 78, 108, 
111–113]. Realizing the fast angular velocities 
and tremendous forces required in various activ-
ities of daily living and sporting activities illus-
trates the need for plyometric training in 
preparing the patient or athlete to return back to 
their activities. Rehabilitation and conditioning 
programs are designed to return patients and 
athletes back to their respective activities as 
safely and quickly as possible based on func-
tional specific activities. Plyometric exercises 
should play a critical role in this important role 
to develop power for performance [7, 40, 41, 43, 
47, 50, 78].

13.7  Contraindications 
for Plyometrics of the Knee

There are relative and absolute contraindications 
for implementing a plyometric program into a 
rehabilitation or strength and conditioning pro-
gram for the knee. These include soft tissue limi-
tations based on postoperative conditions, pain, 
inflammation, subacute sprains, subacute strains, 
joint instability, lower extremity weakness, quad-
riceps weakness, abnormal kinematic movement 
patterns, selected postsurgical conditions, and 
knee chondral injuries.

Many of these conditions would also be abso-
lute contraindications for plyometric training of 
the knee, including soft tissue limitations based 
on postoperative conditions, pain, inflammation, 
subacute sprains, subacute strains, joint instabil-
ity with an unstable knee, lower extremity weak-
ness, quadriceps weakness, abnormal kinematic 
movement patterns, early postsurgical condi-
tions, and early postoperative knee chondral sur-
gical procedures.

13.8  Theoretical Training Benefits 
of Plyometric Exercises 
for the Knee

The theoretical and potential training effects for 
using plyometric exercise for rehabilitation or 
performance enhancement of the patient with a 
knee injury or surgery include, but are not limited 
to, the following:

 1. Research supports the concept that the faster 
the muscle is loaded eccentrically, the greater 
is the force produced [114–117];, therefore, 
the plyometric stretch-shortening cycle should 
facilitate performance.

 2. By desensitizing the muscle spindle, plyomet-
ric exercises allow muscles to generate greater 
forces by having the musculoskeletal system 
tolerate increased workloads without the 
Golgi tendon organ firing [53, 57, 63, 
117–119].

 3. Plyometrics increase neuromuscular coordi-
nation by training the nervous system and 
making movements more automatic during 
activity (training effect). This is known as 
reinforcing a motor pattern and creates auto-
mation of activity. This improves the neural 
drive and efficiency and increases the neuro-
muscular performance [8, 11, 21–26, 62]. The 
increase of performance often occurs without 
a concomitant increase in the morphological 
changes within the muscle. This training 
effect of the neural system predominates in 
the first 4–8 weeks of any training program, 
and after several weeks (>6 to 8), hypertro-
phic morphological changes of the muscles 
begin to occur [120].

13.9  Criterion-Based Clinical 
Guidelines for Beginning 
a Plyometric Program

Not every patient requires plyometric exercises 
during the terminal phases of their rehabilitation 
program. Since most sporting activities involve 
plyometric motions, and based on the principles 
of training specificity, exercises, training, and 
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rehabilitation should match the ultimate perfor-
mance as closely as possible [121–124]. 
Therefore, only those patients or athletes that 
need explosive powerful movements for their 
recreational or competitive athletic activities 
need to train using plyometric exercises. These 
types of activities generally occur at faster speeds, 
incur higher forces, and involve multiple planes 
of movement. Because general traditional exer-
cises are not matched to the actual demands of 
sports performance, it has been suggested that 
plyometric exercises can bridge the gap between 
rehabilitation and sports-specific activities [16, 
33, 40, 41, 78, 110, 111, 125].

When a plyometric training program is initi-
ated, both the athlete and clinician need to be 
aware of several guidelines. Some of these guide-
lines are described below, even though the exact 
parameters for training are not known. However, 
minimal improvement and increased risk for 
injury may result if the clinician does not con-
sider some of the aforementioned criterion- based 
guidelines [34, 35].

Because of the stresses imposed with plyomet-
ric training, there are several safety considerations 
in the program designs that need to be addressed. 
The age of the patient is an important consideration 
because of the intensity of plyometrics on the mus-
culoskeletal system, particularly with younger indi-
viduals with open physes. There are no absolute 
guidelines provided in the literature, but precau-
tions for the younger athletes performing a plyo-
metric program after a knee injury or surgery are 
warranted. The injury history and type of surgery 
must be taken into consideration to prevent exacer-
bating an existing or prior deficit [34, 35]. Examples 
of caution in initiating and progressing a patient in 
a plyometric program include chondral injuries, 
osteochondritis dissecans lesions, osteoarthritic 
changes, ACL injuries (particularly because of the 
bone contusions that occur), and any chondral sur-
gical procedures (microfractures, mosaicplastys, 
osteochondral autograft transfer, autologous chon-
drocyte implantation, DeNova, etc.).

Before initiating a plyometric exercise pro-
gram, a systematic functional testing algorithm 
should be performed to screen the patient for 
the ability to participate. As mentioned previ-
ously, it is important to work each link in the 
kinematic chain to establish an adequate 
strength base to safely perform these higher 
level exercises. Table  13.1 provides some 
empirically-based examples of criteria that have 
been described in the literature, as well as those 
used by the authors.

While objective tests have been described, it 
must be remembered that there is never a good 
substitute for sound clinical judgment during the 
assessment of any athletic patient, healthy or 
injured. This is especially important because 
guidelines for initiating plyometric exercises dur-
ing rehabilitation and in healthy population have 
not been clearly described. None of the proposed 
criteria have demonstrated predictive validity 
that if the patient passes the tests, they can suc-
cessfully navigate through a progressive plyo-
metric program. For instance, Voight et al. [111] 
indicate that the ability to perform a 30-second 
single leg stance with eyes open and closed could 
be used prior to initiating a lower extremity plyo-
metric program. However, most plyometrics 
(which are dynamic exercises) are performed 
with eyes open. So, although these criteria are 
recommended, there is no predictive validity 
regarding the success of achieving plyometric 
training. Voight et al. [44, 111, 126] also described 
the assessment of a single-leg half-squat to be 
used for a dynamic evaluation prior to initiating 
the plyometric program.

If the patient can perform the criteria listed in 
Table  13.1, we have confidence that they can 
begin the plyometric program without fear of 
hurting themselves or aggravating the knee and 
creating a reactive synovitis response. They 
should have sufficient strength to control their 
body, with no demonstration of aberrant move-
ment patterns, indicating the neuromuscular sys-
tem is functioning reasonably well.
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13.10  Designing a Plyometric 
Program for the Knee

Plyometric training should always be preceded by 
and coincide with other forms of resistance and 
flexibility training until an adequate base (foun-
dation) of strength, power, and flexibility has 
been established. The patient should be able to 
meet the criterion-based guidelines previously 
described in Table 13.1 to initiate the plyometric 
program for both safety and performance reasons. 
Plyometric exercises then need to be integrated 
into the totality of the rehabilitation, condition-
ing, or performance enhancement program. It is 

critical to evaluate the acute and chronic volume 
dosage loading on the patient at the beginning and 
serially throughout the rehabilitation or training 
programs [35, 127, 128].

When the decision is made that the patient 
will participate in a plyometric program, an ade-
quate systemic and local tissue warm-up should 
be performed to help prevent injuries and prepare 
the neuromusculoskeletal system for the demands 
of the training. The experience of the athlete and 
the foundational strength are also critical in the 
program development, whether in rehabilitation 
or a performance enhancement training program. 
The athlete’s experience in resistance training 
programs must be factored into the program to 

Table 13.1 Criterion-based clinical guidelines for application of plyometrics of the knee [16, 35, 111, 133–136]

Tests and methods Specific criteria for progression
Soft tissue healing Time-based
Patient-reported outcomes Within 75–80% of normal limits
Kinesiophobia Minimal
Pain None in lower extremities
Swellinga None
Active and passive range of motion Full in bilateral comparison
Single leg balance: eyes open 30 s
Single leg balance: eyes closed 30 s
Muscle strength: total leg strength with 
handheld dynamometer

20% bilateral comparison

Muscle power: rate of quadriceps force 
development  with isokinetic testing

20% bilateral comparison, 20% to allometric scaling

Muscle endurance–isokinetic testing 20% bilateral comparison
Neuromuscular control Qualitatively good movement patterns with no compensations or 

aberrant movement patterns
Single-leg half-squat No pain and qualitatively good movement patterns with no 

compensations
Free weight squat 1.5–2.5 times body weight
Squat: 60% of body weight, five times in 5 s No pain and qualitatively good movement patterns with no 

compensations
Double-leg jump 80% of height, ability to control landing, no aberrant movement 

patterns
Single-leg hop 80% limb symmetry index; 70% of height, ability to control landing, 

no aberrant movement patterns
Triple hop 80% limb symmetry index; ability to control landing, no aberrant 

movement patterns
Cross-over hop 80% limb symmetry index; ability to control landing, no aberrant 

movement patterns
Lower extremity functional test (LEFT)b Time based on normative data; may perform at submaximal intensity 

to determine patient tolerance
Lower-level plyometric drills No pain and qualitatively good movement patterns with no 

compensations
aNo effusion (will cause an arthrogenic inhibition of the surrounding muscles, particularly the quadriceps muscles)
bThis test incorporates acceleration, deceleration, front running, retro-running, proactive cutting, and pivoting in both a 
nonfatigued and a fatigued state at the end of the test
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develop and customize the programs to meet 
their needs. The strength ratio of the athlete is 
important regarding his/her foundation to begin a 
plyometric program. Some guidelines have been 
provided in the literature [30–35, 45–47, 78], 
such as squatting to two times one’s body weight. 
Most of these guidelines are empirically based 
from the Russian and Eastern European literature 
and really do not correlate with clinical applica-
tions. These guidelines were probably used for 
conditioning and performance enhancement pro-
grams, and not rehabilitation programs.

The clinician should make the plyometric 
training program specific to the individual goals 
of the athlete. We recommend initially that each 
specific movement pattern involved in the activ-
ity needs to be trained in isolation, allowing the 
sports activity to be dissected into smaller com-
ponents and trained with isolated movements. 
Only after each link in the kinematic chain is 
strengthened to perform its fair share of the work-
load, should it be integrated back together into a 
total coordinated movement pattern. If a muscle 
cannot function normally in an isolated pattern, 
then it cannot function normally in a functional 
movement pattern. For best results, the training 
program should be customized as much as pos-
sible to the athlete and his or her sport. As indi-
cated previously, plyometric programs should be 
integrated into the totality of the present program. 
One of the better ways to achieve the integrated 
approach is to use the periodization program-
ming model.

13.10.1  Periodization Program

The concept of periodization is a form of training 
that has been used in the conditioning of the ath-
letes since the 1950s [125, 129]. Periodized train-
ing, in essence, is a training plan that changes the 
workouts at regular intervals of time. Periodization 
is the gradual cycling of specificity, volume, 
intensity, duration, and frequency to achieve peak 
levels of sport-specific physiological abilities for 
the most important competitions [125, 129]. 
Periodization of training is a sequential, system-
atic, and progressive method of training, which 
divides the rehabilitation program or training 

cycle in various periods of specialized training 
with set goals for the period. The traditional con-
cept of periodization training usually manipu-
lates the variables of volume, intensity, and skill 
training [125, 129]. This provides the clinician 
with the opportunity to focus the training to meet 
the demands of the athlete.

Reasons for using periodized rehabilitation or 
training include the prevention of a plateau 
response from occurring by providing manipula-
tion of the different variables and continual stim-
ulation of the patient or athlete. The continual 
stimulation is accomplished by establishing 
microcycles during the course of the rehabilita-
tion or training program. The systematic change 
generates measurable progress that can facilitate 
the rehabilitation or performance enhancement. 
The same concept is applied daily by phasing or 
focusing the rehabilitation program based on the 
needs of the patient. The concepts of cycles as 
described in periodization programs are similar 
to what is actually performed in physical therapy 
by establishing long-term patient goals (macro-
cycles), intermediate patient goals (mesocycles), 
and short-term patient goals (microcycles).

The purpose of discussing periodization is to 
emphasize that plyometrics should be integrated 
into a rehabilitation or training program in micro-
cycles in the terminal phases of rehabilitation 
program, or integrated throughout a strength and 
conditioning program. The contents of the peri-
odization program regarding the strength, power, 
endurance, speed, and technical aspects need to 
be considered and integrated in the development 
of any plyometric program. Understanding the 
periodization model as the template of the pro-
gressively changing program is an intricate part 
of plyometric training. The periodization training 
model takes into consideration the specific 
demands of the athlete's sport from a technical 
standpoint and how to best integrate plyometric 
training to enhance performance. Furthermore, 
the periodization model considers the time of the 
year (preseason, in-season, post-season) and the 
need to peak for certain events. Manipulating the 
variables previously discussed in the periodiza-
tion model allows for customizing the needs of 
the athlete at different times throughout their 
training cycles [125, 129].

G. J. Davies and B. L. Riemann



287

13.10.2  Scientific Foundation 
for the Application 
of Plyometrics

There is no consensus in the published literature 
on the specific criteria, parameters, guidelines, 
specific exercises, or principles of progression that 
should be used during plyometric training. Most of 
the recommendations are empirically based upon 
Level 5 evidence with minimal  scientific research 
supporting any of the recommendations. Table 13.2 
provides examples of commonly used guidelines 
for plyometric training of the lower extremities.

13.10.3  Specific Principles and 
Concepts: Components of a 
Plyometric Training Program

There are a variety of plyometric programs 
described in the literature; however, there are no 
Level I or Level II studies that definitely indicate 
the exact volume dosage loading parameters that 
should be used in a rehabilitation or strength and 
conditioning program [86, 130, 131]. There are 
examples of parameters that can be manipulated 
when designing plyometric activities and pro-
gressions for plyometric training programs. All 
the variables listed need to be considered when 
designing and exacting a plyometric program. 
Tables 13.3 and 13.4 provide guidelines that can 
be used to design plyometric training programs.

13.10.4  Components for Progression 
of a Plyometric Training 
Program

Because of the amount of stress created in even 
lower-level plyometric activities, many exercises 

are not appropriate for early phases of rehabilita-
tion or individuals who may be deconditioned. 
Certainly before initiating higher level jump train-
ing, lower-level plyometric or plyometric- type 
activities can be used to test the athlete's tolerance 
to the plyometric loading response (see Tables 
13.3 and 13.4). A progression of plyometric inten-
sity is always prudent, especially in those return-
ing to activity from a previous injury or surgery. 
There is no consensus in the published literature 
on the specific criteria, parameters, guidelines, 
specific exercises, or principles of progression 
that should be used during plyometric training. 
Most of the recommendations are empirically 
based upon Level 5 evidence with minimal scien-
tific research supporting any of the recommenda-
tions. Table  13.5 provides examples of the 
commonly used guidelines for the progression of 
plyometric training of the lower extremities.

13.10.5  Plyometric Techniques

A major consideration when training with plyo-
metric exercise is the need to closely monitor the 
technique. Acquisition or reacquisition of motor 
skills should occur to ensure biomechanical 

Table 13.2 Plyometric exercise volume (foot contacts) 
based on athletic ability and exercise intensity [78]

Athletic ability Exercise intensity

Level
No. foot 
contacts Level

No. foot 
contacts

Beginner 80–100 Low 400
Intermediate 100–120 Moderate 350
Advanced 120–140 High 300

Very high 200

Table 13.3 Parameters that can be manipulated when 
designing training progressions for plyometric programs

Repetitions
Sets
Frequency
Intensity (submaximal during the beginning phases of 
training, although maximal intensity plyometrics are 
most effective)
Pattern of movements
Range of motion (spatial overload)
Temporal overload (timing)
Type of activity
Progression
Volume
Length or duration of training
Rest intervals (recovery)
Resistance weights (body weight, external weighted 
vests, weights, etc)
Position of patient
Body parts involved in the activity (isolated joint 
movements vs. multijoint movements)
Effects of fatigue
Specificity
Recovery
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Table 13.4 Examples of principles of progression and overload that may be used for plyometric training

Progress from To
One plane of motion Multiple planes of motion
One direction Multiple directions
One joint isolated exercise Multiple muscles moving
Nonweight- bearing Partial weight-bearing, then full weight-bearing
Open kinetic chain Closed kinetic chain, then functional
Limited range of motion Full range of motion
Slow velocity of motion Medium velocity, then fast velocity
Partial movement pattern Whole movement pattern
Whole movement pattern Partial, then whole movement pattern
Concentric Eccentric, then combined
Concentric Countermovement concentric
Isometric (static) Dynamic (ballistic)
One movement and stick Multiple movements and stick
One movement Repetitive movements
Proactive movements Reactive movements
General movement patterns Specificity
Low intensity Medium, then high
Double-leg drills Single-leg drills
Forward step-ups Backward, then lateral
Low step-up height Medium, then high
Shuffling movement patterns Carioca
Horizontal bounding Medial–lateral, then diagonal
Vertical jumping
Jogging in place Running in place
Stable surfaces [137] Minimally unstable (pad), then moderately unstable (Dyna-Disc, 

tilt boards), then maximally unstable (BOSU)
Full vision Partially obstructed vision, then stroboscopic interruptions, then 

eyes closed/blindfolded
Internal focus of attention External focus
Drills: proactive response Reactive response
Multiple distractions in performing drills

Table 13.5 Example of progressions for a plyometric training program

Progress from To
Warm-up: general systemic Specific joint
Trunk (core) stability plyometrics: trunk flexion/
extension

Trunk lateral flexion, trunk rotation, trunk PFN functional 
patterns

General lower extremity plyometrics: isolated of 
primary joints (ankle plyometrics, single-leg hops)

Total pattern plyometrics (sport-specific plyometric movement 
patterns)

Jumping activities Bounding activities
Intensity level: beginner Intermediate, then advanced
Short-arc range of motion exercises Full-arc range of motion exercises
Closed kinetic chain exercises (partial range of 
motion or submaximal)

Open kinetic chain isolated exercises, then closed kinetic chain 
exercises (full range of motion or maximal intensity)

Perturbation training: beginning submaximal 
intensity

Slow movement patterns, then known movement patterns 
(allows subject to preset muscles), to position of stability  
(2 feet, protected/restricted position)

Perturbation training: advanced maximal intensity Fast movement patterns, then random patterns (challenges 
subject to respond to imposed demands) to position of less 
stability (higher risk position)
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safety. Improper technique and compensations 
should not be allowed, as faulty motor patterns 
should not be reinforced. Moreover, it could be 
the athlete's poor motor control that caused the 
injury [21, 60, 61]. Immediate feedback to poor 
performance or technique should be provided, as 
well as continuously increase the awareness of 
faulty mechanics that might put the athlete at risk 
of injury or reinjury. Feedback can be provided in 
various ways, including verbally addressing the 
aberrant mechanics, video-camera recording, 
mirror training, or dyad training. Just because the 
athlete is able to perform the techniques cor-
rectly, the clinician should not assume the patients 
have enough endurance to continue their flawless 
performance. There is the need for fatigue testing 
and endurance training. When the athlete's tech-
nique declines, the clinician should stop the 
activity immediately to prevent reinforcing 
abnormal motor patterns. The goal should be for 
the athlete to be able to increase the volume of 
the training sessions via number of repetitions or 
exercises while still maintaining excellent tech-
nique [34, 35, 86, 110, 126]. The use of body 
weight-supported plyometrics described by Elias 

et al. [132] may be indicated in the early stages of 
plyometric training, or if a patient or subject 
starts to fatigue and demonstrates poor kinematic 
patterns with compensations.

13.10.6  Examples of Lower Extremity 
Plyometric Exercises

Competitive sports and recreational activities 
often require athletic movements that combine 
both the strength and speed to create the by- 
product known as power. For years, clinicians 
have sought ways to increase power in order to 
enhance performance. In an effort to return ath-
letes to play at the highest levels, clinicians rely 
on the use of plyometric exercises. In the lower 
extremity, plyometric exercises are often per-
formed through jumping, bounding, and hopping 
[30–35, 45–47, 78]. Table  13.6 provides exam-
ples of various lower extremity plyometric exer-
cises stratified by the levels of difficulty 
(Figs.  13.1, 13.2, 13.3, 13.4, 13.5, 13.6, 13.7, 
13.8, 13.9, 13.10, 13.11, 13.12, 13.13, 13.14, and 
13.15).

Table 13.6 Examples of progression of selected plyometric activities of the knee for rehabilitation and conditioning 
stratified by intensity [34, 35]a

Beginner: slow controlled speeds, 
submaximal intensity, single movement

Single-leg push-off box
Shuffling
Ankle bounces
Skipping
Jumps in place
Bilateral submaximal minijumps at slow speeds (single movement) and stick
Lateral bounding
Bilateral single movement onto stable landing platform (Fig. 13.1)

Intermediate: medium controlled speeds, 
moderate intensity, single movement

Bilateral maximal minijumps at medium speeds (single movement) and stick
Bilateral jumps: anterior, posterior, lateral, diagonal
Side-to-side push-off jumps
Zigzag jumps
Jump and reach
Bilateral tuck jumps (Fig. 13.2)
Pike jumps
Bilateral jump onto plyometric box (Fig. 13.3)
Step from box
Lateral bounding (Fig. 13.4)
Squat jumps
Bilateral single movement onto a stable landing platform
Bilateral single movement onto an unstable landing platform (Fig. 13.5)

(continued)
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Table 13.6 (continued)

Advanced: fast controlled speeds, maximal 
intensity, multiple movements

Bilateral maximal minijumps at fast speeds (single movement) and stick
Bilateral jumps: anterior, posterior, lateral, diagonal
Single-leg hops
Single-leg tuck jumps
Lateral bounding
Box jumps
Bilateral jump off plyometric box (depth jump) (Fig. 13.6)
Drop jump to second box
Squat depth jump
Alternating split squat jumps (Fig. 13.7)
Bilateral single movement onto a stable landing platform
Tuck jumps

Other Plyometric Exercises
Bilateral slow to medium-to- fast velocities 
with single movement onto a stable 
plyometric box

Bilateral single movement onto an unstable landing platform
Bilateral single movement onto a stable landing platform with instant 
perturbations when landing (Fig. 13.8)
Bilateral single movement onto a stable landing platform with perturbations 
in air before landing (Fig. 13.9)
90–180–270–300 circular jumps (good body control) (Fig. 13.10)
  –  One circular motion at a time (90 and back to start, 180 and back to start, etc.)
  –  Perform each of the jumps consecutively returning to starting position 

after each circular jump
  – Both directions

Bilateral submax to maximal intensity with 
multiple movements: controlled bilateral 
slow to medium to fast velocities with 
multiple movements

Bilateral multiple squats
Bilateral multiple anterior jumps
Bilateral multiple diagonal jumps
Bilateral multiple lateral jumps
Bilateral multiple retrojumps

Unilateral submax to maximal intensity 
with single movement (stick)

(Fig. 13.11)

Unilateral slow to medium to fast with 
single movement (stick)

Unilateral squats
Unilateral anterior jumps and stick
Unilateral anterior jumps and stick on an unstable surface
Unilateral diagonal jumps
Unilateral lateral jumps
Unilateral retrojumps

Unilateral submax to maximal intensity 
with single movement onto a stable 
plyometric box
Unilateral slow to medium to fast with 
single movement onto an unstable landing 
platform

(Fig. 13.12)

Unilateral submax to maximal intensity 
with single movement onto a stable landing 
platform

With instant perturbations when landing
With perturbations in air before landing

Alternating legs, touching the center of 
target on floor and circling an object

Manipulate arms with weights

Plyometric box jumps: double-leg and 
single-leg

Jump up first and land on top of box
Hop up first and land on top of box (Fig. 13.13)
Depth jumps and landing on both legs
Depth jumps and landing on single leg (Fig. 13.14)
Unstable landing surface
Landing and known reactive pattern (Fig. 13.15)
Landing and unknown reactive pattern

aChanges for progression from beginner to intermediate to advanced will often be based on the following: speed of 
performance, intensity of performance, single vs multiple movements, short to full range of motion exercises, stable to 
unstable surfaces, full vision vs obstructed vision, internal vs external focus of attention, proactive vs reactive response 
during the plyometric movement, and the type of specific plyometric skill
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Fig. 13.1 Bilateral single movement onto a stable landing surface exercise can begin with taking off (left) and landing 
(right) back onto a stable support surface

Fig. 13.2 Bilateral tuck jumps involve flexing the knees 
and hips maximally while in flight

Fig. 13.3 Bilateral jumping onto a plyometric box can be 
progressed by increasing the height of the box onto which 
the athlete lands
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Fig. 13.4 Lateral bounding involves laterally jumping from left to right landing on respective lower limbs

Fig. 13.5 Bilateral jumps are performed from the floor (left) onto an unstable surface (right) and can be performed 
laterally, anteriorly, or posteriorly
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Fig. 13.6 Bilateral jumps involve jumping from an elevated surface (left) onto the floor (right). The height from which 
the jumps are performed can be progressively increased

Fig. 13.7 Alternating split jumps are performed by jumping from a lunge position (left), switching lead limb while 
airborne (middle), and landing back into a lunge position (right)
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Fig. 13.8 Bilateral jumps (left) can be progressed by providing perturbations immediately upon ground contact (right)

Fig. 13.9 Bilateral jumps (left) can also be progressed by providing perturbations while in flight (right)
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Fig. 13.10 Circle jumps involve performing a bilateral jump (left) and then rotating in flight to land 90° (middle-left), 
180° (middle-right), or 270° (right) from the start position

Fig. 13.11 Single-leg horizontal hops (left) can be progressed by increasing the distance (right) while keeping an 
emphasis on sticking the landing
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Fig. 13.12 Single-leg hopping from the floor (left) to an unstable surface (right) can be progressed through increasing 
the movement speed
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Fig. 13.13 Double and single-leg hops from the floor (left) onto a box (right) can be progressed by increasing the box 
height and distance
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Fig. 13.14 Double and single depth jumps from a box (left) onto the floor (right) can be progressed by increasing the 
box height and distance

Fig. 13.15 An example of a single-leg landing and unknown reactive pattern drill. In this case, the athlete is jumping 
from a box (left) and upon ground contact is given a cue (right) about the direction they need to move next
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13.11  Functional Testing Algorithm 
(FTA) for Clinical Decision- 
Making for Return to Activity

The senior author has used a lower extremity/
knee functional testing algorithm (FTA) for 
almost 40 years [16, 35, 133–136], as illustrated 
in Table 13.7. Progression to the next higher level 
of testing difficulty is predicated upon passing 
the prior test in the series. Each successive test 
and its associated training regimen places increas-
ing stress on the patient, while at the same time 
decreasing clinical control. Not only can the FTA 
provide a criterion-based approach to return to 
sport, but it can also serve as a guide for clinical 
decision-making for treatment interventions. We 
can rehabilitate patients faster than ever because 
by testing them, we always know where the 
patient is in the rehabilitation program, and can 
focus the interventions specifically on the 
patient’s particular condition and status.

13.12  Summary

This chapter provides an overview of the applica-
tion of plyometric training and its usage for return 
to sport after ACL reconstruction and other knee 

operations while limiting the risk of reinjury and 
maximizing athletic performance. Unfortunately, 
there are limited high-level studies that demon-
strate plyometrics are effective because they are 
usually incorporated into a multimodal rehabili-
tation or training and conditioning program. 
Nevertheless, plyometrics are and should be 
included in these programs to accomplish all the 
goals previously discussed. This chapter provides 
an introduction, history, definition of phases, sci-
entific foundations, examples of plyometrics in 
athletics, contraindications for plyometric train-
ing, theoretical training benefits, criterion-based 
guidelines to begin a plyometric program, criteria 
for designing a program, concept of periodiza-
tion, specific principles for program design, com-
ponents for progression, evidence for using 
plyometrics, plyometric techniques, examples of 
stratified plyometric exercises, and a functional 
testing algorithm for criteria for returning a 
patient/athlete back to activity.
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14.1  Introduction

The majority of patients who sustain anterior 
cruciate ligament (ACL) injuries and undergo 
reconstruction are young athletes. The major 
goals of this operation for these individuals are 
to stabilize the knee to prevent future reinjuries 
and allow a safe return to sports (RTS). Although 
these goals are successfully achieved in many 
patients, several clinical studies have reported 
reinjury rates to either the ACL-reconstructed 
knee or contralateral ACL ranging from 3 to 22% 
[1–18]. Frequently cited factors associated with 
reinjuries to either knee are younger patient age, 
return to high-impact sports that involve cutting 
and pivoting, and use of an allograft or hamstring 
autograft. It is important to note that ACL recon-
structions may also fail for other reasons such as 
surgical errors (use of low-strength grafts, inad-
equate fixation, graft impingement in the notch, 
or excessive or insufficient graft tensioning at 
surgery); failure of graft integration, tendon-
to-bone healing, or remodeling; uncorrected 
lateral, posterolateral, or medial ligament defi-
ciency; postoperative infection, and inadequate 
rehabilitation.

A lack of consensus exists regarding the 
appropriate criteria for releasing patients to unre-
stricted sports activities after ACL reconstruction. 
We conducted a systematic review that examined 
the factors investigators have used to determine 
when RTS is appropriate [19]. Of the 264 stud-
ies included, only 35 (13%) provided objective 
criteria such as muscle strength or thigh circum-
ference measurements (28 studies), general knee 
examination parameters such as knee motion 
and joint effusion (15 studies), single-leg hop 
tests (10 studies), Lachman rating (1 study), and 
responses to validated questionnaires (1 study).

We believe that a comprehensive rehabilita-
tion program following ACL reconstruction is 
crucial to enable patients to RTS as safely as pos-
sible. Because of the published documentation of 
neuromuscular deficits in both the reconstructed 
and contralateral limbs postoperatively [20], fail-
ure to address and fully rehabilitate both knees 
may also be a factor for high postoperative rein-
jury rates. RTS is not encouraged early after ACL 
reconstruction and especially in patients who 
undergo concomitant major operative procedures 
such as a complex meniscal repair, other liga-
ment reconstruction, patellofemoral realignment, 
articular cartilage restorative procedure, or oste-
otomy. Strenuous athletics are not recommended 
in patients undergoing revision ACL recon-
struction or those in whom magnetic resonance 
imaging or arthroscopic evidence of major bone 
bruising or articular cartilage damage exists. 
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These patients are entered into a postoperative 
protocol that incorporates delays in return of full 
weight-bearing, initiation of certain strengthen-
ing and conditioning exercises, beginning run-
ning and agility drills, and return to full sports 
activities [21].

The necessity for preoperative rehabilita-
tion is addressed in Chap. 8 and our early post-
operative rehabilitation is detailed in Chap. 11. 
This chapter provides our recommendations for 
basic and advanced neuromuscular training, as 
well as extensive objective criteria required for 
RTS, based on over three decades of experience 
and multiple clinical studies [19, 21–25]. The 
Sportsmetrics program is detailed for end-stage 
rehabilitation for athletes desiring to RTS that 
require cutting, pivoting, and repetitive jump-
ing. Multiple studies have been conducted that 
scientifically justify this program’s ability to 
reduce the incidence of noncontact ACL injuries, 
improve deficiencies in neuromuscular indices, 
and enhance athletic performance indicators 
[26–31].

14.2  Running and Agility Program

Patients are allowed to begin the running pro-
gram when they demonstrate no more than a 30% 
deficit on isokinetic testing (isometric mode) for 
peak quadriceps and hamstrings torque; have a 
normal Lachman examination (<3 mm increased 
anteroposterior tibial displacement); and have 
no pain, swelling, or instability with all other 
rehabilitation activities. Although some patients 
may reach these goals as early as 12 weeks after 
surgery, the majority are 16–20  weeks postop-
erative. Only in exceptional cases does this pro-
gram begin before this time period where muscle 
strength has returned to normal, no pain or joint 
effusion is present, and no concurrent major 
operative procedures were performed. There are 
four levels in the running program (Table 14.1). 
Patients are progressed to level 2 when they dem-
onstrate no more than a 20% deficit on isokinetic 
testing (180°/s and 300°/s) for peak quadriceps 
and hamstrings torque, provided they are not 
experiencing pain or swelling with their current 

activities. They should also demonstrate no more 
than a 15% difference in limb symmetry on a sin-
gle-leg hop test. Progression to levels 3 and 4 are 
done gradually as the patient regains confidence 
in performing agility drills, cutting, and sharp 
directional angular movement patterns.

The running and agility program may be 
slightly modified based on the patient’s athletic 
goals, particularly the position or physical require-
ments of the activity. For instance, an individual 
returning back to short-duration, high- intensity 
activities should participate in a sprinting pro-
gram rather than a long-distance endurance pro-
gram. This program is performed three times per 
week, on opposite days of the strength program 
(see also Chap. 11). Since desired aerobic levels 
may not be achieved initially, a cross-training 
program is used to facilitate cardiovascular fit-
ness. The cross-training program is performed on 
the same day as the strength workout.

14.3  Basic Plyometric Training 
Program

Basic plyometric training is begun upon suc-
cessful completion of the running and agility 
program in order to correct bilateral alterations 

Table 14.1 Levels of the running and agility program

Level Details
1 Perform on a track to control the surface, ensure 

a level terrain, and to be able to measure 
distance. Use straight-ahead run–walk 
combinations.
Running distances 20, 40, 60, 100 yards (18.29, 
36.58, 54.86, 91.44 m) in forward and backward 
directions
Speed: ¼ to ½ of normal. Gradually progress to 
¾ and then to full speed
Interval training–rest approach: rest —two to 
three times the length of training

2 Lateral running, crossover maneuvers over 20 
yards (18.29 m)
Side-to-side running over cups
Sports-specific equipment used to enhance skill 
development

3 Figure-eight drills over 20 yards (18.29 m) and 
then decrease to 10 yards (9.14 m)

4 Cutting patterns, directional changes at 45° and 
90° angles, progress from subtle to sharp cuts
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in neuromuscular function. Jump training should 
be done on a firm, yet forgiving surface such 
as a wooden gym floor. Very hard surfaces like 
concrete should be avoided. A cross-training or 
running shoe should be worn to provide adequate 
shock absorption and stability to the foot.

During the jumps, the patient is instructed to 
keep the body weight on the balls of the feet and to 
jump and to land softly with the knees flexed. The 
knees should be kept shoulder-width apart to avoid 
knee hyperextension and an overall valgus lower 
limb position. The patient should understand that 
the exercises are reaction and agility drills and while 
speed is emphasized, correct body posture must be 
maintained throughout the jumps (Fig. 14.1).

Plyometric training is performed —two to 
three times weekly. There are six levels in the 
basic plyometric training program (Table 14.2). 
The rest period initially lasts two to three times 
the length of the exercise period, which is grad-
ually decreased to one to two times. The start-
ing exercise time period is 15  s per direction. 
The patient is asked to complete as many hops 
between the squares as possible. Three sets are 
performed for both directions and the number of 

hops is recorded. The program is progressed as 
the number of hops increases, along with patient 
confidence.

14.4  Sportsmetrics 
Neuromuscular Retraining

Advanced neuromuscular retraining such as 
the Sportsmetrics program is advocated as end-
stage rehabilitation for all patients returning to 

a b

Fig. 14.1 Plyometric training with the demonstration of 
correct body posture for (a) double-leg and (b) single-leg 
jumps. The body weight should be kept on the balls of the 
feet, the knees should stay flexed on landing, and the feet 

and knees should be kept shoulder-width apart to avoid 
knee hyperextension, and a valgus lower limb in collapsed 
position

Table 14.2 Levels of the basic plyometric training 
program

Level Jumps
1 Level surface box hopping, both legs, four- 

square grid on floor: front–back and side-side
2 Level surface box hopping, both legs: hop in 

L-shaped and reverse L-shaped directions
3 Level surface box hopping, both legs: diagonal
4 Level surface box hopping, both legs: pivot 

hops, 90° and 180° directions
5 Level surface box hopping, single leg: front–

back, side-side, diagonal, pivot hops 90° and 
180°

6 Vertical box hops
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high- risk sports activities that involve pivoting, 
cutting, and repetitive jumping/landing after 
ACL reconstruction. Whenever possible, each 
training session should be done under the super-
vision of a Sportsmetrics certified instructor 
(see http://sportsmetrics.org), athletic trainer, or 
physical therapist. Specific criteria must be met 
in order for a patient to begin this final phase of 
rehabilitation (Table 14.3). The components of 
the Sportsmetrics neuromuscular training pro-
gram include a dynamic warm-up, plyometric 
jump training, strengthening, and flexibility.

During this portion of rehabilitation, the patient 
should continue with strengthening and other 
exercises as recommended by the physical thera-
pist. Plyometrics are performed on alternating 
days (Monday, Wednesday, Friday), with strength-
ening and conditioning exercises done on the other 
days of the week (Tuesday, Thursday, Saturday). 
Training logs should be completed during each 
session to track the patient’s progress. It is impera-
tive that the patient masters the jumps in the cur-
rent phase before entering into the next phase. This 
may take longer than the usual 2-week period per 
phase of the standard Sportsmetrics program.

If the patient does not have access to a certified 
Sportsmetrics instructor, then the program may be 
accomplished at home with the instructional video-
tapes (Table 14.4). The physical therapy team should 
be involved at the beginning of each of the three 
stages of Sportsmetrics training in order to instruct 
the patient on correct technique for the jumps.

We have integrated both internal and exter-
nal focus cues into the training strategies of 
Sportsmetrics in an attempt to address the neuro-
cognitive demands of athletes. Examples of these 
cues are provided in this chapter (Table 14.5); a 
complete listing of all of these cues is available 
on a DVD at sportsmetrics.org. Studies con-
ducted in our laboratory and those of others have 
demonstrated that the Sportsmetrics program 
is effective in inducing desired changes in neu-
romuscular indices in female athletes, includ-
ing decreased peak landing forces (Fig.  14.2), 
decreased knee abduction/adduction moments 
(Fig.  14.3), increased hamstring strength, 
improved hamstring-to-quadriceps ratio, and 
improved overall lower limb alignment on a 
drop-jump (Figs. 14.4 and 14.5) [26, 28–33].

14.4.1  Dynamic Warm-Up

The dynamic warm-up prepares the body for rig-
orous training. The brief warm-up uses function- 
based activities that incorporate various motions of 

Table 14.3 Criteria to begin Sportsmetrics advanced 
neuromuscular retraining

1.  Normal knee stability (negative pivot-shift test, 
<3 mm increase anteroposterior tibial displacement 
on Lachman test or knee arthrometer test)

2.  Full range of knee motion
3.  <15% deficit peak torque hamstrings and quadriceps 

on isokinetic test (180°/s and 300°/s)
4.  <15% deficit in the distance hopped between the 

reconstructed and contralateral legs on a single-leg 
hop for distance and single-leg triple hop for 
distance tests

5.  Successful completion of running program with no 
pain, swelling, or giving way

6.  Successful completion of basic plyometric training 
with therapy staff

Table 14.4 Sportsmetrics home-based program 
protocol

1.  The physical therapist or trainer meets with patient 
and instructs them on the jumps in phase 1. The 
videotape is also used for demonstration, and further 
education regarding how to perform each jump and 
the usual corrections required

2.  The patient practices the jumps during the next 
7 days

3.  The physical therapist or trainer and patient meet the 
next week and the patient demonstrates jumps. If 
done correctly, training begins. The patient 
completes phase 1 over next 2 weeks. The patient 
records the jumps done on the training logs for each 
session

4.  The physical therapist or trainer and patient meet in 
2 weeks. The patient must master the jumps in phase 
1 before entering into phase 2. If extra time is 
required, this is built in according to the therapist’s 
or trainer’s recommendations

5.  Upon completion of phase 2, the physical therapist 
or trainer teaches the patient the jumps in phase 3. 
The patient completes phase 3 over next 2 weeks

6.  The physical therapist or trainer and patient meet 
2 weeks later to determine if the patient has 
mastered jumps in phase 3
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the extremities and core to raise core body temper-
ature, increase heart rate, increase blood flow to the 
muscles, and improve balance and coordination. 
The exercises are performed across the width of a 
court or field or for approximately 20–30 s.

14.4.1.1  Toe Walk
Walk on the toes and keep the legs straight 
(Fig.  14.6). Do not allow the heel to touch the 
ground. Keep the hips neutral during the entire 
exercise.

14.4.1.2  Heel Walk
Walk on the heels and keep the legs straight 
(Fig.  14.7). Do not allow the toes to touch the 
ground. Do not lock the knees, but keep them 
slightly flexed. Keep the hips neutral during the 
entire exercise.

14.4.1.3  Straight Leg March
Walk with both legs straight, alternating lifting 
up each leg as high as possible without com-
promising form (Fig.  14.8). Keep the knees 

Table 14.5 Examples of internal and external focus cues [76]

Jump Internal focus cues External focus cues
Squat 
jump

Keep shoulders back and chest lifted
Hips should sit lower than shoulders and back 
behind the heels on the squat
Keep toes, knees, and hips in line
No wiggle wobble in knees
Fully extend the body on the reach
Land on the ball of the foot and quickly rock back 
to the heels going into the squat
Keep head up

Position two cones in front of the athlete hip-
distance apart: point knees and toes toward the 
cone on landing
Reach hands toward the cones during the squat
Reach hands toward the ceiling on every jump
Pretend going to sit in a chair when coming down 
into the squat
Imagine holding a ball between knees throughout 
the entire jump

Barrier 
jump

Land on the ball of the foot and rock back to the 
heel
No wiggle wobble in knees
Tuck the knees up to the chest
Keep the knees bent on landing
Keep posture tall and upright
Make sure feet land at the same time
Keep feet and knees hip- distance throughout each 
phase of the jump
Focus eyes upward
The entire body should travel over the cone as a 
unit

Position two cones in front of the athlete hip-
distance apart (on each side of the barrier for 
side-to-side jumps or in front of barrier on 
forward–backward jumps): point knees and toes 
toward the cone on landing
Tuck the knees to clear the barrier
Imagine a ball being held between the knees to 
maintain neutral alignment

Broad 
jump

Keep hips, knees, and ankles in line (hip-distance) 
as you take off and land
Stay low in landing with shoulders up and hips 
lower than shoulders
Land on the balls of the feet and quickly rock back 
to the heels
Look up
No wobbly knees

Imagine a ball in between the legs during entire 
jump to maintain hip-distance
Position two cones in front of the athlete hip-
distance apart:  point knees and toes toward the 
cone on landing
Use cones as a goal to jump to
Imagine sitting in a chair in order to stay low in 
landing
Reach down toward the cone to lower the body into 
a squat position
Focus eyes upward toward the instructor

Single- 
leg hop

Keep hip, knee, and ankle neutral
Do not allow the knee to cave inward
Land on the ball of the foot and rock back to heel
Keep eyes focused upward
Get low into a squat on landing
Hips shift back and sit low, back is upright, 
shoulders should be higher than hips

Quiet landing, land light as a feather
Position a cone a few feet in front of the athlete: 
point knee and toe toward a cone
Use cone as goal for hop distance
Look up at the instructor
On landing, imagine sitting in a chair on one leg
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straight and the posture erect. Do not lean 
backward.

14.4.1.4  Leg Cradle
Walk forward and keep the entire body straight 
and neutrally aligned. Lift one leg off the 
ground in front of the body, bending at the knee 
(Fig. 14.9). Turn the knee outward and grasp the 
foot with both hands. Hold this position for 3 s, 
and then place the foot back down and repeat 
with the opposite leg.

14.4.1.5  Dog and Bush (Hip Rotator) 
Walk

Pretend there is an obstacle directly in front of 
you. Face forward and keep the shoulders and 
hips square. Extend one leg at the hip and keep 
the knee bent (Fig.  14.10). Rotate the leg out 
at the hip and bend the knee to 90°. Rotate and 
bring the leg up and over the obstacle, and then 
place it back on the ground. Repeat with the 
opposite leg.

14.4.1.6  High Knee Skip
This exercise involves skipping in which one knee 
is driven up in the air as high as possible, while 
the other is used to land and hop off the ground. 

Immediately, repeat the skip on the opposite side 
with each land. Swing the arm opposite of the 
high knee up in the air to help gain height.

14.4.1.7  High Knees
This exercise involves jogging where, with each 
step, the knees are driven up as high as possible 
using short, choppy steps. The shoulders and hips 
are kept square throughout the exercise.

14.4.1.8  Glut Kicks
This exercise involves jogging where, with each 
step, the athlete kicks the feet back as if trying to 
reach the gluts with the heel, using short, choppy 
steps. The shoulders and hips are kept square 
throughout the exercise.
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14.4.1.9  Stride Out
Begin jogging forward using an exaggerated run-
ning form. Drive the knees as high as possible 
and kick the feet back, as if trying to make a large 
complete circle with the legs. Stay up on the balls 
of the feet throughout the exercise.

14.4.1.10  All-Out Sprint
Sprint forward as fast as possible, making sure to 
maintain the proper technique and running form.

14.4.2  Plyometrics/Jump Training

The philosophy regarding this component of the 
Sportsmetrics program is to emphasis and teach 

correct jumping and landing techniques through-
out the 6  weeks of training. Plyometrics may 
enhance muscular power, vertical jump height, 
acceleration speed, and running speed [34–38] 
However, if done improperly, these exercises 
are not be expected to have a beneficial effect 
in reducing the risk of a noncontact ACL injury. 
Therefore, specific drills and instruction using 
internal and external focus cues are employed 
to train the athlete to preposition the entire body 
safely when accelerating into a jump and when 
decelerating on landing. The exercises progress 
from simple jumps (to instill correct form) to 
multidirectional, single-foot hops and plyomet-
rics with an emphasis on quick turnover (to add 
movements that mimic sports-specific motions). 

a b

Fig. 14.4 The video drop-jump take-off sequences from 
a 14-year old female basketball player before and after 
neuromuscular training. (a) Before training, the athlete 
demonstrated poor absolute knee separation distance of 

17 cm. (b) After training, a marked improvement in knee 
separation distance of 37  cm is evident (reprinted from 
Noyes et al. [32])
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The jump training is divided into three 2-week 
phases, each of which has a different training 
focus and exercises (Table 14.6).

Phase 1 (technique development phase) 
focuses on the accurate form and technique for 
eight jumps. This involves correct posture and 
body alignment throughout the jump, whereby 
the spine is kept erect, the shoulders back, and 
the chest over knees. Athletes are encouraged 
to jump straight up and land straight down with 
no excessive side-to-side or forward–backward 
movement. Soft landings using toe-to-heel rock-
ing and flexed knees are critical components 
to the initial instruction of the jumps. Verbal 
queues include “on your toes”, “straight as an 
arrow”, “light as a feather”, “shock absorber”, 
and “recoil like a spring”. Constant feedback is 
offered by instructors. The jumping exercises 
are gradually increased in duration or repetition. 
If the athlete becomes fatigued or cannot per-

form the jumps with the proper technique, they 
are encouraged to stop and rest. Approximately 
30 s of recovery time is allowed between each 
exercise.

Phase 2 (fundamentals phase) continues 
emphasis on proper techniques. Athletes con-
tinue to perform six of the jumps from phase 1, 
but for longer periods of time. In addition, three 
new jumps are incorporated. Phase 3 (perfor-
mance phase) increases the quantity and speed of 
the jumps to develop a truly plyometric exercise 
routine. The athlete completes as many jumps as 
possible with proper form and is encouraged to 
focus on the height achieved in each jump.

Fig. 14.6 Toe walk [76]
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14.4.2.1  Wall Jump
Instruction This jump is always performed first 
to prepare the athlete mentally and physically for 
training. The instructor observes and begins posi-
tive feedback and instruction. Raise both arms 
overhead and jump with minimal knee flexion 
and maximal ankle flexion, landing softly. On 
each landing, the hips, knees, and ankles should 
be in neutral alignment, the back straight, the 
head up, and the eyes looking straightforward.

Common Problems Slouched posture, exces-
sive knee flexion, head down, eyes watching the 
feet.

Corrections Keep the eyes and head focused up, 
keep the knees slightly bent, land softly.

14.4.2.2  Tuck Jump
Instruction Begin standing with the feet 
shoulder- width apart. Jump up and bend the 
knees upward together up toward the chest as 
high as possible (Fig. 14.11) Land softly with the 
knees slightly flexed and feet shoulder-width 
apart.

Common Problems Lowering the chest to the 
knees rather than lifting the knees to the chest, 
bringing the knees together during take-off or 
landing, double-bouncing between jumps, and 
landing loudly with a lack of muscle control.

Corrections Lift the knees up to the chest, keep the 
landing controlled and soft, land on the balls of the 
feet, keep the knees and ankles at shoulder- width 

Fig. 14.7 Heel walk [76]

Fig. 14.8 Straight leg march [76]
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throughout the jump, the back should be straight, 
and the eyes looking up.

14.4.2.3  Squat Jump
Instruction Start in a fully crouched position as 
deep as comfortable with the hands touching the 
ground on the outside of the heels. Point the 
knees and feet forward and keep the upper body 
upright with the chest open. Jump up and raise 
the arms to reach as high as possible, and then 
return to the starting position with hands reach-
ing back toward the heels.

External Focus Cue Position two cones in front 
of the athlete hip-distance apart and instruct the 
athlete to point their knees and toes toward the 
cone on landing (Fig. 14.12).

Common Problems Landing with body or knees 
forward, being off-balance, bringing the knees 
together during take-off or landing, and landing 
loudly with a lack of control.

Corrections Reach the hands back toward the heels, 
keep the knees under the hips on take-off and land-
ing, keep the knees and ankles shoulder- width apart, 
keep the back straight, and the head and eyes up.

14.4.2.4  Barrier Jump Side-to-Side
Instruction A cone or barrier approximately 
6–8  inches (in; 15.24–20.32  cm) in height is 
placed on a hard surface. Start upright with the 
knees deeply flexed and then jump from one side 
of the barrier to the other, keeping the feet 
together. Land on both feet at the same time, with 
the same amount of knee flexion as the starting 
position.

External Focus Cue Position two cones in front 
of the athlete hip-distance apart and instruct the 
athlete to point their knees and toes toward the 
cone on landing (Fig. 14.13).

Common Problems Starting or landing with 
stiff, straight, or wobbly knees; not bringing the 
entire body over the barrier; double-bouncing on 
landing and take-off; and not landing with the 
feet together.

Corrections Bend the knees up to clear the bar-
rier, land softly on the balls of the feet and rock 
back to the heels, control the landing to be able to 
immediately take off again, keep the back straight 
with the shoulders back, and keep head and eyes 
up with each jump.

14.4.2.5  Barrier Jump 
Forward–Backward

This is the same as the barrier jump side-to-side, 
except that the athlete jumps forward and back-
ward over the barrier.

14.4.2.6  180° Jump
Instruction Begin with the knees slightly flexed 
and the feet shoulder-width apart. Jump straight 
up and turn 180° in midair before landing 
(Fig. 14.14). Hold the landing for 2–3 s, and then 
reverse the direction and repeat the jump.

Fig. 14.9 Leg cradle [76]
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Common Problems Rotating too much or too lit-
tle; not completing an entire 180° turn; not rotating 
the body together as a unit; landing loudly with 
straight, stiff-legged knees, or with staggered feet 
or one foot landing before the other; always jump-
ing in the same direction (in a circle); achieving 
only minimal height during jump; and not keeping 
the feet shoulder-width apart on landing.

Corrections Jump straight up and rotate the body 
as a unit from the head to the toes, land softly with 
the knees slightly flexed, alternate each jump 
toward the opposite direction (one jump over the 
right shoulder, the next over the left), keep the 
knees and ankles at shoulder- width, keep the back 
straight, and keep the head and eyes up.

14.4.2.7  Broad Jump
Instruction Begin with the knees deeply flexed, 
then jump forward as far as possible, taking off 
and landing on both feet at the same time. Land 
softly in the same deeply crouched position, hold 
for 5 s, and then repeat the jump.

External Focus Cue Position two cones in front 
of the athlete hip-distance apart and instruct the 
athlete to point their knees and toes toward the 
cone on landing and use them as a goal to reach 
(Fig. 14.15).

Common Problems Not holding or sticking the 
landing, letting the knees collapse inward during 
landing and take-off, landing with little knee 

a b

Fig. 14.10 (a, b) Dog and bush walk [76]
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flexion or in an upright position, and using a 
slouched posture.

Corrections Keep the knees over the heels and 
under the hips on take-off and landing, land softly 
on the balls of the feet and rock back to the heels, 
and land in control with the knees deeply flexed.

14.4.2.8  Bounding in Place
Instruction Begin by standing on one leg with 
the knee slightly flexed, eyes looking straight 
ahead, and the opposite leg bent behind the body. 
Staying in one place, alternate the leg positions 
by driving the back leg forward and upward 
(Fig.  14.16). Progressively increase the rhythm 
and height throughout the exercise.

Common Problems Simply alternating the 
knees or jogging in place, landing loudly, and 
landing with unstable knees.

Corrections Use the arms to countermove the 
legs in order to increase height and power, drive 
the knees upward, and land softly.

14.4.2.9  Jump, Jump, Jump, Vertical 
Jump

Instruction The exercise begins with three 
consecutive broad jumps, using deep knee flex-
ion for each take-off and landing. Immediately 
after landing the third jump, a maximum verti-
cal jump is performed and then the deep crouch 
position is used for the final landing, which is 
held for 5 s.

Common Problems Allowing the knees to col-
lapse inward during landing and take-off, and 
carrying the body forward rather than up on the 
vertical jump.

Corrections Keep the knees over the heels and 
under the hips on take-off and landing, land with 
the knees deeply flexed on the balls of the feet 
and rock back to the heels, and go straight up on 
the vertical jump.

14.4.2.10  Barrier Hop Side-to-Side, 
Single Leg

Using the same cone or barrier from phase 1, 
a single-leg hop side-to-side over the barrier is 
performed.

14.4.2.11  Barrier Hop Forward–
Backward, Single Leg

Using the same cone or barrier from phase 1, a 
single-leg hop forward and backward over the 
barrier is performed (Fig. 14.17).

14.4.2.12  Scissor Jump
Instruction Begin in a lunge position with the 
front knee bent directly over the ankle. Push 
off with the front leg, jump straight up in the 
air (Fig. 14.18), and land with the opposite leg 
bent in front. Alternate the legs with each 
jump.

Table 14.6 Sportsmetrics neuromuscular training pro-
gram: jump training component [76]

Jumps Duration

Phase 1: technique
Week 
1

Week 
2

  Wall jump 20 s 25 s
  Tuck jump 20 s 25 s
  Squat jump 10 s 15 s
  Barrier jump (side-to-side) 20 s 25 s
  Barrier jump (forward–back) 20 s 25 s
  180° jump 20 s 25 s
  Broad jump (hold 5 s) 5 reps 10 reps
  Bounding in place 20 s 25 s
Phase 2: fundamentals Week 

3
Week 
4

  Wall jump 25 s 30 s
  Tuck jump 25 s 30 s
  Jump, jump, jump, vertical jump 5 reps 8 reps
  Squat jump 15 s 20 s
  Single-leg barrier hop side-to-sidea 25 s 30 s
  Single-leg barrier hop 

forward–backa

25 s 30 s

  Scissors jump 25 s 30 s
  Single-leg hopa (hold 5 s) 5 reps 5 reps
  Bounding for distance 1 run 2 runs
Phase 3: performance Week 

5
Week 
6

  Wall jump 25 s 20 s
  Jump up, down, 180°, vertical 5 reps 10 reps
  Squat jump 25 s 25 s
  Mattress jump side-to-side 30 s 30 s
  Mattress jump forward–back 30 s 30 s
  Single-leg hop, hop, hop, sticka 5 reps 5 reps
  Jump into bounding 3 runs 4 runs

aRepeat on both sides for the duration or repetitions listed.
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Common Problems Landing with unstable knees 
or with the front knee extended past the ankle, 

alternating legs with minimal height, not switch-
ing the legs directly under the body, landing loudly, 
landing with a straight knee, or landing with stag-
gered feet.

Corrections Push off using the front leg for 
power, land in control with the legs bent and the 
front knee directly over the ankle, keep the back 
straight, keep the head and eyes up, and keep the 
toes pointed forward.

14.4.2.13  Single-leg Hop
Instructions This hop is similar to the broad 
jump, except that the athlete begins and lands on 
one leg. The landing in a deep crouched position 
is held for 5 s.

External Focus Cue Position a cone a few feet 
in front of the athlete and instruct the athlete to 
point their knee and toes toward the cone on land-
ing and use it as a goal to reach (Fig. 14.19).

a b
Fig. 14.11 (a, b) Tuck 
jump [76]

Fig. 14.12 Squat jump with external focus cue [76]
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Common Problems Landing with an unstable or 
straight knee and landing in deep knee flexion but 
standing up immediately.

Corrections Take-off and land with the knees 
and ankles flexed; holding the landing for 5 s is 
more important than the distance jumped.

14.4.2.14  Bounding for Distance
Instructions Begin bounding in place as 
described for weeks 1–2 and then progress in a 
forward direction. Increase the distance with 
each step and keep the knees high.

Common Problems Performing alternating 
knee lifts or a high knee jog, landing loudly or 
with unstable knees, and keeping the knee too 
low.

Corrections Use the arms to countermove the 
legs in order to increase height and power, drive 
the knees upward, and land softly.

14.4.2.15  Jump Up, Down, 180°, 
Vertical

Instructions Begin by flexing both knees and 
jumping onto a 6–8” box or stacked mat. Land 
with both feet together in a deep crouched posi-
tion and immediately jump down off the box or 
mat. Land again in a deep crouched position and 
immediately perform a 180° jump, followed by 
a maximum vertical jump, landing in the deep 
crouched position which is held for 5 s.

Common Problems Landing in an upright 
straight or stiff-legged stance or landing with the 
feet staggered.

a b

c

Fig. 14.13 (a–c) Barrier jump side-to-side with external focus cue [76]
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a b c

Fig. 14.14 (a–c) 180° jump [76]

a b

Fig. 14.15 (a, b) Broad jump with external focus cue [76]
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a b c

Fig. 14.16 (a–c) Bounding in place [76]

a b c

Fig. 14.17 (a–c) Barrier hop forward–backward [76]
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Corrections Land every jump in a deep crouch 
with the knees and ankles flexed, and take-off and 
land on both feet at the same time.

14.4.2.16  Mattress Jump Side-to-Side
Instructions A cone or barrier is placed on a 
cushioned surface approximately 2–3  in. (5.08–
7.62 cm) deep. Jump from one side to the other 
over the barrier (Fig. 14.20).

Common Problems Landing with unstable knees 
or knees collapsed inward, double- bouncing on 
landing, and landing with the feet staggered.

Corrections Take-off and land with both feet par-
allel and together, and control the landing to be 
able to immediately take-off back over the barrier.

14.4.2.17  Mattress Jump 
Forward–Backward

This jump is the same as the mattress jump side- 
to- side, except the jump is performed forward 
and backward over the barrier.

14.4.2.18  Hop, Hop, Hop, Stick
Perform three single-leg hops for a distance and hold 
the final landing for 5 s. The common problems and 
corrections are those described for the single-leg hop.

14.4.2.19  Jump into Bounding
Jump forward off both feet, land on one leg 
with the other bent behind, and immediately 
begin bounding for distance. The common prob-
lems and corrections are those described for the 
bounding for distance hop.

a b c

Fig. 14.18 (a–c) Scissor jump [76]
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14.4.3  Strength Training

A combination of exercises is recommended to 
develop upper extremity, lower extremity, and core 
to improve the overall muscular efficiency. Either 
weight equipment or free weights may be used 
based on the available facilities. The lower extrem-
ity muscle groups targeted are the quadriceps, ham-

strings, gluteals, and gastrocnemius. The athlete 
begins with 12 repetitions for each muscle group. 
When 15 repetitions can be performed, the amount 
of weight is increased. The upper body muscle 
groups are the deltoids, pectorals, triceps, latis-
simus dorsi/low back, and abdominals. Ten rep-
etitions are recommended initially, and when the 
athlete can perform 12 repetitions, the amount of 

a b

Fig. 14.19 (a, b) Single-leg hop with external focus cue [76]

a b c

Fig. 14.20 (a–c) Mattress jump side-to-side [76]
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weight is increased. Athletes are encouraged to use 
70% of their  one- repetition maximum when begin-
ning strength training. The overload principle is 
stressed. When strength training equipment is avail-
able, the following exercises are recommended: leg 
press, leg curl, calf raises, seated row, chest press, 
latissimus dorsi pull-down, shoulder raises, back 
hyperextension, and abdominal crunches. For ath-
letes who do not have access to weight equipment, 
exercises using body weight and resistance band 
may be used as described below.

14.4.3.1  Mini-Squats with Resistance 
Band

Instructions Stand on the center of a strip of 
resistance band with the feet shoulder-width 
apart (Fig.  14.21) and grip each end of the 

band. Pull both hands up to waist level to make 
the band tight. Squat down to an approximate 
70° bend at the hips and knees, lowering the 
body against the resistance of the band. Keep 
the knees over the ankles. Push through the 
heels and rise up to the starting position. 
Perform for 30  s during weeks 1–3 and 60  s 
during weeks 4–6.

Common Problems Forward shift of the body or 
knees, using a slouched posture, and maintaining 
too much slack in the band.

Corrections Wiggle the toes throughout the 
exercise, keep the back straight, the head up with 
eyes looking forward, and the knees centered 
over the ankles.

a b
Fig. 14.21 (a, b) 
Mini-squat with 
resistance band [76]
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14.4.3.2  Walking Lunges Forward
From a standing position, step out with one leg 
as far as possible. Bend the knees and lower the 
back leg toward the ground, stopping just before 
the knee touches the ground (Fig. 14.22). Keep 
the front knee over the ankle. Use the front leg 
to lift back up to the standing position. Bring 
the back leg alongside the front leg, pause, and 
repeat with the opposite leg. Perform for 30 s in 
weeks 1–3 and 60 s in weeks 4–6.

14.4.3.3  Prone Hamstrings 
with Partner Resistance

Instructions The athlete performing the exer-
cise lies flat on a mat on their stomach with the 
abdominal and gluteus muscles tightened to 
press the hips into the floor. A partner uses their 
hands to place pressure on the lower calf which 
the athlete resists, bending at the knee so that 

the heel comes toward the gluteus muscles 
without raising the hips off the mat. The athlete 
continues to bend and straighten the leg as the 
partner applies pressure. Perform on each leg 
for 30  s during weeks 1–3 and 60  s during 
weeks 4–6.

Common Problems The upper body or working 
hip lifts off the ground, and the partner does not 
provide enough resistance to create eccentric 
contractions.

Corrections The hips are kept pressed into the 
ground, the upper body relaxed, and the leg is 
moved through the full range of motion.

14.4.3.4  Supine Hamstring Bridge
Instructions Lie flat on the back, bend one knee, 
and place the heel of the foot as close to the glu-
teus as possible. Extend the other leg straight up 
into the air (Fig. 14.23). Push through the heel of 
the foot that is on the ground and perform small 
lifts in which the gluteus is raised off the ground 
by moving the extended leg higher in the air with 
each lift. Keep the abdominals tight and the upper 
back in neutral. Perform on each leg for 30 s dur-
ing phase 1.

Common Problems The leg is simply swung 
in the air back and forth, the gluteus is not 
raised off the ground, the leg in the air is bent, 
the toe is used to push and not the heel, and the 
body is held up off the ground with the arms or 
hands.

Corrections Press through the heel, keep the 
abdominals tight and the lower back straight, lift 
the leg in the air straight up, and raise and lower 
the leg slowly and under control.

14.4.3.5  Bridge with Alternating Leg 
Hamstring Glide

This exercise is similar to the supine hamstring 
bridge; however, both heels are placed as close as 
possible to the gluteus. Slide one leg to near full 
extension, keeping the heel on the ground, and 
then return it to the starting position. Perform on 
each leg for 30 s in phase 2.Fig. 14.22 Lunge with external focus cue [76]
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14.4.3.6  Bridge with Double-leg 
Hamstring Glide

This exercise is similar to the alternating leg ham-
string glide; however, both legs are slid together 
to near full extension and then brought back to 
the starting position. Perform for 30 s in phase 3.

14.4.3.7  Arm Swing with Resistance 
Band

Instructions Stand on the center of a strip of 
resistance band with the feet shoulder-width 
apart and grip each end of the band. Pull the 
resistance band to waist level so that the band is 
tight and the elbows are at a 90° angle (Fig. 14.24). 
Maintain this position and mimic a running pat-
tern by alternatively swinging the arms from the 
hip up to the ear. Perform for 30 s during weeks 
1–3 and 60 s during weeks 4–6.

Common Problems The arms are not kept at a 
90° angle through the full range of motion, the 
knees are locked, and the torso is twisted.

Corrections The head should be kept up with the 
eyes looking straight ahead, the shoulders should 
be back, the back neutral, and the abdominals tight.

14.4.3.8  Superman (Alternating 
Arms/Legs)

Instructions Lie face down and place the 
forehead on top of the back of one hand. Extend 

the other arm out on the ground. Tighten the 
abdominal muscles and raise the upper body in 
order to lift the extended arm. Simultaneously, 
raise the leg opposite from the extended arm 
using the hip and gluteals (Fig. 14.25). Extend 
the toes and fingers on the lifted extremities 
and keep the abdominals tight. Perform for 
30  s during weeks 1–3 and for 60  s during 
weeks 4–6.

Common Problems The head is lifted up, the 
back is excessively arched, and the leg is raised to 
the side.

Corrections Keep the back as neutral as possible 
and focus the eyes on the mat or ground directly 
below. Lift up from the trunk and lift the leg and 
arm only to where tension is felt in the lower 
back. Keep the abdominals tight.

14.4.3.9  Abdominals (Russian Twists)
Instructions Lie on the ground, bend the 
knees, and place the heels on the floor. Raise 
the upper body up to a 45° angle by bending at 
the hips and not the waist. Maintain this posi-
tion and move the trunk as a unit to rotate the 
upper body  side- to- side. Touch the ground 
with the hands next to the hip with each rota-
tion (Fig. 14.26). Perform 1 day each week for 
30  s in phase 1, 60  s in phase 2, and 90  s in 
phase 3.

a b

Fig. 14.23 (a, b) Supine hamstrings bridge [76]
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Common Problems The posture is slouched 
with rounded shoulders. Only the shoulders are 
twisted instead of the entire torso.

Corrections Keep the back straight and shoul-
ders relaxed and the upper body at a 45° angle. 
Move the torso as a unit and touch the ground 
with the hands with each rotation.

14.4.3.10  Abdominals (Plank)
Instructions Lie face down and position the 
elbows under the shoulders with the forearms on 
the floor (Fig. 14.27). Place the legs hip-distance 
apart and curl the toes. Lift the body up onto the 
elbows and toes, tighten abdominals, and hold. 

Perform 1 day each week for 30 s in phase 1, 60 s 
in phase 2, and 90 s in phase 3.

Common Problems The back or midsection is 
slouched or arched, the head is placed down and 
the chin rests on the chest, and the elbows and/or 
toes are kept too close together.

Corrections Keep the head and posture in a neu-
tral position and the body in a straight line paral-
lel to the ground. Tighten the abdominals 
throughout the exercise.

14.4.3.11  Abdominals (Bicycle Kicks)
Instructions Lie on the back and bend both 
knees toward the chest. The fingertips are posi-
tioned either on the back of the ears or crossed 
over the chest. Raise the upper body up until 
the shoulders no longer touch the ground. Hold 
this position and move the legs in a cyclic 
motion, bringing the heels into the gluteus and 
extending the legs out as close to the floor as 

a b
Fig. 14.24 (a, b) Arm 
swing with resistance 
band [76]

Fig. 14.25 Abdominals (Superman) [76]
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possible (Fig. 14.28). Perform 1 day each week 
for 30 s in phase 1, 60 s in phase 2, and 90 s in 
phase 3.

Common Problems The shoulders are not kept 
off of the ground, the upper body rotates, and the 
legs are moved close to body.

Corrections Lift the upper body up from the 
waist, keep the elbows open and upper body sta-
tionary, and take the legs through a full cycle 
close to the ground.

14.4.3.12  Hip Flexor Resistance Band 
Kicking

Instructions Place one end of a piece of resis-
tance band around the ankle and the other end 
around a stationary object. Stand with the back to 
the stationary object and then step forward with 
the free leg to produce moderate tension in the 
band, producing approximately 15° of hip exten-
sion in the leg with the resistance band 
(Fig. 14.29). Then, drive the knee up and forward 
with maximal effort against the resistance of the 
band until the thigh is parallel with the ground. 
Return the leg to a slightly extended position 
after each exertion. Perform two sets of 10 repeti-
tions, with 30 s of rest between each set. A third 
set of 20 repetitions is done in phase 1, 30 repeti-
tions in phase 2, and 40 repetitions in phase 3.

Common Problems The leg to be exercised is 
simply swung up and back, the hip is hiked up, 
and the torso moves.

Corrections Keep the head and neck straight 
and the upper body still, keep the shoulders and 
hips square, and return the exercising leg to a 
slightly extended position before kicking forward 
again.

14.4.3.13  Steamboats (Hip Flexion)
Instructions This exercise may be done in place 
of hip flexor resistance band kicking. Place a 
resistance band just above the ankles (Fig. 14.30). 
Begin with the feet shoulder-width apart, with one 
knee slightly bent so that the foot is off the ground. 

a b

Fig. 14.26 (a, b) Abdominals (Russian twists) [76]

Fig. 14.27 Abdominals (plank) [76]

a

b

Fig. 14.28 (a, b) Abdominals (bicycle kicks) [76]
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Balance on the other leg and kick the bent leg for-
ward and backward at the hip. Keep the upper 
body stationary. Perform for 30 s on each leg dur-
ing weeks 1–3 and 60 s during weeks 4–6.

Common Problems Bending or extending the 
knee and not moving at the hip, swaying the 
upper body back and forth, and not kicking hard 
enough to feel the resistance from the band.

Corrections Keep the back straight, the shoul-
ders back, and the head and eyes up. There should 
be a small bend in both knees at all times. The 
upper body is kept still and the hips level.

14.4.3.14  Hip Abductor Resistance 
Band kicking

Instructions Place one end of a piece of resis-
tance band around the ankle and the other end 

around a stationary object. Stand sideways so 
that the leg with the resistance is furthest away 
from the object (Fig. 14.31). Step far enough 
to produce moderate tension in the band and 
then kick the outside leg sideways against the 
resistance of the band. Perform two sets of 10 
repetitions, with 30  s of rest between sets. A 
third set of 20 repetitions is done in phase 1, 
30 repetitions in phase 2, and 40 repetitions in 
phase 3.

Common Problems The leg is swung out and 
back without control, and the upper body 
leans too far forward or sideways while 
kicking.

Corrections Keep the head and neck straight 
and the upper body still. Look straight ahead and 
keep the shoulders and hips square.

a b

Fig. 14.29 (a, b) Hip flexor resistance band kicking [76]
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14.4.3.15  Lateral Walking 
with Resistance Band

Instructions This exercise may replace hip 
abduction resistance band kicking. A resistance 
band is positioned just above the ankles 
(Fig. 14.32). Begin with the feet shoulder-width 
apart. Step out with one foot 2–3 feet to the side. 
Slowly and under control, bring the other foot up 
to assume the feet shoulder-width apart position. 
When the distance walked is finished, reverse 
directions so that the opposite foot leads the exer-
cise. Perform for 30 s during weeks 1–3 and 60 s 
during weeks 4–6.

Common Problems Allowing the feet come 
together between steps, snapping the leg that fol-
lows back to the starting position, keeping the 
knees locked, bending forward at the waist, 
rounding the shoulders, and looking down at the 
ground.

Corrections Keep the back and shoulders 
straight and the head and eyes up. Use a com-
fortable distance between steps that permits leg 
control throughout the exercise and keep the 
walking motion slow and under control at all 
times.

a b

Fig. 14.30 (a, b) Steamboats [76]
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14.4.4  Flexibility

Stretching exercises are important to achieve 
the maximum muscle length to allow muscles 
to work with power through a complete range 
of motion. Passive flexibility exercises are per-
formed at the conclusion of training, with each 
stretch held for 20–30 s and repeated two times 
on each side. The major muscle groups targeted 
are the hamstrings, iliotibial band, quadriceps, 
hip flexor, gastrocnemius, soleus, deltoid, triceps, 
biceps, pectoralis, and latissimus dorsi.

14.4.4.1  Hamstrings
Instructions Sit on the floor and extend the right 
leg fully. Bend the left knee and place the inside 
of the foot along the left calf (Fig. 14.33). Keep 
the back straight and slowly reach with both 

hands toward the toes. Place the hands on the 
floor along the side of the legs or hold onto the 
toes.

Common Problems The shoulders are rounded 
when leaning into the stretch, the head drops and 
the chin rests on the chest, and the knee of the leg 
on the ground bends.

Corrections Keep the back straight when lean-
ing forward, bend forward at the waist, and keep 
the shoulders back and head up.

14.4.4.2  Iliotibial Band
Sit on the floor, bend the right knee, and place 
the right foot flat on the floor. Put the left foot 
and ankle on the right thigh just above the knee. 
Place both hands on the floor behind the hips 

a b

Fig. 14.31 (a, b) Hip abductor resistance band kicking [76]
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and press the chest toward the knee and foot. 
Keep the upper torso, neck, and shoulders neu-
tral and open and do not allow the upper back to 
become rounded (Fig. 14.34). This stretch may 
be done lying on the back to support the spine 
and neck.

14.4.4.3  Quadriceps
Instructions From a standing position, grab a 
foot or ankle and lift it up behind the body. Gently 
pull the lower leg and foot up, directly behind the 
upper leg. Do not twist inward or outward 
(Fig. 14.35).

a b
Fig. 14.32 (a, b) 
Lateral walking with 
resistance band [76]

Fig. 14.33 Hamstrings stretch [76]
Fig. 14.34 Iliotibial band stretch [76]
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Common Problems Resting the foot on the but-
tocks, pulling the leg and/or foot inward or out-
ward, and locking the knee of the leg used for 
balance.

Corrections Pull the foot straight up, keep the 
back straight, the shoulders back, and the head 
up.

14.4.4.4  Hip Flexor
Instructions Begin in a lunge position with the 
front knee slightly bent (Fig. 14.36). Push up on 
the rear toe, press the hips forward, and tighten 

the buttocks until a stretch is felt in the front of 
the hip. Keep the upper torso upright and cen-
tered directly over the hips.

Common Problems The upper body leans for-
ward and the hips are not pressed forward.

Corrections Keep the torso upright and cen-
tered over the hips, press or rock the hips for-
ward, and keep the back straight, shoulders back, 
and head up.

14.4.4.5  Gastrocnemius
Instructions Begin in a long lunge position 
with the front knee slightly bent, but not 
extended past the ankle (Fig. 14.37). Place both 
hands on the front of the thigh and lean the 
body forward while keeping the back leg 
straight. Press the back heel down. This stretch 
may also be done by assuming the same posi-
tion, but the hands are placed against a wall for 
support.

Fig. 14.35 Quadriceps stretch [76]

Fig. 14.36 Hip flexor stretch [76]
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Common Problems The back heel rises off of 
the ground, the knee of the back leg bends, and 
upper body posture is not maintained.

Corrections Keep the back leg straight and the 
heel on the ground. Keep the back straight, the 
shoulders back, and head up.

14.4.4.6  Soleus
Stand in a short lunge position. Bend both knees 
and sit the hips down into the back heel, with the 
majority of body weight on the back leg. Keep 
the heel on the floor. This stretch may also be 
done by placing both hands against a wall.

14.4.4.7  Deltoid
While either standing or sitting, bring the left arm 
across the body, placing the elbow close to the 
chest. Clasp the arm at the elbow and gently press 
into and across the body (Fig. 14.38). Keep the 
shoulders relaxed and the head and neck neutral.

14.4.4.8  Triceps, Latissimus Dorsi
While either standing or sitting, extend the right 
arm above the head. Bend the elbow behind the 
head and bring the palm of the hand toward the 
center of the upper back. Grasp the elbow with 
the left hand and gently press down and back 
(Fig. 14.39).

14.4.4.9  Pectoralis, Biceps
While standing, clasp the hands behind the back. 
With the shoulders and neck relaxed, extend the 
elbows. Keep the chest open and lift the hands 
up. The posture stays upright and neutral and the 
knees slightly flexed (Fig. 14.40).

14.4.4.10  Low Back
Kneel on the floor with the hands close to the but-
tocks. Bend forward with the arms fully extended 
reaching out onto the floor. Lower the head 
between the arms with the forehead close to or 
resting on the floor. Gradually move the hands 

Fig. 14.37 Gastrocnemius stretch [76]

Fig. 14.38 Deltoid stretch [76]
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further away from the body. Do not rise up from 
the heels (Fig. 14.41).

14.5  Release to Unrestricted 
Sports Activities

Release to unrestricted sports activities is based 
on the successful completion of the plyometric 
programs and the criteria shown in Table  14.7 
[19, 39]. Testing includes KT-2000 [40, 41] and 
other physical examination parameters: quadri-
ceps and hamstrings isokinetic [42–52], isomet-
ric [53–55], or one-repetition maximum bench 
press and leg press [56, 57]; two single-leg 
hops [42, 44, 45, 58–62]; video drop-jump [32, 
63–65]; single-leg squat [66–69]; and plant and 
cut [70–73] (Fig. 14.42). Other tests to consider 

before the patient is released to unrestricted ath-
letic activities include the multistage fitness test 
to estimate VO2max [74] and the 60-second sit-
 up test or other core strength measures [75].

A trial of function is encouraged in which the 
patient is monitored for knee swelling, pain, over-
use symptoms, and giving-way episodes. Some 
athletes will experience transient knee swelling 

a b

Fig. 14.39 (a, b) Triceps, latissimus dorsi stretch [76]

Fig. 14.40 Pectoralis, biceps stretch [76]

Fig. 14.41 Low back stretch [76]
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Table 14.7 Criteria for release to unrestricted sports activities

Test Criteria for release to sports
Range of knee motion IKDC normal or nearly normal
Lachman IKDC normal or nearly normal
Pivot shift IKDC normal or nearly normal
Patellar pain None
Knee joint effusion None
KT-2000 (134 N total anteroposterior displacement) <3 mm reconstructed—normal contralateral knee
Isokinetic muscle (180°/s and 300°/s) <10% deficit quadriceps and hamstrings compared 

with contralateral side
Isometric muscle (use if isokinetic equipment not available: 
portable fixed or handheld dynamometer, quadriceps 60° 
flexion, hamstrings 60° or 90° flexion, three reps each, use 
mean)

<10% deficit quadriceps and hamstrings compared 
with the contralateral side

One-repetition maximum leg press (use if isokinetic and 
isometric equipment not available)

<10% deficit quadriceps and hamstrings compared 
with the contralateral side

Single-leg hops: any two (single hop, triple hop, triple 
crossover hop, timed hop) [59]

<15% deficit lower limb symmetry on any two tests

Video drop-jump [32] If software available: >60% normalized knee 
separation distance
If software not available, subjective analysis landing 
position, no valgus, knees flexed for controlled 
landing

Video single-leg squat (5 reps) [77] Subjective analysis: no knee valgus, medial- lateral 
movement, or pelvic tilt

Video plant and cut (patient runs 5 m to a spot designated on 
the floor with tape, plants on the reconstructed leg, and then 
performs a 45° cut) [73]

Subjective analysis: high hip and knee flexion, 
upright posture, no valgus collapse

IKDC International Knee Documentation Committee

Fig. 14.42 Final assessment for return to sports includes (a) instrumented Lachman test, (b) isokinetic test, (c) single- 
leg hop test, (d) single-leg squat test, and (e) video drop-jump test (from Noyes and Barber-Westin [76])

a b

upon return to strenuous activities and should be 
educated on how to recognize this problem and 
the importance of reducing activities until the 
swelling subsides. If swelling persists, the ath-

lete is advised to reduce athletics for 2–6 weeks, 
consider use of nonsteroidal anti- inflammatories, 
and use ice and elevation. Upon successful return 
to activity, the patient is encouraged to continue 
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Fig. 14.42 (continued)

with a maintenance program. During the in-sea-
son, a conditioning program of two workouts a 
week is recommended. In the off- season or pre-
season, this program should be performed three 
times a week to maximize gains in flexibility, 
strength, and cardiovascular endurance.

Critical Points

• Criteria for return to unrestricted sports:
 – Successful completion of Sportsmetrics 

training
 – Normal knee stability, range of knee 

motion

 – No swelling, pain, instability with any 
activity

 – <10% deficit isokinetic peak torque quadri-
ceps, hamstrings

 – <10% deficit in distance hopped on single- 
leg hop tests

 – >60% normalized knee separation distance 
video drop-jump test

 – No knee valgus, medial–lateral movement, 
pelvic tilt on single-leg squat

 – High hip and knee flexion, upright pos-
ture, no valgus collapse on the plant and 
cut drill

S. Barber-Westin and F. R. Noyes
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Key Vital Steps in Returning 
Athletes to Sports Following 
ACL Surgery

Kevin E. Wilk and Christopher A. Arrigo

15.1  Introduction

Return to sport (RTS) participation, at any level, 
following anterior cruciate ligament (ACL) sur-
gery can be challenging. It is the final step in a 
6–12 month process that significantly impacts the 
individual both during the short-term rehabilita-
tion process as well as for the rest of their life. It 
can be a difficult and often frustrating undertak-
ing for the patient and clinician, and all too often 
patients do not reach their preinjury level of 
activity or sport participation [1–7]. Buller et al. 
[8] reported that approximately 200,000 ACL 
injuries are sustained in the United States annu-
ally. Wilk et  al. [7] noted, based on insurance 
claim data, that 135,000–145,000 ACL surgeries 
are performed annually in the United States. In 
combination, these data reveal that there are both 
large numbers of individuals who undergo ACL 
surgery every year and a considerable amount of 
individuals who chose to exist without an ACL.

Ardern et al. [1] reported that only 63% of ACL 
reconstructed patients RTS participation at prein-
jury levels. Other authors have reported the return 

to preinjury levels of sport range from 60% to 83%, 
even in professional athletes [2–6]. Statistics reveal 
that only 78% of National Basketball Association 
players return to competition following ACL sur-
gery, and of those, 44% exhibit a decrease in per-
formance and player efficiency [4]. In professional 
football, it has been shown that careers are short-
ened by about 2 years and performance decreased 
by 33% following ACL surgery [3, 5, 6].

Although generally present more often in lower-
level athletes, kinesiophobia, the fear of movement 
or reinjury, is the most common reason cited for not 
being able to return to a preinjury level of participa-
tion [2, 9]. Problems with the structures of the knee 
is the second most reported reason for failure to 
return to preinjury sports participation or activity 
[2]. Using the data above, if 140,000 ACL surgeries 
are performed annually, and only 65% return to 
preinjury level, there remain nearly 50,000 people 
who have undergone ACL surgery who are not 
returning to preinjury or are not confident regard-
ing their knee status. We as clinicians need to do a 
better job! This is especially true in the later phases 
of the rehabilitation process when most insurance 
have restricted or limited physical therapy visits. 
Basically, patients need this advanced phase to 
ensure successful outcomes following ACL sur-
gery, but insurance often runs out prematurely. In 
this chapter, we will discuss the key aspects of the 
advanced rehabilitation phase we believe are essen-
tial in returning a patient to sport participation fol-
lowing ACL injury and/or surgery.
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15.2  Return to Sport: 10 Critical 
Steps for Success

Using a criteria-based, scientific evidence- 
supported approach to rehabilitation after ACL 
surgery is crucial to systematically and success-
fully progress an athlete through the rehabilita-
tion process and maximize their odds of an 
uncomplicated and complete recovery. A stable, 
functionally asymptomatic knee is the ultimate 
goal of this process, culminating in the successful 
return to the athlete’s prior level of athletic par-
ticipation. Getting to this final point of the reha-
bilitation process requires completing numerous 
critical steps. We have outlined these 10 vital 
steps in Table 15.1. These steps span the entire 
rehabilitation process and represent the building 
blocks that combine to allow an unfettered RTS 
participation following ACL surgery. The failure 
to attain any one of these steps will almost cer-
tainly result in the inability of an athlete to return 
to unrestricted athletic participation.

The current trends seen in ACL rehabilitation 
can be traced to several articles by Noyes et al. 
[10] who reported it was safe to use immediate 
knee motion following ACL reconstruction and 
to begin early safe functional exercises. Later, 
Shelbourne and Nitz [11] reported improved clin-
ical outcomes in patients who followed an accel-
erated rehabilitation program, with their patients 
exhibiting better strength and range of motion 
(ROM) with fewer postoperative complications 
and an earlier RTS. The severity of ACL injuries 
and the difficulty encountered in returning ath-
letes to unrestricted, high-level activity highlight 

the need for a sequential, progressive, and struc-
tured approach to rehabilitation following ACL 
surgery, emphasizing full passive knee extension 
[11–15], immediate motion [4, 10, 14–19], 
immediate partial weight-bearing (WB) [14, 15, 
20, 21], functional exercises [14, 22, 23], and 
neuromuscular control exercises and drills. 
Additionally, better motion, improved strength, 
enhanced function, and improved outcomes have 
been demonstrated with formal, supervised reha-
bilitation [24]. We believe that this is a critical 
element, and when formal rehabilitation is abbre-
viated and not continued into the advanced por-
tion of the rehabilitation process, the likelihood 
of a successful return to high-level asymptomatic 
sport drastically decreases. The rehabilitation 
program we use including the phases, goals, and 
the criteria for progression after ACL surgery is 
presented in Table 15.2.

15.2.1  Key Point 1: Restore Full 
Passive Knee Motion 
and Patellar Mobility

Immediate motion is essential to avoid ROM com-
plications following ACL surgery [13, 16, 25–27]. 
The most common complication that contributes 
to a poor functional outcome following ACL sur-
gery is a loss of motion, particularly a loss of full 
passive knee extension [13, 28–31]. The inability 
to fully extend the knee alters joint arthrokinemat-
ics [32–35], leads to scar tissue formation in the 
front of the knee, and increases patellofemoral and 
tibiofemoral joint contact pressure [36]. This can 
result in the development of early onset osteoar-
thritis. It is crucial to achieve some degree of rea-
sonable and safe hyperextension during the first 
few days after surgery and eventually to work to 
restore the symmetrical motion.

The interventions to normalize passive knee 
extension include supine hamstring stretches with a 
wedge under the heel combined with  gastrocnemius 
stretches with a towel. A passive overpressure of 
5–10 lb (2.25–4.5  kg) is applied onto the distal 
femur just proximal to the patella to establish a 
low-load, long-duration stretch as needed 
(Fig. 15.1a). The athlete is instructed to lie supine 

Table 15.1 Ten keys to return to sport

1.   Restore full passive knee motion and patellar 
mobility

2.  Normalize quadriceps muscular strength
3.  Restore neuromuscular control
4.  Retraining change of direction with skill
5.  Restore lateral hip strength
6.  Stabilize above and below
7.  Improve hamstrings strength
8.  Teach proper landing technique
9.  Teach proper running and cutting technique
10.  Allow return to play based on achieving objective 

criteria
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while the low-load, long-duration stretch is applied 
for 12–15 min, four times per day, with the total 
low-load, long-duration stretch applied for at least 
60 min daily [37]. We use this technique immedi-
ately following surgery, not only to maintain and 
improve knee extension, but to prevent the forma-
tion of a flexion contracture or a cyclops lesion.

Hyperextension is restored based on the 
amount exhibited by the uninvolved knee. When 
an athlete exhibits 10° or more of hyperextension 
on the uninjured knee, we will strive to restore 
approximately 7° of hyperextension on the surgi-
cal side during the first week post surgery and 
then gradually restore the remaining hyperexten-
sion once joint inflammation is reduced and mus-
cular control of the quadriceps is restored. We 
often use extension devices to create an overpres-
sure into extension (Fig.  15.1b). Restoring full 
passive knee extension or some appropriate 
degree of hyperextension compared with the 
uninjured limb is imperative for a successful out-
come and long-term asymptomatic knee [38].

Unlike extension, knee flexion should be grad-
ually restored during the rehabilitation process. If 
flexion is pushed too aggressively initially, swell-
ing will result and limit progress. The overall goal 
must be the restoration of full knee flexion, even-
tually pushing the heel to the gluteals passively in 
a prone position. The gradual progression of knee 
flexion milestones includes 0° to 90° in the first 
5–7 days after surgery, 0–100°, 7–10 days after 
surgery, and a 10° increase in passive knee flexion 
weekly until full passive flexion is attained (typi-
cally between 4 and 6 weeks following surgery) 
[39]. If a substantial effusion exists, ROM is 
advanced at a slower pace. Our preference is not 
to be aggressive with knee flexion the first 
5–7 days after surgery, focusing on reducing pain 
and swelling rather than aggressively pushing 
knee flexion and increasing symptoms.

Complete patellar mobility helps prevent ante-
rior knee pain following ACL surgery. Not only 
does patellar mobility enable the restoration of full 
knee motion, it is also required for normal quadri-
ceps function and protects the patella from exces-
sive wear and tear. The loss of patellar mobility 
following ACL reconstruction may have various 
causes, including excessive scar tissue adhesions 
along the medial and lateral retinacula, fat pad 
restrictions [36, 40], and harvesting the ipsilateral 
patellar tendon ACL graft. A loss of superior patel-
lar mobility and an infrapatella contracture syn-
drome results in ROM complications, poor 
quadriceps activation, and ambulation with a flexed 
knee gait [41]. Patellar mobilizations should be 
performed by the rehabilitation specialist clinically 
and independently by patients during their home 
exercise program. Mobilizations are performed in 
the medial/lateral and superior/inferior directions. 
This is a clinical imperative for those with a patellar 
tendon autograft to restore the patella’s ability to tilt 
and glide, especially in the superior direction.

15.2.2  Key Point 2: Normalize 
Quadriceps Strength

Asymmetry in quadriceps strength after ACL sur-
gery alters knee joint kinematics and adversely 
affects the athlete’s ability to RTS [42]. Several 

a

b

Fig. 15.1 (a) A low-load, long-duration stretch to restore 
the patient’s full passive knee extension. A 4.5-kg weight 
is used for 10–15  min, with a bolster placed under the 
ankle to create a stretch. (b) Commercial device 
(Extensionater; ERMI, Inc, Atlanta, GA) to improve 
extension range of motion and prevent compensatory hip 
external rotation

K. E. Wilk and C. A. Arrigo
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outcome studies have documented that symmet-
rical quadriceps are essential to a successful 
injury-free RTS [43, 44]. Inhibition of the quadri-
ceps muscle is common after ACL surgery, espe-
cially in the presence of pain and effusion during 
the acute phases of rehabilitation. Regaining 
volitional quadriceps function and restoring full 
bilateral strength are critical to the pain-free, 
fully functioning knee. Electrical muscle stimu-
lation and biofeedback [45] are often incorpo-
rated during therapeutic exercises to facilitate the 
active contraction of the quadriceps musculature. 
Based on a review of the literature, Kim et  al. 
[46] concluded that using neuromuscular electri-
cal stimulation combined with exercise was more 
efficient than exercise alone to improve the quad-
riceps strength after ACL surgery.

Clinically, we advocate the use of electrical 
stimulation immediately following surgery while 
performing isometric and isotonic exercises 
including quadriceps setting, straight leg raises, 
hip adduction and abduction, and knee extensions 
from 90° to 40° of knee flexion [47]. Patients are 
instructed to actively contract the quadriceps 
musculature with the assistance of the superim-
posed neuromuscular electrical stimulation. The 
patient must concentrate on independently acti-
vating the quadriceps during rehabilitation. Once 
independent muscle activation is achieved, bio-
feedback may be used to facilitate further neuro-
muscular activation of the quadriceps. The 
authors prefer electrical muscle stimulation to 
biofeedback for the vast majority of patients. 
Furthermore, to assist in retarding quadriceps 
muscular atrophy and facilitate hypertrophy in 
the intermediate to advanced phases of rehabilita-
tion, we use blood flow restriction (BFR) to the 
lower extremity during exercise. Empirically, we 
have been very pleased with the results seen using 
BFR during the rehabilitation process.

15.2.3  Key Point 3: Restoration of 
Neuromuscular Control and 
Dynamic Functional Stability

Proprioception and perturbation activities initi-
ated early in the postoperative program serve to 

not only restore the neuromuscular control of the 
lower quarter, but also to improve RTS.  Basic 
proprioceptive training begins during the second 
postoperative week once pain and swelling 
improve and quadriceps control is regained [48–
51]. Proprioceptive training initially begins with 
basic exercises such as joint repositioning and 
weight-shifting. Weight shifts may be performed 
in the medial/lateral direction and in diagonal 
patterns. Mini-squats are also initiated soon after 
surgery.

By approximately the end of week 2, mini- 
squats are progressed to be performed on an 
unstable surface, such as foam or a tilt board, if 
the patient exhibits good postural control and 
form during a double-leg squat on a solid surface. 
The patient is instructed to squat to approxi-
mately 30–45° and to hold the position for 2–3 s 
while stabilizing the tilt board. Wilk et  al. [47] 
showed that the greatest amount of hamstring and 
quadriceps co-contraction occurred at approxi-
mately 30° of knee flexion during the squat. 
Squats may be performed with the tilt board posi-
tioned to move in the medial/lateral or anterior/
posterior direction. Based on previous studies 
showing that muscular contraction can decrease 
knee varus/valgus laxity [52] and that quadriceps- 
to- hamstring muscle strength imbalances lead to 
an increased risk of ligamentous injury [2], we 
believe that improving neuromuscular coactiva-
tion enhances knee stability. As proprioception 
improves, drills to encourage preparatory ago-
nist/antagonist coactivation during functional 
activities are also incorporated at this point in the 
process. These dynamic stabilization drills begin 
during the first 3 weeks following surgery with a 
single-leg stance on flat ground and unstable sur-
faces, cone stepping, and lateral lunge drills.

Single-leg balance exercises, performed on a 
piece of foam with the knee slightly flexed, are 
progressed by incorporating random movement 
of either the upper extremity or the uninvolved 
lower extremity to alter the position of the center 
of mass. Eventually, both upper and lower 
extremity movements may be combined in these 
exercises. (Fig.  15.2) These single-leg balance 
drills with extremity movement are used to pro-
mote dynamic stabilization, improve single-leg 
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stability, and recruit the activation of a number of 
lower extremity muscle groups [53]. Medicine 
balls of progressively heavier weight can also be 
incorporated to provide a further challenge to the 
neuromuscular control system during this type of 
exercise activity.

Perturbation training is also initiated at approx-
imately 3 weeks following surgery. Fitzgerald 
et al. [54] examined the efficacy of perturbation 
training in a rehabilitation program for ACL-
deficient knees and reported more satisfactory 
outcomes and a lower frequency of  subsequent 
giving-way episodes when perturbation training 
is incorporated in the rehabilitation program. 
Wilk et  al. [21], studying female patients after 
ACL surgery, observed improved results when a 
program emphasized perturbation training. 
Therefore, we incorporate perturbation training 
while the patient performs double- or single-leg 

balance exercises on a tilt board or an unstable 
surface. While flexing the knee to approximately 
30°, the patient stabilizes the tilt board and begins 
throwing and catching a 3–5 lb (1.4–2.3 kg) medi-
cine ball. The patient is instructed to stabilize the 
tilt board in reaction to the sudden outside force 
produced by the weighted ball. The rehabilitation 
specialist may also provide perturbations by strik-
ing the tilt board with the foot, requiring the 
patient to stabilize the tilt board with dynamic 
muscular contractions (Fig.  15.3). Perturbations 
may also be performed during this drill by tap-
ping the patient on the hips and trunk to provide a 
postural disturbance to the body. We typically uti-
lize three levels of the tilt board to advance the 
patient into progressively more challenging 
degrees of instability.

Fig. 15.2 Single-leg balance on an unstable surface with 
superimposed upper extremity movement

Fig. 15.3 Single-leg stance (knee flexed at 30°) per-
formed on a tilt board while throwing and catching a 3.2- 
kg plyoball. Manual perturbations are performed by 
tapping the tilt board with the clinician’s foot to create a 
postural disturbance
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Additionally, when neuromuscular training is 
initiated early in the rehabilitation program and 
continually advanced throughout the process, the 
athlete’s confidence in the injured knee improves. 
It has been our experience that, following a seri-
ous knee injury, athletes may become afraid of 
reinjury and returning to high-level function and 
restoring neuromuscular control in the form of 
advancing their perturbation skill significantly 
improves confidence in the injured knee [55]. 
Finally, proprioceptive and neuromuscular con-
trol has been shown to diminish once muscular 
fatigue occurs [56–58]. Therefore, performing 
neuromuscular control drills and exercises toward 
the end of a treatment session, after cardiovascu-
lar training, serves to further challenge neuro-
muscular control of the knee joint when the 
dynamic stabilizers are fatigued enhancing the 
clinical effectiveness of these activities.

15.2.4  Key Point 4: Retrain the Ability 
to Change Direction with Skill

Often, agility drills such as running through lad-
ders, or other agility drills, are performed in one 
direction from start to finish. We believe the ath-
lete should be trained to perform the change of 
direction drills based on the physical therapists’ 
verbal commands to retrain the ability to athleti-
cally change direction during activity. For exam-
ple, the patient would perform a forward chopping 
motion running through the ladder, and on verbal 
instructions, we say “switch” and they perform a 
lateral chopping motion. We can also say 
“reverse” to reverse the athlete’s direction. This 
drill is all based on the athlete’s ability to react 
and to change directions (Fig. 15.4).

15.2.5  Key Point 5: Restore Lateral 
Hip Strength

Lateral hip strength is critical to successful reha-
bilitation and RTS after ACL reconstruction. 
Restoration of the athlete’s lateral hip strength 
helps prevent the femur from adducing and inter-
nally rotating, thus causing valgus collapse of the 

knee. We believe lateral hip strength is critical for 
athletes to achieve and that it helps to restore 
pain-free function and prevent additional lower 
extremity injuries. Improved lateral hip strength 
following ACL surgery is attained through the 
use of movements that facilitate a change in 
planes of motion during the drill or exercise, such 
as lateral slides and reactive lateral slides.

Forward, backward, and lateral cone or cup 
step-over drills are initially used to facilitate gait 
training, enhance dynamic stability, and train the 
hip to help control forces at the knee joint. The 
athlete steps over the obstacle by raising their 
knee to the level of the hip and stepping over a 
series of cones, landing with a slightly flexed 
knee. These cone drills may also be performed at 
various speeds to train the lower extremity to 
dynamically stabilize with different amounts of 

Fig. 15.4 Ladder drill with change of direction
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momentum. Strengthening of the hip and knee to 
eccentrically control the lower extremity is 
imperative to regain function, and these drills 
serve to improve knee stability via proximal and 
distal muscular activation.

Lateral lunges are also performed to improve 
dynamic stability. The athlete is instructed to 
lunge to the side, land on a slightly flexed knee, 
and hold that position for 1–2 s before returning to 
the start position. We use a functional progression 
for lateral lunges in which straight plane lateral 
lunges are performed first, which then progress to 
multiple plane/diagonal lunges, lateral lunges 
with rotation, and lateral lunges onto foam 
(Fig. 15.5). As the athlete progresses, a ball toss 
can be added to any of these exercises to chal-
lenge the preparatory stabilization of the lower 
extremity with minimal conscious awareness.

The exercises and drills we prefer to activate 
and recruit lateral hip musculature include single- 
leg squats, lateral slides, bridging, clams, Russian 
deadlift (RDL), star drills, and perturbation drills 
on a rocker board.

15.2.6  Key Point 6: Knee Control 
Must Be Provided from 
Both Above and Below

Stabilization of the knee joint occurs from above 
and below the knee, requiring a focus on restoring 

the control of the hip complex during the rehabili-
tation program. Emphasis should be placed on 
activation and control of the hip abductors and 
external rotators, as well as strengthening the hip 
extensors, hamstrings, gastrocnemius–soleus 
complex, and posterior tibialis musculature. 
Special consideration is taken to eccentrically 
train the hip abductors, extensors, and external 
rotators because these muscle groups help control 
excessive adduction and internal rotation of the 
femur during WB activities. Moreover, core stabi-
lization exercises are used to aid in controlling 
lateral trunk displacement during functional ath-
letic movements [59–63]. We believe that after 
ACL surgery, it is important that female athletes 
undergo a specific rehabilitation program that 
addresses the predisposing factors that potentially 
led to the injury, focusing on retraining faulty 
mechanics and improving muscular imbalances.

Static and dynamic control and balance activi-
ties need to be incorporated aggressively with the 
goal of training the hip and lower leg to control 
dynamic valgus positions. This is accomplished 
through retraining the lower quarter musculature 
and improving joint position sense to minimize 
or eliminate the impact of hip internal rotation 
and adduction moments, as well as reducing the 
impact of foot pronation to assist in reducing the 
valgus collapse of the knee.

Specific exercises and drills we prefer to 
accomplish this type of control include front 
step-downs, single-leg squats with TheraBand 
CLX spiraled around the athlete’s leg and waist 
(Fig.  15.6), double- and single-leg bridging, 
single- leg stance and balance with resistance 
bands pulling into knee valgus and the athlete 
resisting the movement (Fig. 15.7), lateral slides, 
and the star drill.

15.2.7  Key Point 7: Improve 
Hamstrings Activation 
and Strength

We believe that it is important to not only 
strengthen the hamstring musculature but also to 
improve hamstring reaction time following ACL 
surgery. It has been expressed that the hamstrings 

Fig. 15.5 Lateral lunges performed using a sport cord for 
resistance while landing on a foam pad and catching a 
ball. The patient is instructed to land and maintain a knee 
flexion angle of 30° during the drill
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help reduce ACL strain during running, cutting, 
and other functional activities. Therefore, it is 
important to perform hamstring training in these 
functional patterns of movement. We believe that 
to improve hamstring recruitment and reaction 

time, some nontraditional exercises should be per-
formed. These exercises include supine bridging 
onto a stability ball with hamstring curls 
(Fig. 15.8), backward running, Nordic hamstrings, 
Nordic hamstrings on a Norbord (Fig. 15.9), and 
fast-speed hamstring contractions.

15.2.8  Key Point 8: Teach Proper 
Landing Technique

Because a common mechanism of noncontact 
ACL injury is a valgus stress with rotation at the 
knee, it is important for the athlete to learn to con-
trol this type of valgus moment during activity 
[64–66]. In addition to education on optimal knee 
alignment (keeping the knee over the second toe), 
exercises designed to control these valgus moments 
at the knee include front step-downs (Fig. 15.10), 
lateral step-downs with resistance (Fig.  15.11), 
and squats with resistance around the distal femur 

Fig. 15.6 Single-leg squat with TheraBand CLX spiraled 
around legs and waist

Fig. 15.7 Single-leg stance with resistance band oppos-
ing valgus pull

Fig. 15.8 Supine bridge on stability ball with hamstring 
curl

Fig. 15.9 Nordic hamstring exercise on a Norbord
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(Fig. 15.12). Rehabilitation should train the athlete 
to stabilize the knee through coactivation of the 
quadriceps and hamstrings using various exer-
cises, including tilt board balance exercises while 
performing a throw and catch.

Dynamic stabilization drills must be per-
formed, with the knee flexed approximately 30° 
to promote better alignment and activation of the 
quadriceps and hamstring musculature to facili-
tate landing in a coactivated position [59, 64]. In 
this manner, the hip extensors, external rotators, 
abductors, and core stabilizers are trained while 
emphasizing a flexed knee posture during run-
ning, cutting, and jumping, thereby working to 
control the knee position via the hip/pelvis [60, 
67, 68] and foot position [67]. Both WB and non-
 WB exercises (NWBE) have been shown to be 
effective for rehabilitation and RTS after ACL 
surgery [11]. However, compared to NWBE, 
individuals who perform WB exercises predomi-
nantly tend to have less knee pain, have stable 
knees, are generally more satisfied with the end 
result, and achieve an overall quicker RTS [11].

Plyometric jumping drills are also performed 
to facilitate dynamic stabilization and neuromus-
cular control of the knee joint and to train for the 
dissipation of forces across the lower extremity 
through the muscle’s stretch-shortening  properties 
[69, 70]. Hewett et al. [64] examined the effects 
of a 6-week plyometric training program on the 
landing mechanics and strength of female ath-
letes and reported a 22% decrease in peak ground 

Fig. 15.10 Front step-down movement: during the 
eccentric or lowering phase, the patient is instructed to 
maintain proper alignment of the lower extremity to pre-
vent the knee from moving into a valgus moment

Fig. 15.11 Lateral step-down with resistance bands. A 
resistance band is applied around the inner knee to pro-
vide resistance and to control the valgus moment at the 
knee by recruiting hip abductors and rotators

Fig. 15.12 Lateral stepping with resistance bands around 
the distal femur to further recruit hip musculature
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reaction forces and a 50% decrease in the abduc-
tion/adduction moments at the knee during land-
ing. Moreover, significant increases in hamstring 
isokinetic strength, the hamstring–quadriceps 
ratio, and vertical jump height were reported [64]. 
Using the same plyometric program, Hewett et al. 
[59] reported a statistically significant decrease in 
the amount of ACL injuries seen in female ath-
letes. It must be emphasized that with plyometric 
drills, it is important to instruct the athlete on 
proper jumping and landing techniques as well as 
the control and dissipation of forces.

Plyometric activities are typically initiated 
12–16  weeks after a patellar tendon autograft 
reconstruction and delayed until 16–20  weeks 
following a semitendinosus autograft. The leg 
press machine is initially used to perform plyo-
metrics horizontally, controlling the amount of 
weight and ground reaction forces as the athlete 
learns to correctly perform jumping drills. The 
athlete is instructed to land softly on the toes, with 
the knees slightly flexed, to maximize force dis-
sipation and avoid knee hyperextension. 
Plyometric drills are then progressed to flat 
ground and include ankle hops, jumping in place, 
and lateral, diagonal, and rotational jumping, 
bounding, and skip lunging. Flat ground plyomet-
rics are progressed to incorporate single and mul-
tiple boxes (Fig.  15.13). We usually begin 
plyometric activities with double-leg jumps, pro-
gressing to single-leg jumps. We are cautious with 
plyometric training because of its potential nega-
tive effects on articular surfaces, bone bruises, 
and the menisci. We do not advocate the use of 
plyometrics for the low-level recreational athlete.

15.2.9  Key Point 9: Teach Proper 
Running and Cutting 
Technique

Proper running form and technique is not only 
essential for full pain-free knee function, but also 
to restore high-level knee function. During the 
rehabilitation process, specific running technique 
drills can be performed to ensure proper running 
and cutting techniques are restored. During the 
early running phase, form running drills are per-
formed (Fig.  15.14), as well as resisted running 

(Fig. 15.15) and acceleration/deceleration drills. In 
addition, running, deceleration, and cutting maneu-
vers are performed, first at 50% intensity and then 
gradually increases in intensity as rehabilitation 

Fig. 15.13 Double-leg plyometric jumping drills in the 
lateral direction, in which the patient is instructed to land 
on the box and flat ground with the knee in a flexed posi-
tion. These activities are initiated to allow the quadriceps 
musculature to create and dissipate forces at a higher level 
prior to returning to sport

Fig. 15.14 Form running drill
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progresses. Often, we will use video to record the 
athlete’s running and cutting technique in order to 
analyze performance and provide visual explana-
tion to the athlete regarding proper technique and 
performance.

15.2.10  Key Point 10: Use Objective 
Criteria Fulfillment for 
Progression Back to Sport

“When can I start running?” This is one of the 
most frequently asked questions of almost any 
athlete following ACL surgery. The simple 
answer for any athlete is they can start running 
when they are ready to run. Giving an athlete a 
specific time frame to begin running, or any other 
higher level functional activity, is a critical error 
since the postoperative time itself is not the pri-
mary element that will determine readiness to 
return to running or sport participation.

We advocate the use of objective criteria and 
the successful performance of specific tests to 
determine when an athlete is ready to being run-
ning. Grindem et al. [43] reported that the rein-
jury rate following ACL surgery can be 
significantly reduced by using objective RTS cri-
teria. Using specific criteria to progress through 
the rehabilitation process assists not only in guid-
ing the overall process, but more importantly it 
ensures progressing an athlete when they are 
physically capable, rather than based solely on 
some arbitrary time frame. The criteria we use to 

progress athletes through the rehabilitation pro-
cess are presented in Table  15.2. The specific 
tests and measures we administer and the scores 
necessary to begin running are presented in 
Table  15.3. Using specific tests and predeter-
mined criteria takes the subjective element out of 
athlete progression while providing the athlete 
with known measurable goals that must be 
achieved prior to progressing. This objective for-
mat serves both to motivate athletes and to elimi-
nate as much of the guesswork as possible when 
answering the question, “when can I start running 
again?”

The last step in the sequential progression of 
ACL rehabilitation involves the restoration of 
function through sport-specific training directed 
toward returning the athlete to competition. Many 
of the previously discussed drills, such as cone 
drills, lunges with sport cords, plyometric drills, 
and the running and agility progression, can be 
modified for the specific functional movement 
patterns associated with the athlete’s unique 
sport. Some sport-specific running and agility 
drills include side-shuffling, cariocas, sudden 
starts and stops, zigzags, 45° cutting, and 90° cut-
ting. The specific movement patterns learned 
throughout the rehabilitation program must be 
progressively integrated to provide challenges in 
a controlled setting prior to any return-to-play 
activity.

Advancing functional activity needs to be 
more than just a return to running. Objective 
 testing should include the following: isokinetic 
strength test [44, 71, 72], the International Knee 
Documentation Committee Subjective Knee 
Evaluation Form [73, 74], hop testing [75–77], 
ligamentous testing, functional testing such as a 
T shuttle run, Y balance test, functional move-
ment screen, and other running tests. All of these 
have been advocated. In this process, the athlete 
must also demonstrate sufficient confidence in 
the affected extremity to successfully RTS with-
out any fear or limitations [55, 78].

The complex nature of progressing an athlete 
back to unrestricted sport participation following 
ACL surgery should be, in and of itself, a com-
plex progression of the key functional elements 
necessary for athletic performance. These 

Fig. 15.15 Resisted running
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 elements should then be tested, measured, and 
advanced in a sequential, criteria-driven manner. 
Returning an athlete to participation should be a 
graduated continuum that progresses from the 
least demanding to most demanding activities, 
and not a single test or set of tests that releases an 
athlete to return to participation at any one single 
point in time.

We incorporate a battery of tests applied in a 
sequential five-phased performance assessment. 
This assessment is designed to determine activity 
readiness prior to the introduction of demanding 
functional athletic elements, reduce the risk of 

reinjury or contralateral injury, and promote psy-
chological confidence. This program rank-orders 
the relative demand of functional activities 
required for athletic participation and guides 
advancement back to unlimited activity via 
defined criteria to determine readiness for five 
key athletic elements: running, agility drills, 
jumping, hopping/cutting, and unrestricted sport. 
The tests performed and the criteria to progress to 
each of these athletic elements are presented in 
Table 15.3.

This type of performance progression assess-
ment testing provides the clinician with a useful 

Table 15.3 ACLR performance progression assessment

Goals Tests Criteria
Group A tests: 
clearance to begin 
running (treadmill 
jogging)

1.  IKDC Subjective Knee Evaluation Form: Score_____ 
Pass_____ Fail_____

2.  CKRS Symptom rating: Score_____
Pass_____ Fail_____

3.  30 step-and-holds (forward jump-lunge and landing): 
Pass_____ Fail_____

4. 10 single-leg squats to 45°: Pass_____ Fail_____
5. 1-RM on leg press: inv/nonin = _____/_____=_____
6. 15-min fast treadmill walking: Pass_____ Fail_____
7.  KT-1000 or KT-2000 test (or clinical Lachman test):

Side-to-side difference _____
8.  Isokinetic testing (or handheld dynamometer if 

available): Pass_____ Fail_____
Group A test summary: PASS FAIL
Rationale for failure:

IKDC score = 90
CKRS symptom score = 10
30 step-and-holds without loss of 
balance or excessive motion 
outside sagittal plane
10 consecutive single-leg squats 
without loss of balance or 
excessive motion outside sagittal 
plane
≥70% 1-RM leg press inv/noninv
Treadmill walking: normal gait 
pattern for entire 15 min
KT <2 mm inv/nonin
Isokinetic fulfills criteria for 
quadriceps peak torque/body 
weight (BW) ratio, ham/quad 
(H/Q) ratio, bilateral peak torque 
comparisona

Group B tests: 
clearance to begin 
low-level agility drills

1.  IKDC Subjective Knee Evaluation Form: Score_____ 
Pass_____ Fail_____

2.  CKRS Symptom Rating: Score_____
Pass_____ Fail_____

3.  10 single-leg squats to 45° with weight:
Inv/nonin = _____/_____=_____

4. 1-RM on leg press: inv/nonin = _____/_____=_____
5. Run 1 mile on treadmill: Pass_____ Fail_____
6. KT-1000 or KT-2000 test (or clinical Lachman test):

Side-to-side difference _____
7. Isokinetic testing (or handheld dynamometer):

Pass_____ Fail_____
8.  Single-leg hop tests (single-leg hop for distance, 

timed 6 m hop, triple cross-over hop):
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Pass_____ Fail_____
Group B test summary: PASS FAIL
Rationale for failure:

IKDC score = 90
CKRS symptom score = 10
10 consecutive single-leg squats 
without loss of balance or 
excessive motion outside sagittal 
plane while holding ≥75% weight 
(dumbbells, weight vest, etc.)
>80% 1-RM leg press inv/nonin
Normal running pattern on the 
treadmill
KT <2 mm inv/nonin (values 
same as prior tests)
Isokinetic fulfills criteria for 
quadriceps peak torque/BW ratio, 
H/Q ratio, bilateral peak torque 
comparisona

> 85% hop tests inv/nonin

(continued)
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Table 15.3 (continued)

Goals Tests Criteria
Group C tests: 
clearance to begin 
jumping

1.  IKDC Subjective Knee Evaluation Form: Score_____ 
Pass_____ Fail_____

2. CKRS Symptom Rating: Score_____
Pass_____ Fail_____

3. 10 single-leg squats to 60° with weight:
Inv/nonin = _____/_____=_____

4. 10-RM on leg press: inv/nonin = _____/_____=_____
5.  Lateral shuffle, forward/backward shuttle run, and 

carioca: Pass_____ Fail_____
6. KT-1000 or KT-2000 test (or clinical Lachman test):

Side-to-side difference _____
7. Isokinetic testing (or handheld dynamometer):

Pass_____ Fail_____
8.  Single-leg hop tests (single-leg hop for distance, 

timed 6 m hop, triple cross-over hop):
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Pass_____ Fail_____
Group C test summary: PASS FAIL
Rationale for failure:

IKDC score = 90
CKRS symptom score = 8
10 consecutive single-leg squats 
without loss of balance or 
excessive motion outside sagittal 
plane while holding ≥85% weight 
(dumbbells, weight vest, etc.)
≥85% 10-RM leg press inv/nonin
No compensation patterns with 
deceleration during agility drills
KT <2 mm inv/noninv (values 
same as prior tests)
Isokinetic fulfills criteria for 
quadriceps peak torque/BW ratio, 
H/Q ratio, bilateral peak torque 
comparison, endurance values, 
work fatigue valuesa

>85% hop tests inv/nonin

Group D tests: 
clearance to begin 
hopping and cutting

1.  IKDC Subjective Knee Evaluation Form: Score_____ 
Pass_____ Fail_____

2. CKRS Symptom rating: Score_____
Pass_____ Fail_____

3. 10 single-leg squats to 60° with weight:
Inv/nonin = _____/_____=_____

4. 10-RM on leg press: inv/nonin = _____/_____=_____
5. Forward, lateral, and rotational jumps:

Pass_____ Fail_____
6. KT-1000 or KT-2000 test (or clinical Lachman test):

Side-to-side difference _____
7. Isokinetic testing (or handheld dynamometer):

Pass_____ Fail_____
8.  Single-leg hop tests (single-leg hop for distance, 

timed 6 m hop, triple cross-over hop):
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Inv/nonin = _____/_____=_____
Pass_____ Fail_____
Group D test summary: PASS FAIL
Rationale for failure:

IKDC score = 90
CKRS symptom score = 8
10 consecutive single-leg squats 
without loss of balance or 
excessive motion outside sagittal 
plane while holding ≥90% weight 
(dumbbells, weight vest, etc.)
≥90% 1-RM on leg press
No genu valgum when loading 
into or landing from jumps AND 
equal weight distribution when 
initiating and landing the jumps
KT test <2 mm inv/noninv (values 
same as prior tests)
Isokinetic fulfills criteria for 
quadriceps peak torque/BW ratio, 
H/Q ratio, bilateral peak torque 
comparison, endurance values, 
work fatigue valuesa

>90% hop tests inv/nonin
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set of tools to determine when an athlete is able to 
safely progress into higher-level sports drills and 
return to unrestricted athletic activities. In addi-
tion, it may provide incentive for athletes who 
require additional strength and neuromuscular 
retraining to progress functionally. The testing 
battery we use purposely incorporates a subjec-
tive analysis, conducted by the clinician, regard-
ing the athlete’s running, hopping, jumping/
landing, and cutting maneuvers. A lack of athlete 
confidence or any compensation strategies used 
during these tasks indicates a need for continued 
training and counseling prior to returning to 
advancing functionally.

15.3  Conclusions

RTS is the last piece of the long 6–12  month 
 process of returning an athlete to unrestricted 

activity. It neither happens automatically or acci-
dentally. It is brought to fruition by a lot of hard 
work, effort, and the successful completion of 
critical steps accomplished throughout the reha-
bilitative process. The return to athletics needs to 
address the physical and also the mental aspect of 
the patient’s level of function. Each of these steps 
acts as a building block working in concert, fit-
ting together as pieces of a puzzle, to progres-
sively restore the athlete’s preinjury function and 
athletic ability.

This road takes an athlete from their injury, to 
a diagnosis, surgical intervention, and over an 
extensive course of rehabilitation designed to 
systematically and progressively advance the 
injured athlete back to function—progressing 
their athletic activities, returning them to train-
ing, and finally at the end of this long road, allow-
ing them to take that final step back onto their 
field of play.

Table 15.3 (continued)

Goals Tests Criteria
Clearance for return 
to sport

IKDC score = 90
CKRS symptom score = 8
Achieves ≥90% on all strength 
assessments
Displays a normal running pattern 
that does not increase pain
Has practiced and displays no 
hesitation or compensation 
strategies during agility drills 
(particularly when decelerating) 
when performed at 100% effort
Has practiced and displays 
normal loading (no genu valgum) 
and soft, athletic landings from 
all jumps and hops
Has practiced and displays no 
hesitation or compensation 
strategies during cutting drills 
(particularly when decelerating) 
when performed at 100% effort
KT test values remain unchanged
Fulfills isokinetic testing criteriaa

>90% on hop tests
aIsokinetic test criteria: quadriceps peak torque/BW ratio 180°/s: males >65%, females >55%; H/Q ratio 180°/s: males 
66–72%, females 72–78%; bilateral comparison: quadriceps >85%, hamstrings >90%; endurance ratio 300°/s: quadri-
ceps <15%, hamstrings <10%; no pain during test
BW body weight, CKRS Cincinnati knee rating system, H/Q hamstrings/quadriceps, IKDC International Knee 
Documentation Committee, inv/noninv involved/noninvolved, KT knee arthrometer, RM repetition maximum
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Neuroscience Principles for ACL 
Rehabilitation and Reinjury Risk 
Reduction

James Onate, Daniel Herman, Dustin Grooms, 
Zach Sutton, and Gary Wilkerson

16.1  Anterior Cruciate Ligament 
Injury

An anterior cruciate ligament (ACL) rupture is 
a debilitating activity-related knee injury that 
usually requires surgical reconstruction and 
extensive rehabilitation to restore knee stability 
and function [1–3]. The current best evidence 
suggests that targeting the neuromuscular con-
trol system is the key to effective rehabilitation 

to restore patient function and reduce reinjury 
risk [4, 5]. The current standard of care for ACL 
post- surgical rehabilitation is to engage in neu-
romuscular training, yet a failure rate up to 25% 
remains following return to activity in young 
active individuals [6–8]. This high failure rate is 
further compounded by the majority of individu-
als not even returning to preinjury levels of activ-
ity [9]. This leaves an opportunity to improve 
current neuromuscular training interventions 
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to ensure return to physical activity levels with 
optimal outcomes and reduced second injury risk 
[10–14].

Although evidence supports neuromuscu-
lar training for effective injury prevention and 
rehabilitation, many of these approaches primar-
ily target biomechanical factors such as muscle 
strength, balance, and plyometric function with 
less consideration for cognitive or neurologi-
cal components [4, 5, 15, 16]. While rectifying 
the biomechanical profile and restoring muscle 
strength are vital components of the rehabilita-
tion process, there may be potential to further 
improve function and decrease reinjury risk [17, 
18]. Recent reports demonstrate unresolved neu-
roplastic alterations after injury, reconstruction, 
and rehabilitation that may be limiting func-
tion and the return to sport (RTS) participation 
[19–21]. These data stem from the foundational 
concept that the ACL is not only an intra-artic-
ular ligament providing mechanical stability to 
the knee joint, but is also highly innervated with 
mechanoreceptors that provide afferent signals 
to the central nervous system (CNS) and injury/
reconstruction causes the loss of these mecha-
noreceptors [22–24]. A simple analogy for ACL 
reconstruction (ACLR) is that a torn electrical 
cord can be appropriately put back together, but 
the cord does not properly conduct electricity in 
its previous fashion. By targeting cognitive-asso-
ciated neurological factors during neuromuscular 
rehabilitation progressions, it may be possible to 
improve the transfer of sensorimotor adaptations 
from the clinic to activity, and ultimately improve 
patient outcomes [25, 26].

16.2  Limitations of the Classic 
Structural-Mechanical Model

The very nature of the noncontact ACL injury 
mechanism illustrates the vital role of the CNS to 
restore function and prevent second ACL injury 
[27, 28]. The noncontact ACL mechanism is due 
to a loss of neuromuscular control during activi-
ties that can range from simple running to jump-
landing and rapid direction changes [29–31]. 
This noncontact injury scenario demonstrates 

the need to challenge a broad spectrum of sen-
sorimotor control contributions. The noncontact 
mechanism has repeatedly been associated with 
a failure to maintain knee neuromuscular control, 
while attending to an external focus of attention, 
involving highly complex dynamic visual stim-
uli, variable surfaces, movement planning, rapid 
decision- making, variable player positions and 
environment interactions, and unanticipated per-
turbations [32–35].

While many factors, including hormonal 
[36, 37], gender [38, 39], anatomical [40–43], 
and even genetic [44–46] influences, have been 
implicated in injury risk, the primary focus of 
physical rehabilitation has been dynamic neu-
romuscular control, since it is modifiable [5, 15, 
16, 47–51] and a prospective predictor of primary 
[52–55] and secondary [7] injury. A great deal of 
evidence suggests targeting the neuromuscular 
control system is the key to intervention effec-
tiveness, and the ability to mitigate injury risk 
may be to optimize the biomechanical-neurolog-
ical integrated system [4, 5, 48, 56]. However, 
despite a great deal of biomechanical data to sup-
port altered movement strategies that continue to 
exist despite intervention, orthopedic medicine 
has only just begun to examine how joint injury 
influences the nervous system.

Recent research has demonstrated that CNS 
changes may be more important to sustained 
optimization of movement strategies than reli-
ance on biomechanical post-test measures alone 
[21, 57–63]. This suggests that the CNS underlies 
any modification of injury risk, and to decrease 
risk, a motor control adaptation is required to 
adjust the requisite neuromuscular and biome-
chanically measured change [47, 61, 64–66]. The 
sustainment of movement strategies to reduce 
injury risk is highly associated with a neuroplas-
tic motor learning adaptation [67–71]. However, 
due to limitations of the biomechanical model of 
musculoskeletal injury assessment, current inter-
ventions focus on adaptations made in primar-
ily biomechanical terms that have been shown 
to revert to pre-intervention levels or not induce 
improvement at all [10, 12, 66, 72–74].

Current standard of care interventions that 
target the neuromuscular control system may be 
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missing vital aspects of sensorimotor function 
because significant deficits in neuromuscular 
function remain during RTS [4, 5, 75–77]. The 
best practice neuromuscular control focused pro-
grams may be insufficient to fully address reinjury 
risk or restore patient function [7, 12, 64, 78–80]. 
It is likely that aspects of sensorimotor function 
that are affected by the injury are not adequately 
addressed in therapy, allowing suboptimal 
neuroplastic compensations to occur [81–83]. 
Consideration of neurological post- injury adap-
tations, in addition to restoring mechanical sta-
bility, is needed to formulate adjunct therapeutic 
strategies to improve neuromuscular control.

16.3  Neuromuscular Control

The term neuromuscular control is meant to 
encompass a spectrum of human function, rang-
ing from the afferent input, the processing of 
that input, generation of the efferent output, 
and the overall coordination of the system [84]. 
Neuromuscular control also has a temporal com-
ponent in the continuous feedback loops between 
sensory and motor processing that contribute to 
the final measurable output [85]. As the muscles 
contract and bodily segments move, the afferent 
system is constantly sending new signals to the 
motor system to update the position, force gen-
eration, environmental representation, and other 
factors relative to the output. This constantly 
updating system represents the neuromuscular 
control profile so important to movement control 
and performing motoric tasks.

To experimentally capture the neuromus-
cular control system, a largely behaviorist and 
functionalist methodology has dominated the 
field with reliance on a postural-structural- 
biomechanical approach [86]. This prevailing 
method is concerned primarily with measur-
ing the final output of the system in the form of 
joint biomechanics without any quantification of 
the underlying mechanisms that generate those 
mechanics [9, 87]. This behaviorist or outcome- 
oriented approach does not account for the exten-
sive neural computations associated with sensory 
processing along vestibular, visual, and somato-

sensory pathways which in turn allow for sta-
bility and control in the presence of a changing 
environment [87, 88]. The proprioception, force 
control, and kinesthetic contributions of the sen-
sory system are vital to the organization of motor 
output and maintaining neuromuscular control 
integrity [88]. The ACL is unique compared to 
most ligamentous structures in that it has robust 
afferent connections with the spinal cord [89, 90] 
and cerebrum [24, 91]. This is due to the high 
volume of mechanoreceptors such as free nerve 
endings, Ruffini end organs, Pacinian corpuscles, 
and Golgi receptors in the synovial lining of the 
ACL that contribute a great deal to afferent func-
tion [92–96]. Restoration of these important neu-
rological features has not been well established 
in the clinical setting, yet may prove to be vitally 
important to the future function post ACL injury.

The interaction between proprioceptive 
inputs, such as that from the ACL, and visual 
input plays a crucial role in providing overall 
afferent input to the CNS to regulate move-
ment control feedback loops [88, 97–100]. The 
brain receives somatosensory information in the 
thalamus and primary somatosensory cortex (via 
Brodmann’s areas 3-1-2), and then integrates 
that afferent information caudally in the poste-
rior parietal cortex, areas 5 and 7. This is also 
where the temporal lobe processed vestibular 
and visual information integrates with somato-
sensation before transmitting to the premotor 
cortex (area 8) and finally to the motor cortex 
(area 6) to achieve motor drive [85].

Musculoskeletal injuries may alter this flow 
of somatosensory [19, 81, 101–103], vestibular 
[104–106], and visual [82, 107, 108] processing 
in the CNS to sustain motor control. To maintain 
neuromuscular integrity in the presence of joint 
injury, the CNS may compensate with altered 
motor planning [105], regulation of integrated 
sensory information reaching the motor areas 
[19, 101], increased reliance on visual feedback 
or memory [82, 109], and/or alter the cortical- 
spinal drive [110, 111]. This CNS functional 
reorganization is most likely due to the mechano-
receptors lost in the damaged tissue contributing 
to decreased afferent input [92, 93]. This dimin-
ished sensory function is present despite years 
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after the injury and normalized strength of the 
surrounding musculature [81, 83]. This is a likely 
source of neuroplasticity post musculoskeletal 
injury; thus, examining methods to address the 
sensory-visual-motor system along with the neu-
romuscular system in rehabilitation may improve 
patient function and decrease recurrent injury 
risk.

16.4  Neuromechanical Principles 
of Performance and Injury 
Risk

Action is the expression of cognitive processes 
[112], which integrate expectations derived from 
previous experiences with perceptions of chang-
ing conditions in both internal to the body and 
with respect to the external environment [113]. 
The term perception-action coupling refers to the 
interdependent nature of neural processes that 
link sensory inputs to motor outputs [113–116]. 
The efficiency of perception- action coupling may 
also be referred to as neuromechanical coupling, 
which has specifically been related to supraspinal 
modulation in muscle tone to create an optimal 
state of readiness to respond [117]. Thus, the 
term neuromechanical responsiveness is a desig-
nation for the combination of neurocognitive and 
biomechanical factors that influence the effec-
tiveness of neuromuscular responses to rapidly 
changing environmental circumstances [118].

A list of common neurocognitive dimensions 
important to neuromechanical responsiveness 
can be found in Table 16.1. Vision is the source 
of sensory input that is primarily relied upon to 
make decisions about alternative responses to a 
given external environmental scenario [119], but 
cognitive processes that interpret visual inputs 
do not necessarily produce an internal represen-
tation that perfectly reproduces every element 
of the actual scene [120]. Visual-spatial work-
ing memory is required to synthesize discrete 
“snapshot” visual inputs for brain perception of 
a continuous stream of visual information, with 
processing informed by memories of past experi-
ences in similar scenarios [121]. Simultaneously, 
an athlete will process a continuous stream of 

internal sensory information regarding motor 
performance, such as balance, proprioception, 
and force output. The athlete is not only required 
to attend to these different streams of informa-
tion simultaneous (i.e., dual- tasking), but typi-
cally must be able to process and react as fast as 
possible in order to maximize their task perfor-
mance. Because the brain of a given individual 
provides finite neural resources, rapidly changing 
circumstances in a highly demanding situation 
can require selective attention to a limited num-
ber of key information processing requirements 
[119–122]. If cognitive load exceeds neural pro-
cessing capacity, an athlete may be required to 
narrow the range of sensory information to which 
they attend. This may result in “blindness” to 
unattended visual stimuli or inattention to errors 
in motor control output [123]. Conversely, when 
a primary focus of attention does not exhaust 
processing resources, a larger scope of sensory 
stimuli may be used to maximize performance 
[124]. The relative levels of cognitive demand 
during an athletic task and the cognitive capacity 
of the athlete may contribute to the overall injury 
risk of the athlete.

A practical example of this dynamic may be 
seen in the case of a running back in American 
football who is attempting to advance the ball 
downfield. The running back must use visual 
and spatial cognitive resources to attend to an 
evolving field of play, such as the location of his 
blocking linemen, the angles of pursuit of oppos-
ing linebackers, and his own position relative 

Table 16.1 Dimensions of neurocognitive performance 
in the sport performance context

Dimension Working definition
Visual attention The ability to concentrate on visual 

input to the exclusion of other less 
essential stimuli

Self-monitoring The ability to focus on 
proprioceptive kinesthetic feedback

Agility fine 
motor skill

The ability to make minor 
adjustments in motor activity

Processing 
speed/reaction 
time

The ability to engage in stimuli- 
response behavior within an 
intended time frame

Dual tasking The ability to engage in two 
activities at the same time to 
maximize goal attainment
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to the boundaries of play or first down marker. 
This information is continually compared to 
prior memory formed by practice of the play or 
prior game experience. At the same time, he is 
processing this external information, the running 
back is processing internal feedback of his own 
motor performance and interaction with the envi-
ronment, such as a wet playing field, and then 
responding as needed to make alterations to his 
motor control. The player also needs to be able 
to process and react to these streams of informa-
tion as fast as possible in order to maximize the 
yardage gained on the play. If there is a signifi-
cant mismatch between his capacity for cognitive 
processing and the cognitive load imposed dur-
ing task performance, the running back may be at 
increased risk for injury. This may manifest by a 
contact injury mechanism, whereby the running 
back is unable to adequately prepare to receive a 
hit in a safe manner from a player in his periph-
eral vision to whom he was unable to devote 
attentional resources. Similarly, this increased 
risk of injury could result from a noncontact 
mechanism, possibly due to a lack of attention 
to or errors in processing of internal feedback of 
motor control while prioritizing the processing of 
external sensory information.

This concept of neuromechanical respon-
siveness has been demonstrated in prior stud-
ies. Normal individuals ranging from military 
recruits to high-level collegiate football players 
who perform in the lower range of neurocogni-
tive reaction time have been demonstrated to be at 
increased risk for musculoskeletal injuries [125, 
126]. This effect has also been demonstrated with 
respect to ACL injury risk specifically, with one 
study finding that ACL-injured collegiate athletes 
demonstrated lower levels of preinjury perfor-
mance across a range of neurocognitive domains, 
including visual and verbal memory, visual motor 
speed, and reaction time [127]. Similarly, biome-
chanical performance of athletic tasks associated 
with ACL injury risk has been shown to degrade 
with cognitive loading [128, 129], while athletes 
with poor memory, reaction time, and visual pro-
cessing scores demonstrate worse biomechani-
cal performance on biomechanical measures 
associated with an increased risk of ACL injury 

compared to athletes with good neurocognitive 
scores [130]. This relationship can be compli-
cated by fatigue, which is a well-known risk fac-
tor for injury and has been shown to interact with 
cognitive demands to adversely affect the lower 
extremity biomechanics of female athletes during 
single-leg jump landing [114, 131]. Fatigue may 
exacerbate the adverse effects of other conditions 
or injuries on neural processing capacity, thereby 
increasing susceptibility to lapses in attention, 
distractibility, and inattentional blindness to envi-
ronmental stimuli in the peripheral visual fields.

The dynamics of the relationship between 
cognition and biomechanics are further strained 
after ACL injury.  Rupture of the ACL eliminates 
an important source of mechanoreceptor input 
to the CNS [24, 132, 133], and may have pro-
found implications for maintenance of dynamic 
knee stability [117]. First, increased activation of 
brain areas that focus attention and process sen-
sory information suggests that a greater volume 
of neural resources are required to control knee 
displacements [101]. Second, brain reweighting 
of sensory inputs increases reliance on vision for 
motor programming [107, 134], which has also 
been demonstrated in other ligamentous injuries 
such as chronic ankle instability [135]. These 
increased demands on neural resources may 
impose critical limitations on the ability to per-
form simultaneous visual, cognitive, and motor 
processes, thereby compromising neuromechani-
cal responsiveness. Susceptibility to a poor func-
tional outcome from an ACL injury or to a second 
ACL injury may be increased by low preinjury 
neurocognitive performance, the subsequent neu-
ral maladaptation from the injury, or a combina-
tion of the two [136, 137].

While brain activation patterns can exhibit 
dramatic changes following injury, activation 
patterns can similarly respond to training and 
open a new pathway for rehabilitation subsequent 
to ACL injury [138–142]. Training approaches 
may be used to enhance cognitive processing and 
diminish neural maladaptation from the injury. 
Due to the value of visual information during 
athletic tasks for performance purposes and the 
increased reliance on visual information in the 
absence of proprioceptive information from the 
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ACL, visual-cognitive training during rehabilita-
tion may be important for the attainment of desir-
able neuroplastic adaptions. Choice responses 
to visual stimuli that involve whole- body move-
ments may be advantageous for strengthening 
of functional connectivity that integrates neural 
networks for visual-cognitive and motor tasks 
[138–148]. Such functional network integration 
may explain enhanced automaticity of multi-
task responses that coincide with reduced neural 
activation of circuits linking the primary visual 
cortex, primary motor cortex, and cerebellum 
[139, 149, 150]. Thus, assessment and train-
ing activities should combine focused attention, 
visual stimulus discrimination for rapid decision 
making, and execution of compound motor skills 
[116, 150–152]. A number of computerized sys-
tems are now available to clinically assess and 
train the multiple interrelated aspects of neuro-
mechanical responsiveness, including the capa-
bility for motion tracking of whole-body reactive 
responses to visual targets appearing within a vir-
tual reality environment [58, 116, 152].

16.5  ACL Specific Neurological 
Adaptations

The overarching theory underpinning neuroplas-
ticity from ACL injury is that the CNS afferent 
input is disrupted due to the lost somatosensory 
signals from the ruptured ligament and increased 
nociceptor activity associated with pain, swell-
ing, and inflammation. The disrupted sensory 
input and injury-associated joint instability, mus-
cle atrophy, and movement compensations com-
bine to induce motor control adaptations. The 
reconstruction process leads to further deafferen-
tation of the joint, causing continued neuroplastic 
modifications that result in maladapted efferent 
neuromuscular output [136].

In animal models, the ACL mechanoreceptor 
and afferent connections can be traced within the 
nervous system to the spinal cord, brain stem, 
and cerebral regions that contribute to proprio-
ceptive, nociceptive, and reflex function [89, 91]. 
The initial sensorimotor neuroplasticity after 
ACL injury is likely caused by the abrupt loss 

of this connection that once provided the ner-
vous system with continuous feedback [92–96, 
153]. In human studies, the afferent loss is dem-
onstrated by altered or absent somatosensory- 
evoked potentials with stimulation of the 
common peroneal nerve [24, 102, 103, 133] or, 
in surgery, of the ACL directly [154]. The loss 
of primary afferent information, combined with 
the pain and inflammatory responses, contrib-
utes to fundamentally alter the somatosensory 
feedback [107, 155–157]. The disrupted input, 
combined with mechanical changes and com-
pensations [158, 159] (contralateral loading [80, 
160], hip or ankle strategies [17, 161]), facilitates 
the adaptations for motor control [134, 162, 163]. 
On a foundational level, the altered motor output 
is displayed by disrupted gamma motor neuron 
function [163–165] and perturbation reflexes 
[162, 166] that play a key role in the ability to 
maintain neuromuscular integrity in a changing 
environment, requiring rapid and precise muscle 
stiffness or activation strategies [167–169]. The 
lost ability to rely on reflex and gamma motor 
neuron drive to prepare alpha motor neuron func-
tion requires the CNS to engage in supplemen-
tary mechanisms such as increased utilization of 
visual feedback to maintain the required sensory 
input for motor control [136, 170, 171]. As such, 
neuromuscular control after ACL injury may 
require enhanced visual feedback or memory 
reliance, depriving the CNS of resources once 
used for managing environmental interaction to 
maintain knee joint stability.

These deficits in neural function are not recti-
fied with ACLR, as they may in fact become even 
more pronounced and/or present bilaterally [24, 
110, 111, 165, 172–174]. The bilateral motor 
control, reflex, and proprioceptive changes are 
theorized to be due to both spinal [89, 91] and 
supraspinal [103, 175] mechanisms [176]. This 
ongoing neuroplasticity and altered mechanical 
and biological function of the joint combines to 
reduce proprioception acuity as measured by joint 
position sense [177, 178], movement detection 
[179, 180], and force sense [181]. To investigate 
the neurological adaptions of functional sensory 
loss, Baumeister et  al. used electroencephalog-
raphy (EEG), during force and joint sense tasks, 
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and found that those with ACLR had greater brain 
activation in attentional and sensory areas [19, 
101]. The increased activation may be attributed 
to less neural efficiency, or increased neural load 
to complete the same task; interestingly, despite 
increased cortical activation, proprioceptive per-
formance was still worse in those with ACLR 
as compared to controls [19, 101]. These results 
indicate the loss of the native ACL not only con-
stitutes a mechanical instability but a degree of 
nervous system deafferentation that is not recti-
fied with reconstructive surgery and rehabilita-
tion [153]. This partial deafferentation is further 
illustrated by investigations utilizing transcranial 
magnetic stimulation (TMS) to assess the CNS 
efferent pathway between the quadriceps and the 
brain [175, 177, 182, 183]. Heroux and Tremblay 
reported enhanced resting corticomotor excitabil-
ity in those with ACL injury [182]. A potential 
mechanism for increased resting motor cortex 
excitability may be the altered sensory feedback, 
as the brain attempts to maintain motor output 
with attenuated sensory input. This increase in 
excitability may increase potential feed-forward 
mechanisms by decreasing the threshold for con-
nections with motor planning areas, or allowing 
for increased input from other sensory sources 
(vision, vestibular) [184–187].

A neuroimaging investigation by Kapreli et al. 
[107] provided initial evidence of the neuroplastic 
effects of ACL injury. They performed functional 
magnetic resonance imaging (fMRI) of the brain 
during knee extension-flexion and found those 
with an ACL injury had increased activation of the 
pre-supplementary motor area, posterior second-
ary somatosensory area, and the posterior inferior 
temporal gyrus (pITG), compared to matched 
controls [107]. The pre-supplementary motor area 
is highly involved in complex motor planning 
[188, 189], and despite the relative simplicity of 
the movement task (single joint movement of 40° 
of knee extension-flexion while laying supine), 
those with an ACL injury needed to engage higher 
level motor control areas to a greater degree to 
execute the movement. This increased activation 
possibly indicates that on a neural-control level, 
simple movements are more taxing to those with 
a previous ACL injury [190]. The increase in pos-

terior secondary somatosensory area provides 
further evidence of sensory-based neuroplasticity 
after injury, as this area is involved in regulating 
painful stimuli, but highly interconnected with 
the anterior secondary somatosensory area that 
integrates somatosensory inputs [169, 191, 192]. 
Interestingly, the participants in the study did not 
report pain during the movement, conceivably 
indicating a sensory processing adaptation from 
the initial increase in nociceptive input from the 
traumatic nature of the injury and not an acute 
effect. Alternatively, the prolonged nature of the 
rehabilitation, chronic pain, or joint instability 
may continue to disrupt typical somatosensory 
system afferent integration. The pITG plays a role 
in many cerebral functions [193, 194] but may 
primarily be involved with visual processing of 
movement [169]. As such, an increase in pITG 
activation during movement may indicate that in 
response to ACL injury there is an increased uti-
lization of visual processing and motor- planning 
resources for movement concurrent with depres-
sion of somatosensory function [24, 82, 102, 103, 
107, 133]. The findings of Kaperli et al. were also 
confirmed in ACLR patients with similar altered 
visual-motor and sensory-motor brain activation, 
potentially indicating shifts in cortical-subcortical 
processing and sensory reweighting [137, 171].

16.6  Neuroplasticity in Sport 
Rehabilitation

The transition from rehabilitation to sport activ-
ity is challenged by complex environmental 
interactions that place high demand on cognitive 
and sensorimotor processes and, in turn, increase 
ACL reinjury risk [32–35]. In a constantly chang-
ing environment, the primary afferent pathways 
(vestibular, visual, and somatosensory) interact 
to integrate and contextualize the feedback nec-
essary for the efferent neuromuscular control 
system to maintain adequate stability and control 
[87, 88]. One area of sensorimotor function that 
may uniquely be affected by ACL injury is motor 
control requiring visual feedback [87]. The visual 
system provides a fundamental mechanism for 
coordination, regulation, and control of move-
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ment while managing environmental interac-
tions (external focus) [109, 195, 196]. The need 
for visual feedback is especially true in execut-
ing movement sequences [189, 197] and with 
increases in task complexity and variability [196, 
198–200]. The interplay between vision and 
somatosensation is particularly vital to provide 
sufficient afferent input to the CNS to regulate 
motor control and maintain neuromuscular integ-
rity during action and environmental interaction 
[88, 97–100]. In this sensory-to-motor feedback 
loop, changes to visual or sensory feedback lead 
to subsequent alterations in neuromuscular con-
trol during movement (closed-loop processing) 
[23, 87, 88, 97, 99, 196].

Rehabilitative exercises are typically com-
pleted with an internal focus of control, mean-
ing full attention is being directed to the internal 
aspects of the movement only (e.g., avoidance of 
excessive knee valgus or increasing knee flex-
ion) [5, 22, 201]. Such an internal focus can offer 
positive benefits early in rehabilitation, when 
the need to develop or restore a motor pattern 
or muscle contraction ability is vital. However, 
function in the athletic environment, or even 
activities of daily living, requires constant inter-
actions with the dynamic and constantly chang-
ing visual environment. Sport and activities of 
daily living, therefore, require an external focus 
of control, where attention is directed to the envi-
ronment and the body relies on automatic motor 
control to maintain joint-to-joint integrity [200, 
202, 203].

The need to challenge a broad spectrum of 
sensorimotor control is demonstrated by the 
noncontact ACL injury scenario itself: a fail-
ure to maintain knee neuromuscular control, 
while attending to an external focus of attention, 
involves highly complex dynamic visual stimuli, 
variable surfaces, movement planning, rapid 
decision-making, variable player positions and 
environment interactions, and unanticipated per-
turbations [32–35]. The need to bridge the intense 
neurocognitive and motor control demands of 
sport during rehabilitation may, therefore, benefit 
from specific interventions that target these neu-
rological factors in addition to the biomechanical 
techniques that are already widely addressed.

Trauma to the ACL has been shown to modify 
how the nervous system processes the integra-
tion between vision and somatosensation [81, 
82, 107, 108, 204]. By targeting injury-induced 
sensory-motor plasticity, a unique opportunity 
exists to improve the translation of neuromuscu-
lar system enhancements from the rehabilitation 
environment to the return to sport environment 
[58, 114, 131, 205]. The combined afferent neu-
roplasticity due to the lost mechanoreceptors of 
the ACL [94–96] and efferent neuroplasticity 
due to arthrogenic muscle inhibition [206] and 
disrupted gamma-motor neuron feedback loops 
[173] may induce specific central nervous sys-
tem compensations. We have found that the CNS 
will increase reliance on visual feedback to pro-
gram motion [136, 137, 171, 207–209]. Despite 
the injury, the nervous system continues to sus-
tain motor output in the presence of depressed 
proprioceptive input [81, 82, 210] which may 
force increased use of visual-related feedback 
(memory or directly) by the motor cortex. This 
may also be partially induced, during rehabilita-
tion, as therapy is strongly targeted at increased 
quadriceps activation immediately after surgery 
with a constant focus of attention on the knee 
joint; thus, the nervous system may create this 
visual-motor link during recovery.

Courtney et al. [102, 103, 162] in a series of 
works demonstrated that ACL-deficient indi-
viduals that went on to become copers (posi-
tive outcome without surgery) and adapted their 
movement strategy with increased hamstring acti-
vation to compensate for the instability had absent 
somatosensory-evoked potentials in the brain 
from the ACL.  This was in opposition to non-
copers or those that needed surgery or had a poor 
outcome having intact  somatosensory- evoked 
potentials and no adaptation in motor control 
strategy. This work indicates that, if the brain 
does not receive the disrupted or absent afferent 
signal from a damaged ACL, no motor adaptation 
will occur. Any peripheral or spinal adaptations 
that mitigate the loss of the somatosensory-
evoked potential at the brain actually resulted 
in a poorer outcome [211, 212]. This is further 
supported by recent work of Pietrosimone and 
colleagues who demonstrated that, after ACLR, 

J. Onate et al.



367

those that have the lowest quadriceps activation 
failure, highest strength, and best reported out-
comes have the greatest increase in cortical excit-
ability [175, 178, 211, 212]. This may indicate 
that unique cortical mechanisms underpin recov-
ery from injury and increased top- down and feed-
forward mechanisms can compensate to a degree 
the resulting instability and depressed afferent 
feedback form the injury.

16.7  ACL Injury Induced Sensory- 
Visual- Motor Processing 
Compensations

Neuroplastic observations following ACL injury 
are supported by biomechanical evidence, sug-
gesting that with increased task complexity, neu-
romuscular control is deteriorated in individuals 
with an ACL injury or reconstruction to a greater 
extent than controls, possibly due to overload of 
motor planning resources [213, 214]. The spe-
cific neuroplastic visual-motor control adapta-
tion is observed during static balance as those 
with ACL injury have significantly diminished 
postural control when vision is obstructed (blind-
fold or eyes closed) [108, 215], but limited to no 
degradation in postural control with eyes open, 
as they are able to use vision to compensate and 
maintain balance [216, 217]. A more pronounced 
effect on neuromuscular control is observed 
when disrupting visual-motor processing dur-
ing complex landing and cutting maneuvers that 
play an even greater role in injury risk [218–220]. 
The simple addition of a target, during a jump-
landing task, increased injury risk mechanics 
[221]and altered muscle activation, decreasing 
postural stability [222]. The effects of forcing 
visual focus on the environment during more 
complex cutting or direction change tasks further 
degrades neuromuscular control capability in 
healthy athletes with the addition of a defender 
[219], a virtual soccer interface [223], or a level 
of unanticipated decision making during the task 
(selecting direction) [224, 225]. The effect of 
occupying the visual system with environmental 
cues during landing or change of direction has 
an even greater effect on those with ACL injury 

history [28, 213]. Furthermore, adding an antici-
patory component that integrates visual process-
ing and reaction time further demonstrates a 
reduction in knee neuromuscular control [226]. 
The inclusion of short-term memory and online 
decision-making also demonstrates specific 
adaptations in the maintenance of joint-to-joint 
neuromuscular integrity during complex athletic 
maneuvers such as cutting or sidestepping [114, 
225, 227–230]. Recently, examination of injury 
risk, comparing ball-handling or offensive action 
(considered anticipatory and feedforward in 
nature) vs. defending (considered unanticipatory 
and responsive in nature), demonstrated a higher 
risk with defensive action [231]. This large-scale 
epidemiological data further support the possible 
increased injury risk movement strategies when 
unanticipated, rapid decision-making and/or 
visual-motor feedback is altered during the labo-
ratory biomechanical studies.

These findings, taken together, suggest that 
ACL injury may lead to a cascade of neuroplas-
tic and neuromuscular alterations that increase 
reliance on visual feedback and cortical motor 
planning for the control of knee movement. The 
post-injury disrupted sensory feedback, combined 
with the observed motor compensations, contrib-
utes to fundamentally alter the CNS mechanisms 
for motor control [19, 24, 92, 94, 96, 101, 111, 
133]. In attempting to regulate neuromuscular 
control in the presence of decreased somatosen-
sory input, the nervous system supplements with 
increased motor planning, conscious cortical 
involvement, and greater reliance on visual feed-
back. This ACL injury induced neuroplasticity can 
have consequences for function and further injury 
risk as the visual feedback and motor planning 
neural mechanisms become overloaded in the 
athletic environment. Specific additions to current 
neuromuscular interventions, targeting these neu-
roplastic imbalances, may play a significant role 
to induce sensory-motor adaptations to decrease 
dependence on visual feedback when transition-
ing to more demanding activities [232, 233].

The application of neuroplastic constructs 
during neuromuscular rehabilitation to optimize 
musculoskeletal therapy interventions is a new 
frontier for orthopedic care. The opportunity to 
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supplement traditional interventions by further 
targeting neuroplastic, cognitive, and visual- 
motor capabilities is an exciting time for research 
and clinical practice. These new approaches 
allow clinicians to approximate the neurocogni-
tive demands of higher intensity athletic activity 
in a safe, controlled, and most importantly feed-
back rich environment before reintegration into 
sport. Recognition of the visual-motor implica-
tions in neuromuscular control, injury recovery, 
and prevention, combined with new technologies, 
may help to mitigate post-injury movement dys-
function and decrease injury risk when returning 
to activity.

The training, and even restoration, of primar-
ily biomechanical factors relative to ACL injury 
risk [52, 234] may not be addressing all the phys-
iologic consequences of the injury, as even years 
post injury, patient-reported dysfunction and poor 
movement control persist [79, 80, 83, 159, 235, 
236]. The impaired physical performance and 
patient-reported dysfunction might in part have a 
neurological origin [107, 173, 175]. The capacity 
for neuroplasticity, after injury and during ther-
apy, presents an avenue to close a gap between 
rehabilitation and activity by targeting a broader 
spectrum of sensorimotor function during neu-
romuscular training [12, 16, 64, 79]. Alternative 
approaches and adjunct therapies may help to 
address the neurological system functions associ-
ated with the faulty movement patterns underly-
ing ACL reinjury risk [7, 101, 111, 155].

A possibly overlooked factor in ACL injury 
prevention and rehabilitation design is visual- 
motor control associated with maintaining neu-
romuscular joint-to-joint integrity while engaging 
in the complex athletic environment [35, 237]. 
As physical activity and athletic participation 
require high demand on the visual- motor system 
to maintain environmental interaction as well as 
neuromuscular integrity, visual disruption in reha-
bilitation may be a promising tool to more closely 
mimic sport demands. The ability to sustain motor 
control in the variable sport environment demands 
a complex CNS integration of a constantly chang-
ing profile of sensory inputs including visual feed-
back, proprioception, and vestibular equilibrium 
to maintain neuromuscular control [87, 88].

The increased visual-motor activation in those 
with ACL injury suggests an adapted motor con-
trol strategy that may not be rectified with current 
rehabilitation methods. Advancing the neuro-
muscular control challenge during rehabilitation 
and prevention strategies can facilitate neuro-
plasticity not only for the motor regions, but also 
improve sensory integration and, thereby, address 
the visual processing bias. The key to this train-
ing is to consider the focus of attention, task com-
plexity, visual input, and cognitive load during 
rehabilitation [114, 225]. Many mechanisms are 
available, including incorporating reaction time 
components [225], ball tracking, engaging other 
players [217], adding decision making [114] or 
anticipatory aspects [225] and having the patient 
dual task [214] by engaging the upper extremity 
while doing lower extremity exercises, or sim-
ply occupying the mind with memory or related 
tasks, can all increase the neural demand of our 
neuromuscular training strategies. Additionally, 
as eyes closed or blindfolded conditions have 
a greater effect on balance and movement per-
formance in those with ACL injury, incorporat-
ing them during rehabilitation may address the 
visual-motor neuroplasticity [82, 108]. New 
technologies such as stroboscopic glasses pro-
vide a means to directly perturbate the visual-
motor system under a variety of novel conditions 
that may help the transition back to the athletic 
environment, where visual attention is constantly 
distracted [238, 239]. Previous research using 
vision obstruction (blindfold) demonstrates 
alterations in landing neuromuscular control 
that may increase injury risk [240, 241]. Due to 
the method of limiting vision, these investiga-
tions lacked generalizability and sport specific-
ity as the tasks were simple single movements 
without environmental interaction. The develop-
ment of stroboscopic glasses that disrupt vision, 
without completely removing it, now allows 
visual-motor assessment during dynamic move-
ments and target acquisition tasks. Stroboscopic 
glasses technology allows the patient to engage 
in neuromuscular training under depressed visual 
feedback and increased cognitive load in a safe 
clinical environment. This ability to train under 
a visually disrupted or knockdown stress may 
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provide a means to target unique neuroplastic 
factors in rehabilitation [242, 243]. The con-
sideration of visual-motor approaches during 
injury prevention and rehabilitation programs 
may provide a means to further improve inter-
vention effectiveness. These approaches can be 
paired with foundational neuromuscular tech-
niques for optimizing strength, multiplanar knee 
and trunk control, and movement asymmetries 
[244]. The use of a direct visual disruption tech-
nology such as stroboscopic glasses provides an 
opportunity to supplement traditional interven-
tions [214, 242]. The clinician can add another 
training area that may decrease injury risk by 
targeting visual-motor processing along with the 
traditional neuromuscular, strength, and move-
ment dysfunctions [170, 245]. The cognitive 
approximation of the demands involved in higher 
intensity athletic activity under the supervision 
of a well-trained clinician may further decrease 
musculoskeletal injury risk. Recognition of the 
visual-motor implications for maintaining neuro-
muscular control and injury avoidance may help 
to mitigate injury risk.

While the suggestions above provide a direct 
method to challenge the visual-motor system 
during high level dynamic movements, training 
the visual processing system in isolation may 
also have a beneficial effect on neuromuscular 
control. Swanik et al. provided prospective evi-
dence for decreased visual processing speed as a 
risk factor for primary ACL injury [127]. Swanik 
et al. [127] prospectively reported that decreased 
aspects of neurocognitive function increased the 
risk of experiencing a noncontact ACL injury. 
Specifically, reaction time, visual processing, 
and memory, measured via a computerized con-
cussion baseline assessment (IMPACT), were 
significantly lower than matched controls [127]. 
The role of visual-motor function and reaction 
time to facilitate preparation of the neuromus-
cular system in anticipation of high-risk situa-
tions, maneuvers, or incoming players, provides 
the theorized mechanism for neurocognition to 
influence musculoskeletal injury risk [246, 247]. 
Faster reaction time or processing speed may 
increase the potential to prepare for incoming 
perturbations or cognitively manage the complex 

athletic environment, while maintaining neuro-
muscular control. Visual training has been shown 
to improve reaction time and visual processing 
ability related to sport performance and may be 
worth considering as an aspect of neuromuscular 
reeducation [238].

If visual-motor processing ability is subopti-
mal, this may decrease the ability to compensate 
for external stimuli and/or attenuate the rapid and 
sometimes unanticipated maneuvers that depend 
on quick visual-motor interaction [222, 226, 248]. 
Visual-motor processing is imperative to success-
ful sport function, whereby complex sensory and 
visual feedback must be handled with minimal 
preparation time [35, 246]. Visual memory ability 
may also assist in motor planning during activity 
as the constantly changing environment (player or 
ball positions) must be kept in short-term visual 
memory when planning movement sequences 
[243]. While limited connections exist relat-
ing biomechanical, visual-motor function, and 
changes induced by ACL injury, previous reports 
indicate altered neuromuscular control during 
visual-motor environmental interaction that may 
influence injury risk mechanics in healthy active 
participants [114, 219, 221, 226, 227].

16.8  Use of Neuromechanical 
Principles in Clinical Settings

Traditionally, ACL rehabilitation has focused 
on remediation of peripheral biomechanical 
impairments such as ligament laxity, restricted 
joint motion, and muscle weakness through 
techniques involving strength, flexibility, bal-
ance, and plyometric training in order to return 
athletes to competition after injury and reduce 
risk of ACL reinjury [249]. Utilization of neu-
rocognitive training techniques is less common 
and presents unique challenges to the clinician 
and/or coach. Not only do athletes present with 
high variability in physical ability, especially in 
youth sports, but neurocognitive ability may vary 
even among athletes with similar physical attri-
butes. In addition, many of the published stud-
ies to date using the computerized systems noted 
previously are potentially cost prohibitive and 
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may be unavailable to most athletes with ACL 
injuries. Even if such resources are available, 
the volume of practice likely required to develop 
neurocognitive skills may compete with already 
busy training schedules. Finally, tailoring train-
ing programs to the unique abilities of the indi-
vidual athlete as opposed to mass application of 
neuromuscular programs may hinder large-scale 
implementation of such strategies. Nonetheless, 
the massing body of evidence linking neurocog-
nitive function to injury rink cannot be ignored 
and clinicians must consider all variables when 
developing programs intended to reduce risk of 
ACL injury or reinjury.

When implementing neurocognitive training 
alongside traditional training techniques, care 
must be taken to monitor task complexity as to 
not compromise performance. It is well docu-
mented that as cognitive demands increase phys-
ical performance will decrease [250, 251]. Prior 
to placing challenging neurocognitive demands 
on an athlete, a baseline musculoskeletal profile 
must be established, taking into consideration 
the athlete’s age, skill level, sport, and position. 
A youth athlete without a basic understanding 
of body mechanics and movement strategies 
cannot be expected to maintain the desired knee 
position while undergoing a high degree of cog-
nitive load. It is therefore advisable that ade-
quate neuromuscular control be achieved prior 
to progressing cognitive demands. In addition, 
inexperienced athletes may also perform more 

poorly in neurocognitive tasks [252] and may 
have varying ability to process neurocognitive 
demands, especially if out of context with their 
sport.

As athletes develop motor skill and move 
from the cognitive to associative and autono-
mous stages of motor learning, the training 
environment should transition from achieving 
desired performance to facilitating long-term 
motor learning. As such, the amount and type of 
feedback should be systematically reduced while 
simultaneously increasing the complexity of the 
task environment. One such strategy involves 
adding cognitive challenges to be performed in 
conjunction with the physical task (Table 16.2). 
Often used cognitive tasks include serial sevens, 
serial threes, spelling words backwards, con-
trolled word association (COWA), and the Stroop 
task. While these tasks are not specific to sports, 
they are commonly used to assess an individual’s 
concentration and memory and serve to simulate 
the volume of information that must be processed 
during athletic competition.

In addition to cognitive load, an athlete’s abil-
ity to respond to stimuli may be influenced by their 
ability to visualize their environment and detect 
moving targets. In the context of ACL injury, the 
athlete’s ability to react to varying visual or audi-
tory stimuli and then execute the desired motor 
pattern at high speeds is vitally important. In a 
training or rehabilitation setting, simple oculo-
motor exercises may be implemented to ensure 

Table 16.2 Cognitive tasks

Serial 3’s/7’s Participant asked to perform mental arithmetic, counting 
backwards from a predetermined number by increments of 3 
or 7

Working memory/
attention and mental 
concentration

Phonemic and semantic 
word generation (i.e., 
Controlled Oral Word 
Association Test/COWAT)

Participant asked to spontaneously produce words belonging 
to the same category or beginning with the same letter

Executive function 
(initiation, strategy use, 
set maintenance, 
flexibility)

Stroop color and word task Participant visually presented with a series of words naming 
different colors, each word is printed in either the color 
represented or a different color ink (e.g., the word “red” but in 
blue ink). The participant is asked to name the color of the 
ink, ignoring the meaning of the word

Selective attention/
inhibition

Digits backwards Participants are orally provided a string of random numbers 
which they are asked to repeat in reverse order. The string 
becomes increasingly longer, provided correct responses 
given. Working memory/ attention

Working memory/
attention
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precise visual skills. The most common trained 
movements are pursuits, saccades, and conver-
gence. In a subset of individuals, oculomotor 
impairments have been linked to deficits in neu-
rocognitive scores [253]. Oculomotor training 
progressions may include self-paced saccades, 
Hart Charts, pencil push- ups, and Brock strings 
(Table  16.3). In addition to oculomotor tasks, 
one cannot neglect the degree of head movement 
that occurs in sport, as such vestibular training 
may be of added benefit. Head velocities of up 
to 6000  deg/s have been detected in running, 
with an error as small as one degree resulting in 
visual distortion thus impairing an athlete’s abil-
ity to detect stimuli [254]. Vestibular training 

techniques include balance training and adaption 
exercises, termed vestibular ocular reflex (VOR) 
exercises. The effectiveness of such exercises has 
been well documented in individuals with inner 
ear pathology [255]; however, the effect on ath-
letic performance has not yet been established. 
Both oculomotor and vestibular exercises may 
be progressed by manipulating the environment 
from simple to busy and transitioning targets 
from predictable/stationary to unpredictable/
moving. Coaches and clinicians may use simple 
hand gestures, cue cards, computer programs, or 
actual sports equipment/balls as visual targets. 
As athletes master each task, additional physical 
demands should be placed on the athlete to simu-
late the demands of their sport.

One criticism of sports vision training is a 
potential lack of transfer to performance on the 
field. It is therefore essential, in current context, 
that visual and cognitive training be made to rep-
licate the unique demands of the sport and posi-
tion. For example, a soccer goalie will require a 
high degree of hand-eye coordination, but may 
not need the ball-handling skills of a mid-fielder. 
In contrast, all positions in basketball require 
some degree of hand-eye coordination in addition 
to lower body quickness and agility. It would not 
be expected for the soccer midfielder to perform 
at the same level as the goalie in an object detec-
tion and interception task, but the midfielder may 
exhibit a higher degree of lower extremity control 
in the presence of cognitive loads.

Table 16.4 represents a sample progression 
of basic movements often used in athletic train-
ing routines. The base movement is first made 
more difficult by the addition of a single visual 
or cognitive task, and then by the combination 
of visual and cognitive tasks (Fig. 16.1). If the 
athlete can accomplish the movement within the 
desired parameters, the movement may be pro-
gressed; in our example, a squat is progressed 
to depth jump and the sequence is repeated. The 
exercise continues progressing towards more 
sports-specific movements to include direc-
tional jumping, responding to a variety of cues. 
Ideally, these movements are progressed to on-
field practice with actual opponents as visual 
cues.

Table 16.3 Vision exercises

Saccades Self- 
paced 
saccades

Participant looks back and 
forth between two targets as 
quickly as possible

Hart chart Participant reads a series of 
numbers, letters, or 
symptoms presented in 
columns. May be read 
horizontally or vertically in a 
variety of different patterns

Convergence Pencil 
pushups

Participant holds a target 
(i.e., pencil) in front of your 
face at a comfortable 
distance, then moves the 
target towards their nose 
focusing on the target with 
both eyes until they can no 
longer maintain single 
binocular vision. The target 
is then slowly moved away 
from the participant and the 
movement is repeated

Brock 
strings

Multiple beads are placed on 
a string. One end of the 
string is held at the 
participants nose, the other is 
fixed some distance away 
(distance may vary 1–3 m). 
Participate is asked to focus 
on the first bead, then the 
second, and so on until they 
reach the last bead, at which 
point the process is repeated 
in reverse order

Pursuits Smooth 
pursuits

May involve tracking any 
moving object at speeds slow 
enough as to not elicit 
saccades
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16.9  Case Examples

16.9.1  Case 1

A 22-year-old female presented status-post ACL 
repair from an injury occurring during intramural 
soccer, and with a history of contralateral ACL 
repair 4  years previously. The patient reported 
that her rehabilitation and RTS progression after 
her first surgery only included predictable motor 
demands and that she never fully regained confi-
dence in her ability to protect herself from future 
injury, even during simple running tasks. Despite 
this, she returned to soccer, only to tear her con-

tralateral ACL. For her current injury, the patient 
progressed as expected through initial phases of 
the rehabilitation protocol. The addition of cogni-
tive tasks was used to further challenge automatic-
ity of the skills being developed. After exhibiting 
sufficient strength and balance, agility drills were 
implemented with progression to unanticipated 
direction changes utilizing a flanker and Stroop 
task to challenge concentration. After completing 
rehabilitation for her second ACL reconstruction, 
the patient stated her confidence was significantly 
higher and she planned to continue to include the 
cognitive demands in her training routine.

16.9.2  Case 2

A 12-year-old female was referred to physical 
therapy for patellofemoral pain syndrome, with 
worsening of her injury that occurred during a 
vault performed during gymnastics practice. Upon 
initial evaluation, the patient was determined to 
have inadequate neuromuscular control to main-
tain a neutral patellofemoral during simple squat-
ting tasks. After 4 weeks of physical therapy, the 
patient demonstrated the ability to perform depth 
jumps intended to simulate landing from various 
heights while maintaining patellofemoral neutral 
and without pain. However, when a cognitive task 
(word association) was added to the landing task, 
the patient immediately reverted to her pre-train-
ing movement pattern. The patient was seen for 
three more weeks with a focus placed on dual task 

Table 16.4 Example exercise progression (simple → complex)

Squat Squat
+
ball catch 
OR serial 
3’s

Squat
+
ball catch
AND serial 
3’s

Depth jump Depth 
Jump
+
serial 3’s

Depth jump
+
Simple RT (jump 
right or left after 
landing)

Depth jump
+
Choice RT
(jump right if red 
card, left if black 
card)

Agility Lateral 
shuffle
+
Ball catch or 
COWAT

Lateral 
shuffle
+
Ball catch 
and COWAT

Multi-directional agility
(i.e., 4 cone/square drilla 
with predetermined 
directions

Square 
drilla

+
COWAT

Square drilla

+
Simple RT
(coach points to 
cone)

Square drilla

+
Choice RT
(jump right if red 
card, left if black 
card)

Serial 3’s, see Table 16.2
COWAT controlled oral word association test, RT reaction time
aSquare drill: see Fig. 16.1

START

Fig. 16.1 Square drill. Colored flash cards may be used 
to indicate the target to the patient. A monitor may also be 
used to display colors via a program such as Microsoft 
Powerpoint at regular intervals, with the interval increased 
or decreased depending on the patient’s abilities
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training, specifically during landing tasks. Upon 
discharge, the patient demonstrated the ability 
to land with the desired patellofemoral position 
while attending to various cognitive tasks.
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17.1  Introduction

Soccer and basketball are the most popular sports 
worldwide. A survey of 18 markets across the 
Americas, Europe, the Middle East, and Asia 
conducted in 2017 by The Nielsen Company 
showed soccer had the highest percentage of 
respondents either “interested” or “very inter-
ested” in the sport compared with 10 other sports 
(43%, 736 million people) followed by basket-
ball (36%, 626 million people) [1]. Unfortunately, 
lower extremity injuries are common in these 
sports in athletes of all ages and playing levels 
[2–11]. Recent investigations [2, 3, 5] used a 
Web-based sports injury surveillance system for 
8 academic years to track soccer and basketball 
injuries from 100 high schools. In girls, a total of 
3242 time-loss soccer injuries were sustained 
(national estimate, 1,874,022 injuries) and 2930 
basketball injuries were reported (national esti-
mate, 775,942 injuries). In boys, 2912 time-loss 
injuries in soccer were sustained (national esti-
mate, 1,507,166 injuries). Knee-related injuries 
in soccer occurred in 478 girls (national estimate, 

259,587 injuries), and ligament sprains (knee/
ankle) were the most common diagnosis in 
games, accounting for 34.5% of all injuries. Knee 
injuries in soccer occurred in 242 boys (national 
estimate, 114,384), and ligament sprains were the 
most common diagnosis in games (26%). Knee 
injuries are also among the most common of all 
injuries sustained in collegiate basketball [11].

Anterior cruciate ligament (ACL) tears occur-
ring in soccer and basketball players have been 
noted extensively with large surveillance systems 
[12–15]. Return to sport (RTS) after this severe 
injury entails many months of rehabilitation that 
must incorporate strength, neuromuscular, pro-
prioceptive, and, finally, sports-specific agility 
and skills training. There is little information 
available on proven programs to return soccer 
and basketball players to competition after ACL 
tears and reconstruction [16, 17]

Our center devised training programs for soc-
cer [18] (Sportsmetrics Soccer) and basketball 
[19] (Sportsmetrics Basketball) that implemented 
the components of Sportsmetrics (see Chap. 14) 
along with other exercises and drills designed to 
improve dynamic balance, agility, speed, 
strength, and aerobic conditioning. The programs 
offer a unique blend of neuromuscular retraining 
and sport-specific enhancement tasks to both 
improve player strength, power, skill, and aerobic 
fitness and decrease the risk of a knee ligament 
injury. We encourage all athletes who have suf-
fered serious knee injuries, treated either conser-
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vatively or operatively, to complete these 
programs as end-stage rehabilitation before 
resuming team competition. In athletes who 
undego ACL reconstruction, the rehabilitation 
principles and programs are detailed in Chaps. 11 
and 14. Patients should have completed the run-
ning and agility program and the basic plyomet-
ric training program described in Chap. 14 before 
beginning Sportsmetrics Soccer or Sportsmetrics 
Basketball. All of our postoperative rehabilitation 
programs for major knee operations are designed 
to restore strength, balance, proprioception, and 
neuromuscular indices required in athletes who 
wish to resume sports that require cutting, pivot-
ing, twisting, turning, and landing [20–24].

A series of tests may be conducted before the 
first training session and after the final (18th) ses-
sion to determine if further improvements are 
required in balance, agility, speed, or strength. 
We use the cost-effective field tests for soccer 
players and basketball players described later in 
this chapter (see Sect. 17.5). Sportsmetrics 
Soccer and Sportsmetrics Basketball begin with a 
10-min dynamic warm-up and then move to ply-
ometric exercises described in Chap. 14. Training 
then involves sport-specific agility, speed, and 
aerobic conditioning drills described below. 
Strength and static flexibility exercises are also 
performed as described in Chap. 14. These pro-
grams were conducted and validated in high 
school female athletes [18, 19]. For older athletes 
and those involved in elite national and interna-
tional competition, further training is expected to 
be required to return to the highest level of com-
petition. A variety of resources are available that 
describe training and conditioning concepts for 
elite athletes [17, 25–40].

17.2  Techniques for Running, 
Agility, and Reaction Drills

Common playing situations noted at the time of 
ACL injury involve landing from a jump or a 
change of direction such as a cut or pivot, com-
bined with deceleration where the knee is near 
full extension and the foot is firmly fixed flat on 
the playing surface [41, 42]. The center of mass 

of the body is often noted to be far from the area 
of foot-ground contact. Valgus collapse at the 
knee is frequently reported, although it is 
unknown whether this abnormal position occurs 
before, during, or just after the ACL rupture.

Rehabilitation and sport-specific training pro-
grams for patients recovering from ACL recon-
struction or other major knee operations should 
include instruction to avoid at-risk situations dur-
ing landing from a jump, decelerating, cutting, 
and pivoting maneuvers [43, 44]. The programs 
described in this chapter involve a number of 
drills designed to familiarize and enhance the 
athletes’ ability to perform planned as well as 
unanticipated changes of direction. Awareness 
training techniques including verbal and visual 
feedback are considered vital to successfully cor-
rect form for the most difficult athletic maneu-
vers. The combination of verbal cues from an 
expert instructor and feedback of videotape sam-
ples of the athlete performing a task has been 
shown to reduce impact loads and improve maxi-
mum knee flexion during jump-landing [45–47]. 
Recommended instructions for agility and reac-
tion drills include the following (Fig. 17.1) [41, 
44, 49–52]:

 1. Regardless of the direction, the first step 
should be short. Keep the toes pointed 
forward.

 2. Maintain, as much as possible, control of the 
body’s center of gravity throughout the drill.

 3. Keep an erect posture with a stable trunk and 
avoid excessive anterior pelvic tilt and 
rounded shoulders.

 4. Keep the head and eyes up, looking straight 
ahead.

 5. Keep the body weight evenly distributed 
over the balls of the feet.

 6. Maintain the same angle of hip, knee, and 
ankle flexion throughout the drill, including 
during changes in direction. Knee flexion 
should be >30°.

 7. Avoid a valgus lower limb position.
 8. Keep the knees over the ankles and do not 

allow them to extend over the toes.
 9. During deceleration, use three short steps to 

reduce speed instead of one step.
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 10. During a sidestep cut, bring the foot to the 
midline to plant and keep the torso upright, 
with no rotation, pointed in the general direc-
tion the athlete wishes to travel.

 11. Videotape the athlete while they perform 
drills and exercises to show techniques that 
require correction.

 12. The instructor should demonstrate the cor-
rect technique as often as required, asking 
the athlete to imitate what they see.

17.3  Soccer (Table 17.1)

17.3.1  Agility and Reaction Drills

17.3.1.1  Serpentine Run
Arrange six cones in a zigzag pattern within a 
15 × 37  ft (4.6 × 11.3 m) area (Fig. 17.2). The 
athlete begins on the left of the first cone and 
sprints across to the next cone in the pattern. 
Upon reaching the second cone, the athlete decel-
erates and goes around the cone without stop-
ping. The athlete reaches down and taps the top 
of the cone, then immediately accelerates to the 
next cone, and repeats the decelerate/tap/acceler-

ate sequence. Once the last cone is reached, an 
instructor presses the athlete and forces them to 
cut either right or left. The athlete then jogs back 
to the starting position.

17.3.1.2  Wheel Drill: Listen 
to Instructor

Arrange four cones, each within lunging distance 
of the athlete, in the 12, 3, 6, and 9 o’clock posi-
tions (Fig. 17.3). The athlete stands in the middle 
facing the 12 o’clock cone, which is the neutral 
position. The instructor calls out 1 of the 4 posi-
tions, and athlete responds by lunging toward that 
cone and immediately returning to neutral. At the 
12 and 6 o’clock positions, the athlete may lunge 
with either leg. At the 3 o’clock position, the ath-
lete lunges with the left leg, and at the 9 o’clock 
position, the athlete lunges with the right leg.

17.3.1.3  Shuttle Run
Arrange seven cones in a zigzag pattern within a 
10 × 30 ft (3.0 × 9.1 m) area (Fig. 17.4). The ath-
lete begins on the left of the first cone and sprints 
across to the next cone in the pattern. Upon 
approaching the second cone, the athlete deceler-
ates and performs a sharp cut in order to tap the top 

a b c

Fig. 17.1 (a) Valgus knee position on a side cut, (b) loss of hip and knee flexion angles during deceleration just prior 
to a side cut, (c) knee hyperextension and foot far in front of center of body mass upon planting for a side cut [48]
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Table 17.1 Sportsmetrics Soccer training programa

Component
Session 
no. Exercise Duration

Agility, reaction 1–3 Serpentine run ¼ field, 3 reps
1–3 Wheel drill: listen to instructor 30 s, 2 reps
4–6 Shuttle run ¼ field, 3 reps
4–6 Sprint-stop feet-listen 30 s, 2 reps
7–9 Square drill 30′ × 30′ (9.1 × 9.1 m) box, 2 reps
7–9 Sprint-quick feet-listen 45 s, 2 reps

10–12 Nebraska drill 30′ (9.1 m) long, 4 reps
10–12 Reaction drill-watch instructor point 45 s, 2 reps
13–15 Illinois drill 15′ × 10′ (4.6 × 3.0 m), 4 reps
13–15 Reaction mirror drill, pressing 60 s, 2 reps
16–18 T-drill: 5–10-5 4 reps
16–18 Advanced wheel drill: listen to instructor 60 s, 2 reps

Acceleration, 
speed, endurance

1–3 Partner push-offs, hold 5 s 5 reps
1–3 Sprint-backpedal ½ field or 50 yards (45.7 m), 5 reps
1–3 Jog 4 laps around field (1280 yards, 

1170 m)
4–6 Acceleration with band Go to 10-yard (9.1 m) line
4–6 Sprint with ground touches-backpedal ½ field or 50 yards (45.7 m), 5 reps
4–6 100 yards (91.4 m) shuttle 3 × 100 (300 yards, 274 m), 4 reps
7–9 Partner push-offs, hold 10 s 5 reps
7–9 ½ Eagle into sprint, jog back ½ field or 50 yards (45.7 m), 6 reps
7–9 50 yards (45.7 m) shuttle Up and back × 3 (300 yards, 274 m), 

4 reps
10–12 Acceleration with band Go to 20-yard (18.3 m) line
10–12 Box drill, sprint-90°-backpedal ½ field, 3 reps
10–12 50-yard (45.7 m) cone drill: 10 yards 

(9.1 m)-back, 20 yards (18.3 m)-back, 
30 yards (27.4 m)-back, 40 yards 
(36.6 m)-back, 50 yards (45.7 m)-back

4 reps

13–15 Partner push offs, hold 15 s 5 reps
13–15 Sprint-180°-backpedal ½ field or 50 yards (45.7 m), 7 reps
13–15 Jingle Jangle, 20 yards (18.3 m) Up and back × 5 (200 yards, 183 m), 

5 reps
16–18 Acceleration with band Go to 30-yard (27.4 m) line
16–18 Sprint-360°-sprint ½ field or 50 yards (45.7 m), 7 reps
16–18 Jingle Jangle, 10 yards (9.1 m) Up and back × 5 (100 yards, 91 m), 6 

reps
Ladders, quick 
feet, additional 
jumps

1–3 Ladder: up-up and back-back 2 reps
1–3 Dot drill: double leg jumps 5 reps × 3
4–6 Ladder: toe touches 2 reps
4–6 Dot drill: add split leg jumps 5 reps × 3
7–9 Ladder: outside foot in 2 reps
7–9 Dot drill: add 180° split leg jump 5 reps × 3

10–12 Ladder: in-in, out-out 2 reps
10–12 Dot drill: add single-leg hops 5 reps × 3
13–15 Ladder: up-up and back-back 2 reps
13–15 Dot drill: combo all jumps 5 reps × 3
16–18 Ladder: 1 foot forward, 1 foot backward 2 reps
16–18 Dot drill: combo all jumps 5 reps × 4
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of the cone once it is reached. As soon as the sec-
ond cone is tapped, the athlete immediately accel-
erates across in a straight line to the next cone and 
repeats the decelerate/tap/accelerate sequence 
until the last cone in the pattern is reached. The 
instructor incorporates a ball pass during the cut-
ting maneuvers as shown in Fig. 17.4. Once the 
last cone is reached, the athlete sprints to midfield 
and then jogs back to the starting position.

Table 17.1 (continued)

Component
Session 
no. Exercise Duration

Strength training 1–18 Resistance band: squats Perform all exercise for 30 s during 
sessions 1–6, for 45 s during sessions 
7–12, and for 60 s during sessions 
13–18

Resistance band: lunges
Single-leg heel raise
Prone hamstring (with partner resistance)
Supine hamstring bridge
Abdominals of choice
Hip flexor: resistance band knee drive 
(partner)
Hip abductor: resistance band kicking 
(partner)
Resistance band: arm swing
Wall sits

aFrom Barber-Westin and Noyes [48]
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Fig. 17.2 Serpentine run: (a) course and (b, c) direction [48]
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17.3.1.4  Sprint-Stop Feet-Listen 
to Instructor

The athlete begins sprinting the length of the field. 
During the sprint, the instructor commands “stop” 
at any time, at which point the athlete must imme-
diately stop, hold still, and wait to begin sprinting 
until the instructor commands “go.”

17.3.1.5  Sprint-Quick Feet-Listen 
to Instructor

This drill is the same as the sprint-stop feet-listen 
drill, except when the instructor commands “stop,” 
the athlete must keep their feet moving quickly in 
the same spot until the instructor commands “go.”

17.3.1.6  Square Drill
The athlete begins at the back corner of a 
30 × 30 ft square (9.1 × 9.1 m, Fig. 17.5). Moving 
around the outside of the square, the athlete 
sprints forward, performs a lateral slide across 
(while jumping up to a maximum vertical jump 
between each slide), backpedals to the backside, 
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and performs a lateral slide across the back of the 
square to the starting position. Then, the athlete 
reverses the direction and repeats, starting with 
the lateral slide. A ball may be thrown in at any 
time for a head ball or ground pass.

17.3.1.7  Nebraska Agility Drill
Arrange two cones 30  ft (9.1  m) apart 
(Fig. 17.6). The athlete begins on the right side 
of the first cone and sprints to the left side of 

the second cone. The right hand is placed down 
on the second cone, and a pivot is done around 
the cone until the athlete is facing the first cone. 
The athlete then sprints to the right side of the 
first cone and places their left hand down to 
pivot around the cone until they are facing the 
second cone (completing a figure-8 sequence 
around the cones). Staying on the right side of 
both cones and close to the cones, the athlete 
sprints forward to the second cone. Upon reach-
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Fig. 17.6 Nebraska agility drill: (a) course and (b, c) direction. Solid lines indicate forward sprinting; dotted line indi-
cates backpedaling [48]
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ing that cone, the athlete backpedals to the 
starting line.

17.3.1.8  Reaction Drill-Watch 
Instructor Point

The athletes spread out along the soccer field, 
facing the instructor who is standing on the end 
line. The instructor uses hand motions and points 
toward the direction in which the athletes run. 
For example, if the instructor points straight for-
ward, the athletes backpedal away from the 
instructor. If the instructor points right, the ath-
letes side shuffle to their left. If the instructor 
points diagonally to the right, the athletes back-
pedal diagonally to their left.

17.3.1.9  Reaction Mirror Drill-Partner 
Pressing

Two athletes stand 3–4 ft (0.9–1.2 m) apart, fac-
ing each other. One athlete leads the exercise, 
while the other mirrors the partner. The leading 
athlete may sprint forward, backpedal, or shuffle 
to one side or another quickly. The mirror partner 
follows the lead as fast as possible, moving in the 
exact same direction.

17.3.1.10  Illinois Drill
Arrange four cones in a 30 × 30 ft (9.1 × 9.1 m) 
square (Fig. 17.7). Place four cones in a line in 
the center of the square, approximately 3–4  ft 
(0.9–1.2 m) apart. Beginning at the bottom left 
cone, the athlete sprints forward to the top left 
cone. While reaching down to tap the top of the 
cone, a tight cut is done around the cone. The 
athlete sprints to the first middle cone and then 
zigzags, cutting around each of the four cones in 
the middle, bending down to tap the top of each 
cone. After the athlete rounds the last of the four 
middle cones, they sprint to the bottom right 
cone, cut around the cone while tapping the top 
of the cone, and sprint through the last cone. 
The athlete then jogs to the left to the starting 
position.

17.3.1.11  T-Drill: 5–10-5
Arrange three cones and a start/finish marker so 
that they form the capital letter “T” (Fig. 17.8). 
The first cone should be placed 30 ft (9.1 m) in 
front of the start/finish marker. The two remain-
ing cones should be placed so that each is 
exactly 15 ft (4.6 m) from (and in line with) the 
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Fig. 17.7 Illinois drill: (a) course and (b, c) direction [48]
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first cone. Starting at the base of the “T,” the 
athlete sprints forward to the cone straight 
ahead. Upon reaching the cone, the athlete 
immediately shuffles left, ensuring that the feet 
do not cross at any point during the shuffle. The 
top of the left cone is tapped, and the athlete 
immediately shuffles right, passing the middle 
cone and tapping the top of the cone of the 
right. Then, the athlete immediately sprints to 
the far left cone, taps the cone, sprints to the far 
right cone, taps that cone, sprints to the center 
cone, taps that cone, and backpedals to the 
starting position.

17.3.1.12  Advanced Wheel Drill: 
Listen to Instructor

Arrange eight cones, each approximately 7  ft 
(2.1  m) from center. Place two cones at the 12 
o’clock position, two at the 3 o’clock position, 
two at the 6 o’clock position, and two at the 9 
o’clock position. The athlete begins facing the 12 
o’clock cones, with “quick feet” constantly and 

quickly moving under the body. The instructor 
calls 1 of the 4 positions, and the athlete responds 
by immediately running between the two cones 
and holding the quick feet position until instruc-
tor calls “back.” The athlete returns to the center, 
keeping their feet moving.

17.3.2  Acceleration, Speed, 
and Endurance Drills

17.3.2.1  Partner Push-Offs
Two athletes of similar body weight form part-
ners, one who will sprint and the other who will 
resist the sprinter. The resister places their hands 
on the shoulders of the sprinter (Fig. 17.9). The 
sprinter assumes a starting position and leans for-
ward against the resister. On command, the 
sprinter begins sprinting against the resister, driv-
ing their knees upward and forward, attempting to 
move forward. The resister places enough resis-
tance against the sprinter to keep them stationary 
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or moving only slowly forward. The sprinter 
counts out loud for 5, 10, or 15  s. When the 
sprinter has finished counting, the resister rolls off 
to the side and allows the sprinter to accelerate 
forward for five to ten strides. Then, the partners 
switch rolls and complete the drill again.

17.3.2.2  Acceleration with Band
Two athletes of similar body weight form part-
ners. Both athletes are positioned inside a looped 
resistance band, one behind the other, facing the 
same direction. The partner in front will sprint 
and the partner in back will resist the sprinter. On 
command, the sprinter begins sprinting forward 
at full speed, while the resister leans back and 
holds the band to provide resistance. The distance 
between the sprinter and resister should remain 
constant throughout the entire sprint.

17.3.2.3  Sprint with Ground 
Touches-Backpedal

The athlete begins on the end line and sprints for-
ward to a cone placed 15 yards (13.7 m) away. 
The athlete reaches down quickly, without stop-
ping, and touches the ground next to the cone. 

The feet are kept underneath the body while 
bending at the knees and hips to reach down. The 
athlete sprints another 15  yards (13.7  m) and 
repeats the ground touch. Sprinting is continued 
until midfield is reached, and then the athlete 
backpedals at ¾ speed to the starting position.

17.3.2.4  ¼ Eagle Sprint-Backpedal
The athlete begins facing a sideline in an athletic 
ready position. The athlete performs a jump 
sequence by first jumping to face midfield, then 
jumping back to face the sideline, then jumping 
with their back to the field, and then jumping 
back to face the sideline. This jump sequence is 
repeated until the instructor commands “go” at 
which time they sprint to midfield and then back-
pedal to the starting position.

17.3.2.5  Box Drill, 
Sprint-90°-Backpedal

The athlete begins at the bottom right corner of 
the penalty box (Fig.  17.10). Upon command, 
they sprint forward to the top of the box and per-
form a 90° turn by pivoting on the left foot and 
turning over the right shoulder. The athlete should 
be facing the right-hand sideline. They backpedal 
the length of the top of the box and, at the corner, 
make a 90° turn by pivoting on the right foot and 
turning over the right shoulder. The athlete should 
be facing the end line. They then sprint to the end 
line and make another 90° turn, pivoting on the 
left foot and turning over the right shoulder. The 
athlete backpedals to the starting position. They 
retrace the square by immediately sprinting to the 
end line, making a 90° pivot on the right foot and 
turning over the left shoulder, backpedaling to 
the top of the penalty box, making a 90° pivot on 
the left foot and turning over the left shoulder, 
sprint to the other side of the penalty box, and 
end with a 90° pivot on the right foot and turn 
over the left shoulder to backpedal to the finish.

17.3.2.6  Sprint-180°-Backpedal
The athlete begins at the end line, sprints to the 
penalty line, and completes a 180° turn, keeping 
the feet and knees directly under the body and 
taking short, choppy steps. The athlete backped-
als to the midline and then immediately sprints 
back toward the end line. Upon reaching the pen-

Fig. 17.9 Partner push-offs [48]
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alty line, the athlete completes another 180° turn 
and backpedals to the starting position.

17.3.2.7  Jingle Jangle
The athlete sprints a series of five repetitions of 
20 yards (18.3 m), up and back (Fig. 17.11).

17.3.2.8  Sprint-360°-Sprint, Jog Back
The athlete begins at the end line, sprints to the 
penalty line, and completes a 360° turn, keeping 
the feet and knees directly under the body and 
taking short, choppy steps. The athlete sprints to 
the midline, backpedals to the penalty line, com-
pletes another 360° turn, and backpedals to the 
starting position.

17.3.3  Ladders, Additional Jump 
Drills

17.3.3.1  Ladder: Up-Up 
and Back-Back

A 15-ft (4.6 m) ladder is placed along the side-
line (Fig.  17.12). The athlete begins at the left 
end of the ladder and steps the right foot forward 
and diagonally over the ladder into the first 
square, followed quickly by the left foot. As 
soon as the left foot crosses the ladder, the ath-
lete steps the right foot backward and diagonally 
(back over the ladder), again followed quickly 
by the left foot. This pattern is continued until 

the other end of the ladder is reached. Once the 
end of the ladder is reached, the same pattern is 
completed back to the starting position, leading 
with the left foot.

17.3.3.2  Ladder: Toe Touches
The athlete begins in front of the ladder with the 
right toe touching one side of the ladder and left 
foot on the ground. On command, the athlete 
alternates toe touches from left toe to right toe. 
The feet are switched in the air as quickly as pos-
sible. Only the toes should touch the ladder. This 
exercise may be done with a soccer ball instead 
of a ladder.

17.3.3.3  Ladder: Outside Foot In
The athlete begins at the bottom right of the lad-
der and steps the right foot in the first square of 
the ladder (Fig. 17.13). Then, the athlete steps the 
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left foot to the left outside of the first square, fol-
lowed by the right foot. Next, the athlete steps the 
left foot in the second square, followed by the 
right foot outside the ladder and then the left foot. 
This pattern is continued to the end of the ladder 
and is then repeated, moving backward.

17.3.3.4  Ladder: In-In, Out-Out
The athlete begins at the bottom of the ladder, 
with the feet spread apart outside of the first 
square as shown in Fig. 17.14. They step the right 
foot forward into the first ladder square, followed 
quickly by the left foot. As soon as the left foot 
touches down in the ladder square, the right foot 
steps forward and laterally (to the outside right of 
the ladder) so that it is parallel to the ladder and 
in line with the ladder’s rung. Once the right foot 
touches down outside of the ladder, the left foot 
steps forward and laterally (to the outside left of 
the ladder) so that it too is parallel to the ladder 

and in line with the rung. Once the left foot is 
down, the right foot steps forward and laterally 
into the next ladder “square,” followed immedi-
ately by the left foot. The athlete continues this 
pattern along the length of the ladder. Upon 
reaching the end of the ladder, the athlete follows 
the same pattern described above but navigates 
the footwork backward in order to return to the 
starting position.

17.3.3.5  Ladder: 1 Foot Forward, 1 
Foot Backward

The athlete begins at the right end of the ladder 
and places the left foot inside the ladder and 
the right foot in front of the ladder (Fig. 17.15). 
The left foot is lifted slightly to step the right 
foot behind the ladder. Next, the left foot is 
stepped into the next square of the ladder to the 
left. The athlete repeats the pattern of placing 
the right foot in front of the ladder and then 
behind the ladder. Upon reaching the end of the 
ladder, the athlete switches legs so that the 
right foot is always in the ladder and the left 
foot steps to the front and to the back of the 
ladder.

17.3.3.6  Dot Drill: Double-Leg Jumps
For all of the dot drills, the athlete should be 
reminded to keep the knees and ankles aligned 
under their hips and the knees and toes pointed 
straight forward. The knees should be flexed at 
all times, and the landings should be soft and 
quiet. Avoid a valgus alignment and unstable 
(wiggle, wobble) knee position during takeoff 
and landing. For the double-leg jump, the athlete 
begins with both feet on A in the pattern shown in 
Fig. 17.16. The athlete jumps to B and then con-
tinues to C, D, E, C, and back to A.

17.3.3.7  Dot Drill: Split-Leg Jumps
The athlete performs the double-leg jump pat-
tern, ending with both feet on C shown in 
Fig. 17.17. Then, the athlete immediately jumps 
and lands with the left foot on A and the right foot 
on B at the same time. The athlete jumps with 
both feet to C and then jumps with split feet to D 
and E.  The athlete then returns back the same 
way without turning around.
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17.3.3.8  Dot Drill: 180° Split-Leg 
Jumps

The athlete performs the split-leg jumps, ending 
with the left foot on A and the right foot on B as 
shown in Fig. 17.18. The athlete jumps to C with 
both feet and then to D and E with split feet. The 
athlete quickly jumps, turns 180° to their left 
(facing the other direction), and lands with split 
feet on D and E. The athlete then jumps to C with 
both feet and then to A and B with split feet. The 
athlete turns quickly again with a 180° spin to the 
right and lands with split feet on A and B.

17.3.3.9  Dot Drill: Single-Leg Hops
The athlete performs the 180° split-leg jumps, 
ending with the left foot on A and the right foot 
on B. Then, the athlete jumps to C using only the 
right foot (Fig. 17.19). Using only the right foot, 
the athlete proceeds from D to E to C to A and to 
B. This pattern is repeated five times. Then, the 
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athlete ends the last pattern on A and then jumps 
with the left foot only to B to C to D to E to C to 
A and to B.

17.3.3.10  Dot Drill: Combo All Jumps
Perform all four patterns as described above.

17.4  Basketball (Table 17.2)

17.4.1  Agility and Reaction Drills

17.4.1.1  Shuttle Drill
A course is set with six cones in a zigzag pattern 
within a 15 × 30 ft (4.6 × 27.4 m) area as shown 
in Fig. 17.20. Beginning at the first cone, the ath-
lete sprints diagonally toward the second cone. 

START
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Rt
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E D

Fig. 17.19 Dot drills: single-leg hops [48]

Table 17.2 Sportsmetrics Basketball training programa

Component
Session 
no. Exercise Duration

Agility, reaction 1–3 Shuttle drill 2 reps
1–3 Maze drill 3 reps
4–6 Tip drill 3 min
4–6 Figure 4 drill 2 reps
7–9 Square drill 2 reps
7–9 4 dot drill, ¼ Eagles 3 reps

10–12 Defensive slides 45 s, 3 reps
10–12 Shoot and sprint 3 reps
13–15 Tip drill 4 min
13–15 Irish “D” 4 reps
16–18 T-drill: 5–10-5 4 reps
16–18 Kill the grass drill 2 min

Acceleration, speed, 
endurance

1–3 Mountain climbers 10 s, 5 reps
1–3 Sprint-backpedal 5 reps
1–3 Suicides 2 reps
4–6 Mountain climbers 15 s, 5 reps
4–6 Sprint-backpedal 7 reps
4–6 Suicides: forward/

backward
2 reps

7–9 Mountain climbers 20 s, 5 reps
7–9 ¼ Eagle sprint-backpedal 5 reps
7–9 Suicides: defensive slides 2 reps

10–12 Mountain climbers 25 s, 5 reps
10–12 Sprint with ground touches 5 reps
10–12 Full court relay 5 reps
13–15 Mountain climbers 25 s, 5 reps
13–15 Sprint-180°-backpedal 5 reps
13–15 Sprint-quick feet 30 s, 2 reps
16–18 Mountain climbers 30 s, 5 reps
16–18 Sprint-360°-backpedal 5 reps
16–18 Power rebounds relay 1 rep

(continued)
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Table 17.2 (continued)

Component
Session 
no. Exercise Duration

Ladders, quick feet, 
additional jumps

1–3 Ladder: high knees 4 reps
1–3 High knee ball toss over 

barrier
45 s, 2 reps

1–3 Dot drill: double leg jumps 5 reps × 2
4–6 Ladder: up-up, back-back 4 reps
4–6 Double high knee with ball 

toss
2 reps

4–6 Dot drill: add split leg 
jumps

5 reps × 2

7–9 Ladder: outside foot in 4 reps
7–9 Bleacher jumps 10 reps each leg × 2
7–9 Dot drill: add 180° split 

leg jump
5 reps × 2

10–12 Ladder: in-in, out-out 4 reps
10–12 Instructor pointing 45 s, 2 reps
10–12 Dot drills: add single-leg 

hops
5 reps × 3

13–15 Ladder: scissors 4 reps
13–15 Instructor pointing with 

quick feet up/down
45 s, 3 reps

13–15 Dot drill: all jumps 5 reps × 3
16–18 Ladder: Icky shuffle 4 reps
16–18 Single-leg squat jumps and 

180° scissor jumps
20 s each jump

16–18 Dot drills: all jumps 5 reps × 3
Strength training, on 
the court

1–18 Squats with resistance 
band

Perform all exercises for 30 s during sessions 1–6, 
for 45 s during sessions 7–12, and for 60 s during 
sessions 13–18
Perform lower extremity exercises on Monday and 
Friday and upper extremity exercises on Wednesday

Lunges with resistance 
band
Single-leg heel raises
Prone hamstring: hip 
extension with knee 
flexion
Supine hamstring bridge
Abdominals of choice
Hip flexion: steamboats
Hip abductor: lateral walk
Arm swing with resistance 
band
Internal rotation with 
resistance band with 
partner
External rotation with 
resistance band
Biceps curls with 
resistance band
Triceps extension with 
resistance band
Rows with resistance band
Push-ups

aFrom Barber-Westin and Noyes [48]
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Upon approaching the second cone, the athlete 
decelerates to allow for a defensive closeout. As 
soon as the closeout is performed, the athlete 
immediately accelerates to the third cone and 
performs a jump shot without a ball. Then, the 
athlete sprints to the fourth cone, decelerates, 
cuts around and touches the cone, and accelerates 
to the fifth cone. The athlete decelerates and per-
forms a sharp cut around the fifth cone and sprints 
to the sixth cone where a 90° transition is done. 
The athlete then backpedals until the sideline is 
reached.

17.4.1.2  Maze Drill
Four cones are placed in a square formation 
within 12 ft (3.66 m), or the width of the lane, 
as shown in Fig.  17.21. The athlete begins 
behind the cone at the top of the key. Facing 
the backboard, the athlete slides horizontally 
to the far cone (along top of key). Upon reach-
ing the cone, the athlete sprints toward the bas-
ket to the next cone and then slides horizontally 
to the far cone. Once the athlete reaches the 
last cone, they are tossed a ball to take an out-
side jump shot.

17.4.1.3  Tip Drill
The players are lined up so that one-half are fac-
ing one basket and the other half are facing the 
opposite basket. Each line has one ball. On sig-
nal, the first player in each line throws the ball up 
off of the backboard. The second player in line 
jumps up and tips it against the backboard, fol-
lowed by the third player, and so on. After tipping 
the ball, each player must sprint to the opposite 
basket and fall in line until it is their turn to tip on 
that end. The drill continues as each athlete tips 
and sprints to the opposite basket. Each time the 
ball hits the floor, the clock is reset. The object is 
to go for the entire time without letting the ball 
hit the floor.

17.4.1.4  Figure 4 Drill
Four cones are arranged as shown in Fig. 17.22. 
The athlete begins on the baseline, positioned in 
the middle of the court. They sprint to half-court 
and touch the center court with both hands. The 
athlete slides backward to the sideline. Once the 
sideline is reached, the athlete slides across the 
court to the opposite sideline. As soon as the 
opposite sideline is reached, the athlete backped-
als quickly to the baseline. Alternative moves may 
be considered. For instance, instead of backpedal-
ing at the left-hand sideline, the athlete immedi-
ately grabs a jump rope and jumps for 30 

Sharp
cut

Jump
shot

Closeout

B
ackpedal

Sharp
cut

START END

Sharp
cut

Closeout

Jump
shot

Fig. 17.20 Basketball shuttle drill. Solid red lines indicate 
forward sprints; dotted line indicates backpedaling [48]
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repetitions before returning to the back of the line. 
Or, the athlete is tossed a ball for a jump shot if 
basketball hoops are located along the sidelines.

17.4.1.5  Square Drill
The athlete begins at the back corner of a large 
square as shown in Fig. 17.5. Moving around the 
outside of the square, the athlete sprints forward, 
slides laterally across, jumps up to a maximal 
vertical between each slide, backpedals to the 
backside, and slides laterally across the back of 
the square to the starting position. Then, the 
direction is reversed and the pattern repeated, 
starting with the lateral slide. Once the technique 
for this drill has been mastered, a ball may be 
incorporated. As the athlete moves laterally, the 
ball is passed to the athlete for a quick shot or a 
pass back to the instructor.

17.4.1.6  4 Dot Drill, Ladder
Place four cones in the shape of a square, 10 ft 
(3  m) apart, located to the side of the lane as 
shown in Fig. 17.23. Divide the athletes into two 
groups, one positioned at “start A” and the other 
at “start B.” At start A, the athlete shuffles to the 
cone to the right, sprints forward to the next cone, 
and then shuffles to the cone to the left. Once this 
cone is reached, the athlete sprints 10–15 yards 

(9.1–13.7  m) straight ahead to a ladder where 
they perform the in-in/out-out ladder drill 
described in “Ladder: In-In, Out-Out.” At the end 
of the ladder, the athlete shuffles to the right until 
they reach the 3-point line. At this point, the 
instructor passes a ball to the athlete where they 
attempt to make an outside shot. This athlete then 
gets in line for “start B.” At start B, the athlete 
shuffles to the left, sprints forward, shuffles to the 
right, sprints forward through the ladders, and 
shuffles forward toward the free-throw line where 
an instructor passes the ball for a shot.

17.4.1.7  Defensive Slides
Place two cones approximately 15  ft (4.6  m) 
apart. The athlete may begin next to either cone. 
On the instructor’s command, the athlete side 
shuffles from one cone to the other and back 
again. This pattern is repeated continuously and 
the athlete slaps the ground with their palms.

17.4.1.8  Shoot and Sprint
Using half the court, place one cone where the 
baseline and sideline meet on both sides and one 
cone at center court (Fig.  17.24). The athlete 
begins at the baseline cone on the left side and 
sprints to the cone at center court. The athlete 
sprints and touches the cone at center court and 
then sprints directly toward the basket. As the 
athlete approaches the free-throw line, they 
receive a ball from the instructor and continue on 
to shoot a layup. As soon as the athlete lands 
from the layup, they backpedal to center court 
and then sprint to the opposite corner from where 
they began. Once the entire group reaches the 
right side of the court, the drill is repeated in the 
exact same pattern but from the right side.

17.4.1.9  Irish D Drill
The athlete begins at the baseline, underneath the 
basket (Fig.  17.25) and performs five power 
jumps. The athlete then moves using defensive 
slides along the baseline to the 3-point line. They 
sprint from the 3-point line to the elbow and then 
perform defensive slides from the elbow to the 
middle of half-court. From half-court, the athlete 
sprints straight to the backboard. They perform 
five more power jumps under the backboard and 
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Fig. 17.22 Figure 4 drill [48]
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then repeat the defensive slide/sprint pattern on 
the opposite side to complete one repetition.

17.4.1.10  T-Drill: 5–10-5
Three cones and a start/finish marker are arranged 
so that they form a capital letter “T” as shown in 
Fig. 17.8. Beginning at the base of the “T,” the 
athlete sprints forward to the cone straight ahead. 
They tap the cone and slide left toward the cone 
to the left. The athlete taps the left-hand cone and 
slides to the right, past the middle cone, to the 
cone on the far right. They tap the right-hand 
cone and immediately take off in a sprint to the 
far left cone, tap that cone, sprint to the far right 
cone, tap that cone, sprint back to the far left 
cone, receive a pass from an instructor, and take a 
shot. After taking the shot, the athlete quickly 
returns to the back of the line for the next set.

17.4.1.11  Kill the Grass Drill
Five to ten players, each with a ball, are posi-
tioned inside the lane. The objective is for each 
player to move around the confined space while 

dribbling a basketball. The athletes should use 
both hands to dribble, change direction, and con-
tinuously move around. A variation of this drill is 
to have the athletes play knock out where each 
player tries to make the others lose control of the 
ball. Once a player loses their ball, they are elimi-
nated. The game continues until there is only one 
player left. In order to increase the challenge, 
reduce the amount of space that the players are 
confined to as others are eliminated.

17.4.2  Acceleration, Speed, 
and Endurance Drills

17.4.2.1  Mountain Climbers
The athlete lines up on the baseline and faces 
half-court in proper push-up position. With palms 
planted on the ground, the right knee is driven up 
into the chest and then sprung back to its starting 
position while simultaneously driving the left 
knee up into the chest (Fig. 17.26) Alternate to 
the opposite leg in a quick motion and continue 
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this process for a desired amount of time (usually 
10–30 s). On the instructor’s command, the ath-
lete accelerates out of the mountain climber posi-
tion and sprints to half-court. Then, the athlete 
jogs back to the baseline and returns to the moun-
tain climber position; the next set begins on the 
instructor’s command.

17.4.2.2  Sprint-Backpedal
Starting on the baseline of a standard basketball 
court, the athlete sprints forward to the baseline 
at the opposite end of the court. Upon reaching 
the opposite baseline, the athlete immediately 
backpedals at ¾ speed to the starting baseline.

17.4.2.3  Suicides
Starting on the baseline, the athlete sprints to the 
free-throw line and back to the baseline, to the 
half-court line and back to the baseline, to the far 

free-throw line and back to the baseline, and 
finally to the far baseline and back to the starting 
baseline (Fig. 17.27).

17.4.2.4  Suicides Forward-Backward
This is the same suicide drill as described above 
except the athlete sprints forward and always 
returns to the starting baseline by backpedaling.

17.4.2.5  ¼ Eagle Sprint-Backpedal
See section “¼ Eagle Sprint-Backpedal.”

17.4.2.6  Suicides: Defensive Slides
This is the same suicide drill as described above 
except the athlete faces the sideline and performs 

a

b

c

Fig. 17.26 Mountain climbers: (a) starting position, (b) 
leg switch, and (c) return to starting position [48]

START END

Fig. 17.27 Suicides on a basketball court. Run is done in 
a straight line; the figure depicts the eight segments indi-
vidually for illustrative purposes only [48]
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defensive slides to the top of the free-throw line 
and back, to the half-court line and back, to the 
far free-throw line and back, and then to the far 
baseline and back.

17.4.2.7  Sprint with Ground Touches
The athlete begins on one baseline and sprints 
forward. Cones are positioned 15 yards (13.7 m) 
and 30  yards (27.4  m) away. The athlete must 
reach down quickly and, without stopping, touch 
the ground by the cone. The athlete should keep 
their feet positioned underneath the body while 
bending at the knees and hips to reach down. 
They immediately continue into a sprint until the 
opposite end of the court is reached, change 
direction, repeat the same ground touches, and 
return to the starting baseline.

17.4.2.8  Full-Court Relay
Split the athletes into even teams along the base-
line. On the instructor’s command, the first ath-
lete from each team sprints forward to the 
opposite baseline and then backpedals back to 
the start. As the first team member crosses the 
baseline (starting baseline), the next team mem-
ber begins to run. Continue this pattern until all 
of the athletes have run. The team who is first to 
have all of their players go and return to the base-
line is the winner.

17.4.2.9  Sprint-180°-Backpedal
See section “Sprint-180°-Backpedal.”

17.4.2.10  Sprint-Quick 
Feet-Backpedal

The players begin at the end line and sprint until 
the instructor commands “stop,” at which time 
the athletes keep their feet moving quickly in the 
same spot until the instructor commands “go” 
and they then backpedal back to the end line 
again. Pattern is continued for amount of time 
desired.

17.4.2.11  Sprint-360°-Backpedal
The athlete begins at the baseline, sprints to the 
half-court line, and makes a 360° turn, keeping 
the feet and knees directly under the body and 
taking short, choppy steps. The athlete sprints to 

the opposite baseline and then backpedals to the 
starting position.

17.4.2.12  Power Rebounds Relay
The athletes are divided into even teams along 
the baseline. On the instructor’s command, the 
first athlete from each team sprints forward to 
the foul line and then immediately backpedals 
back to the baseline and performs a power jump 
(Fig. 17.28). The athlete then sprints forward to 
half-court and immediately backpedals back to 
the baseline and performs a second power jump. 
Next, the athlete sprints forward to the top of 
the key (at the opposite end of the court) and 
then backpedals to the baseline and performs a 

START

END

Power
jump

Power
jump

Power
jump

Power
jump

Fig. 17.28 Power rebounds relay. Solid lines indicate 
forward sprints; dotted lines indicate backpedaling [48]
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third power jump. Finally, the athlete sprints 
full court to the opposite baseline and performs 
a fourth power jump. The final power jump acts 
as the signal for the next teammate to begin; the 
winner is the first team to have all of their mem-
bers cross the opposite baseline.

17.4.3  Ladders, Quick Feet, 
Additional Jump Drills

17.4.3.1  Ladder: High Knees
The athlete begins behind the first ladder square 
and runs through the ladder sideways. Both feet 

should enter each square and the knees are driven 
up (around the height of the stomach). The ath-
lete should try to lift their knees as quickly as 
possible and pump their arms in order to generate 
momentum (Fig. 17.29). The entire length of the 
ladder is traveled, and then the athlete immedi-
ately sprints forward (10–20 yards, 9.1–18.3 m) 
and jogs back to the starting position.

17.4.3.2  Ladder: Up-Up/Back-Back
See section “Ladder: Up-Up/Back-Back.”

17.4.3.3  Ladder: Outside Foot In
See section “Ladder: Outside Foot In.”

a b

Fig. 17.29 Ladder: high knees from the (a) front and (b) side positions [48]
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17.4.3.4  Ladder: In-In, Out-Out
See section “Ladder: In-In, Out-Out.”

17.4.3.5  Ladder: Scissors
The athlete begins at the left end of the ladder. 
They place the right foot inside the ladder and the 
left foot right in front of the ladder (Fig. 17.30). 
The athlete jumps up in the air, both feet leaving 
the ground at the same time, and scissor the legs 
so that the left foot lands inside the ladder and the 
right foot lands directly in front of the ladder at 
the same time. The athlete jumps up in the scissor 
motion again but lands in the second box to the 
right, so the right foot is again inside the ladder 
and the left foot is directly in front of the ladder. 
The athlete scissors once more in the second box 
so that the left foot lands inside the ladder and the 
right foot is in front of the ladder. This sequence 
is repeated as the athlete moves right from box to 
box along the ladder.

17.4.3.6  Ladder: Icky Shuffle
The athlete begins by stepping the right foot in 
the first box, followed by the left foot (Fig. 17.31). 
The athlete then steps the right foot up to the out-
side of the second box. Then the athlete steps the 
left foot directly into the second box and the right 
foot into the box next to the left foot. This pattern 
is repeated with the left foot leading the next step.

17.4.3.7  High Knee Ball Toss Over 
Barrier

A barrier and partner are required for this drill. 
The athlete is positioned to the right of the barrier 
on the right leg, with the left knee drawn toward 
chest in a “Heisman” position (Fig. 17.32). The 
athlete jumps over the barrier off of the right foot 
and lands on the other side of the barrier on the 
left foot, with the right leg now drawn up toward 

chest in the “Heisman” position. Immediately 
upon landing, the partner gives a chest pass and 
the athlete must catch and pass the ball back 
before returning to the other side of the barrier. 
As soon as the athlete lands back on the right side 
on the right leg, the partner passes the ball again 
and the athlete passes it back. This pattern is con-
tinued back and forth over the barrier for 45 s.

Lt

Lt

Rt

Rt LtRt LtRt

Lt LtRt Rt

START END

Fig. 17.30 Ladder: 
scissors. Only a portion 
of the ladder is shown 
for illustrative purposes 
[48]
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Fig. 17.31 Ladder: Icky shuffle. Only a portion of the 
ladder is shown for illustrative purposes [48]
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17.4.3.8  Double High Knee Ball Toss 
Over Barrier

This is the same drill as described above, except 
a second barrier is added. Between the “Heisman” 
poses and partner chest passes, the athlete per-
forms high knees over both barriers.

17.4.3.9  Bleacher Jumps
Bleachers, plyometric boxes, or benches may be 
used to accomplish this drill. The athlete begins 
by facing the bleachers and places one foot on 
top of the bleacher so that the knee is flexed to 
90°. In one powerful motion, the athlete thrusts 
straight up into the air by exploding off of the 
bleacher and then lands on the ground with both 
feet. Repeat this for a set amount of time (30–
60 s) or for a specific amount of repetitions (10–
20) and then switch to the opposite leg.

17.4.3.10  Single-Leg Squat Jumps
The single-leg squat jump is similar to the 
squat jump described in Chap. 17, except the 

athlete begins on one leg and squats as low to 
the ground as possible without allowing the 
knee to come forward over the toe or bending 
at the waist. Once the athlete has reached the 
lowest position in the squat, they jump straight 
up in the air as high as possible and land on 
the same leg, immediately going into a deep 
squat again.

17.4.3.11  180° Scissor Jumps
The 180° scissor jump is similar to the 180° jump 
described in Chap. 14. The athlete begins in a 
deep lunge position with the right foot forward. 
They jump straight up, turn 180° over the left 
shoulder, and land in a deep lunge position facing 
the opposite direction. Now the left foot should 
be forward. The jump is repeated, turning over 
the right shoulder.

17.4.3.12  Dot Drills
See sections “Dot Drill: Double-Leg Jumps, Dot 
Drill: Split-Leg Jumps, Dot Drill: 180° Split-Leg 

a b
Fig. 17.32 (a, b) High 
knee ball toss over 
barrier, “Heisman” 
position [48]
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Jumps, Dot Drill: Single-Leg Hops, and Dot 
Drill: Combo All Jumps.”

17.5  Field Test Recommendations

17.5.1  Soccer Players

There are many field tests available for soccer play-
ers (Table 17.3) [56, 58–94]. The tests shown esti-
mate maximal oxygen uptake and provide objective 
measurements of speed, agility, anaerobic power, 
dynamic balance and power, and strength. 
Normative values for several power, speed, agility, 
and aerobic fitness indices for soccer players are 
provided in Table 17.4 [57, 76, 95–97].

There have also been many cognitive, skill, 
and technique-based tests published for soccer 
[53–55, 57–59, 98–100]. In elite players, tests 

such as the Loughborough Soccer Passing Test 
and Loughborough Soccer Shooting Test may be 
used to determine their ability to perform multiple 
skills such as dribbling, passing, shooting, and 
sprinting [75]. However, these tests require exten-
sive setup, instruction, and at least two examiners 
and may not be practical for high school athletes. 
Dribbling tests have been proposed and tested in 
male collegiate and competitive players. 
McGregor et  al. [53, 101] developed the 
Loughborough Soccer Dribbling Test in which a 
player dribbles a ball between a line of six cones 
placed 3 m apart as fast as possible (Fig. 17.33). 
The amount of time taken to complete the test is 
recorded with a digital stopwatch. Ten tests are 
completed, with a 1-min rest period between each 
test. The sum of the times for all 10 trials is used 
as the final score. The validity coefficient is sig-
nificant for this test (R = 0.78, P < 0.01).

Table 17.3 Field test recommendations for soccer players

Measure
Authors’ recommended 
tests Additional tests

Lower extremity strength, power, 
and dynamic balance

Countermovement 
vertical jump

Star Excursion Balance Test or Y-balance test

Single-leg triple 
crossover hop

1-repetition maximum bench press
1-repetition maximum leg press
1-repetition maximum squat
Squat jump
Standing broad jump

Upper extremity power Overhead toss with 
soccer ball

Abdominal strength and endurance Abdominal endurance 
test
60-s sit-up test

Speed and agility Pro agility test T test
10-m sprint 30-m sprint
20-m sprint Repeated sprints

505 agility test
Figure 8 agility test
Illinois test

Aerobic fitness Yo-Yo test level I or II Multi-stage fitness test
Skill performance Loughborough Soccer Dribbling Test [53]

Haaland soccer dribble test [54]
Johnson wall volley test [55]
Lottermann agility/dribbling test [56]
UGent dribbling test [57]
Technical Skills Tests for Children and Youth, NFF, 
long pass and heading test [58]
Star Challenge, UEFA, hit-the-post test [58]

NFF Football Association of Norway, UEFA European Football Association
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Haaland et  al. [54] described a similar drib-
bling test to that of McGregor; however, only five 
cones are used that are spaced 1 m apart. Subjects 
complete two tests on each leg, and the times are 
summed to produce a score (in s) for each leg. 
The coefficient of variation for this test is 4.3%. 
Vanderford et al. [55] described the Johnson wall 
volley test in which the player kicks a ball from a 
distance of 4.57  m into a regulation goal-sized 
target on a wall. The player then traps or kicks the 
ball on the rebound as many times as possible 
within a 30-s period. The athlete may kick the 
ball from the air or ground, but cannot use their 
arms or hands. Three tests are performed, with 
the sum of the number of kicks used to produce a 
score. Validity and reliability coefficients of 0.85 
and 0.92, respectively, were previously estab-
lished for this test [55].

17.5.2  Basketball Players

Table 17.5 shows the sports-specific field tests 
recommended for basketball players [25, 61, 64, 
103–113]. The tests shown estimate maximal 
oxygen uptake and provide objective measure-
ments of speed, agility, anaerobic power, dynamic 
balance and power, and strength. Normative val-
ues for several power, speed, agility, and aerobic 
fitness indices for basketball players are provided 
in Table 17.6 [25, 64, 103, 107, 108, 110].

Although several shooting and dribbling skill 
tests have been described, few have been rigor-
ously validated [110, 114]. Pojskic et  al. [110] 
evaluated the relationship between shooting per-
formance and aerobic fitness, muscular strength, 
anaerobic endurance, and speed in elite male 
players (mean age, 18.97 + 2.86). The investiga-
tors developed three tests of static (nonfatigued) 

START

END

1.5 m

1 m 3 m

18 m

1 m

Fig. 17.33 Course for 
the Loughborough 
Soccer Dribbling Test 
[102]

Table 17.5 Field test recommendations for basketball 
players

Measure
Authors’ 
recommended tests

Additional 
tests

Lower 
extremity 
power and 
dynamic 
balance

Countermovement 
vertical jump

Star Excursion 
Balance Test

Single-leg triple 
crossover hop

1-repetition 
maximum 
bench press
1-repetition 
maximum leg 
press
Squat jump

Upper 
extremity 
power

Overhead toss with 
soccer ball

Bench press
60-s push-up 
test
Closed kinetic 
chain upper 
extremity 
stability test
Upper quarter 
Y-balance test

Abdominal 
strength and 
endurance

Abdominal 
endurance test
60-s sit-up test

Upper 
extremity 
power

Chest pass 
(medicine ball or 
basketball)

Speed and 
agility

Pro agility test 505 agility test
T-test V cut test
20-m sprint Illinois test
10-m sprint 4 × 9 m suicide 

(shuttle) run
Line drill test

Aerobic fitness Yo-Yo test level I or 
II

Multi-stage 
fitness test

Skill 
performance

Speed shot 
shooting test
Controlled 
dribble test
Stationary 
free-throw 
shooting test
Dynamic 60-s 
free-throw 
shooting test
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and three tests of dynamic (fatigued) shooting 
performance. The tests included free throw, 
2-point, and 3-point shots, with the dynamic 
analysis including sprinting between shots. All 
tests had adequate reliability (ICC, 0.81–0.92). 
Multiple correlations were found between the 
physical capacities and shooting performance, 
with stronger relationships found for the dynamic 
shooting tests. All three dynamic shooting tests 
also significantly correlated with real-game 
shooting statistics.

A speed-shot shooting test may be conducted 
as described by the American Alliance for Health, 
Physical Education, Recreation and Dance [114]. 
The gym floor is marked with five spots at a dis-
tance 4.5  m from the center of the backboard 
(Fig. 17.34). First, a 6-min warm-up is completed 
which consists of layups and spot-shooting with 
a partner. Then, over a 1-min period, the athlete 
shoots from each of the five spots at least once 

and as many times as possible. The athlete 
retrieves their own ball and dribbles to a subse-
quent spot. Four layup shots are allowed, but no 
two layups in succession. Each basket made 
equals 2 points and the total points are recorded. 
The ICC of this test is 0.95 for high school and 
0.91 for collegiate female players. The results 
may be placed into percentile groups according 
to gender and age [114].

A second basketball test involves a controlled 
dribble [114]. An obstacle course is marked using 
six cones in the free-throw lane of the court 
(Fig.  17.35). The athlete starts on the non- 
dominant hand side of the first cone. On com-
mand, the athlete dribbles with the non-dominant 
hand to the non-dominant hand side of the second 
cone. The athlete proceeds to follow the course 
using the preferred hand, changing hands as 
required until crossing the finish line. The athlete 
may not travel or double-dribble and the ball 
must remain outside each cone. Two tests are 
completed and the sum of the scores is used for 
analysis. The results may be placed into percen-
tile groups according to gender and age [114].

17.6  Results of Programs

17.6.1  Sportsmetrics Soccer

Our initial prospective study was conducted on 
124 female soccer players aged 12 to 18  years 
[18], and updated data is shown in Table 17.7 for 
294 soccer players aged 12 to 18. The training 
program resulted in significant increases in the 
mean absolute knee separation distance in the 
video drop-jump test (P < 0.0001, effect size [ES] 

1

2

3

4

5

Fig. 17.34 Speed shot shooting test. Each spot numbered 
1–5 is 4.5 m from the center of the backboard [102]

Right-handed control dribble Left-handed control dribble

END ENDSTART START

ol dribble

STAR END

ol dribbleFig. 17.35 Controlled 
dribble test course [102]
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0.65) indicating a more neutral lower limb align-
ment on landing. This finding is especially rele-
vant in ACL-reconstructed knees, where a valgus 
lower limb position on landing would place the 
graft and/or the contralateral ACL at risk for rup-
ture. Significant improvements were observed in 
the mean T-test agility score (P  <  0.0001, ES 
0.72), the multi-stage fitness test (MSFT) mean 
estimated maximal aerobic power (VO2max) 
(P < 0.0001, ES 0.54), the mean repetitions per-
formed in the 60-s sit-up test (P = 0.003, ES 0.47), 
and in the distance hopped in the single- leg triple 
hop test (P = 0.0003, ES 0.28). No subject sus-
tained an injury that resulted in loss of time train-
ing or that required formal medical attention.

17.6.2  Sportsmetrics Basketball

Our initial prospective study was performed on 57 
high school female basketball players aged 
14–17  years [19], and updated data is shown in 
Table 17.8 for 322 basketball players aged 12–18. 

After training, significant increases were found in 
the mean absolute knee separation distance on the 
video drop-jump test (P  <  0.0001, ES 0.97). 
Statistically significant improvements were also 
found in the mean T test score (P  <  0.0001, ES 
0.91), the mean estimated V02max (P < 0.0001, ES 
0.69), and in the mean repetitions in the 60-s sit-up 
test (P < 0.0001, ES 0.32). A significant improve-
ment was found in the vertical jump test (P = 0.01). 
However, the effect size was small (0.19). No sub-
ject sustained an injury that resulted in loss of time 
training or that required formal medical attention.
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Return to Sport for Tennis

Sue Barber-Westin and Frank R. Noyes

18.1  Introduction

Tennis is a sport played by over 75 million par-
ticipants worldwide [1] and is one of the few 
athletic activities that may be enjoyed well 
into mid-life. The elite adolescent player aver-
ages 2.3 h of practice or play per day a mean of 
6.1 days a week. The average point requires 8.7 
changes of direction, with each change creating a 
load of 1.5 to 2.7 times body weight on the lower 
extremity [2]. After the serve, a player runs an 
average of 3  m per shot, for a total of 8–15  m 
during one point, completing 1300–3600 m/h of 
play [3]. Players must be able to react quickly not 
only in a linear direction, but in multiple direc-
tions. During long and fast rallies, tennis elicits 
an average heart rate of 70–80% of maximum 
and can peak at 100% [3]. Mean oxygen uptake 
values are approximately 50–60% of maximum, 
with values reaching >80% during long rallies.

In the junior player, intense participation in 
tennis alone or in tennis combined with other 
sports significantly increases the risk of injury 
[4]. This is due to the heightened frequency, 
intensity, and duration of participation, along 
with the large biomechanical and physiological 

demands of competitive play. The most common 
injuries that occur during tennis involve the lower 
extremity and include muscle strains, meniscus 
tears, and ligament sprains [5–8].

In 2007, we developed a tennis-specific 
training program for competitive junior play-
ers, implementing the essential components of 
Sportsmetrics (see Chap. 14) along with other 
exercises designed to improve dynamic balance, 
agility, speed, and strength (Table 18.1). The pro-
gram, called Sportsmetrics Tennis, offers a unique 
blend of neuromuscular retraining and sport-spe-
cific enhancement tasks to both improve player 
skill and aerobic fitness and decrease the risk of 
a lower extremity injury. The program entails 
18 training session and is conducted three times 
a week for 6  weeks. We encourage all athletes 
who have suffered serious knee injuries, treated 
either conservatively or operatively, to complete 
this program as end-stage rehabilitation before 
resuming competitive tennis. In athletes who 
underwent ACL reconstruction, the rehabilitation 
principles and programs are detailed in Chaps. 11 
and 14. Patients should have completed the run-
ning and agility program and the basic plyomet-
ric training program described in Chap. 14 before 
beginning Sportsmetrics Tennis. All of our post-
operative rehabilitation programs for major knee 
operations are designed to restore strength, bal-
ance, proprioception, and neuromuscular indices 
required in athletes who wish to resume sports 
that require cutting, pivoting, twisting, turning, 
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and landing [10–14]. Tennis involves all of these 
maneuvers in addition to linear, lateral, and mul-
tidirectional speed and agility.

A series of tests may be conducted before the 
first training session and after the final (18th) ses-
sion to determine if further improvements are 
required in balance, agility, speed, or strength. 
We use the cost-effective field tests shown in 
Table  18.2. In addition, tests described by other 
investigators, along with normative data from elite 
players, are provided for the reader’s benefit in 
Tables 18.3, 18.4, and 18.5 [3, 16, 27–29, 31–35].

Sportsmetrics Tennis begins with a 10-min 
dynamic warm-up to prepare the body for the 

physical demands of the sport, along with func-
tional activities designed to raise core body tem-
perature, increase heart rate, increase blood flow 
to the muscles and enhance flexibility, balance, 
and coordination. The dynamic warm-up and 
plyometric exercises are performed as described 
in Chap. 14. The program then moves to tennis-
specific agility, speed, and aerobic conditioning 
drills. Static cool-down flexibility exercises are 
then performed as described in Chap. 14.

Sportsmetrics Tennis was conducted and 
validated in male and female junior players [21, 
36] who participated in high school and mostly 
United States Tennis Association (USTA) Level 

Table 18.1 Sportsmetrics tennis training programa

Component
Session 
no. Exercise Duration

Agility, reaction 1–3 Shadow swing baseline: forehand, backhand 2 sets × 10 reps each side
1–3 Alternating short/deep balls: forehand, backhand 1 set × 10 reps each side
4–6 Alternating short/deep balls: forehand, backhand 2 sets × 8 reps each side
4–6 Resistance belt forehand, backhand 1 set × 10 reps each side
7–9 Alternating short/deep balls: forehand, backhand 2 sets × 8 reps each side
10–12 Rapid drop feed: forehand, backhand 2 sets × 8 reps each side
13–15 Forehand, backhand reaction: facing net 2 sets × 8 reps each side
13–15 Forehand, backhand reaction: facing fence 2 sets × 10 reps each side
13–15 Rapid return serve feeds: forehand, backhand 2 sets × 8 reps each side
16–18 Up-up, back-back, sprint to groundstroke, sprint to 

volley (forehand, backhand)
6 reps each side

Acceleration, 
speed, endurance

1–3 Suicides, 1-court 2 reps
4–6 Net zigzag 2 reps
4–6 Sprints 5 reps, baseline-net
7–9 Forehand, backhand wide continuous hitting 8-6-6-8 reps
7–12 Net zigzag 3 reps
7–9 Suicides, 1-court 2 reps
10–12 Baseline random feed: forehand, backhand 1 min, 2 min
10–12 Sprint-quick feet-listen to instructor 3 min
13–15 Suicides, 1-court 2 reps
13–18 Suicides, 2-courts 1 rep
13–15 Sprint-quick feet-listen to instructor 60 s, 3 reps
16–18 Forehand, backhand wide continuous hitting 6-4-4-6 reps
16–18 Suicides, 1-court 4 reps

Ladders, additional 
jumps

1–3 Up-up, back-back, sprint to cone, backpedal 2 reps
4–6 Patterns 1 and 2 25 s each
7–9 Up-up, back-back, sprint to cone, backpedal 3 reps
7–9 Patterns 3 and 4 25 s each
10–12 Patterns 5 and 6 25 s each
13–15 Up-up, back-back, sprint to cone, backpedal 3 reps
13–18 Backward broad jump 5–8 reps
13–15 Patterns 7 and 8 25 s each
16–18 Patterns 9 and 10 25 s each
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Table 18.1 (continued)

Component
Session 
no. Exercise Duration

Strength training, 
on the court

1–6 Medicine ball forehand & backhand 2 sets × 8 reps
10–12 Medicine ball forehand & backhand 2 sets × 12 reps
1–3 Medicine ball overhead 2 sets × 8 reps
4–6 Medicine ball backward, between legs 2 sets × 8 reps
4–6 ETCH-swing forehand and backhand 1 set × 6 shots each side
7–9 ETCH-swing forehand, backhand, serve 2 sets × 15 shots each side
13–18 Medicine ball twisting lunges 2 sets × 8–10 reps
1–18 Backward lunge, add hand weight day 4 1 full court × 2–4 reps
1–3 Toe walking (full court) Baseline – baseline × 2
4–15 Toe walking (full court) Baseline – baseline × 3
16–18 Toe walking (full court) Baseline – baseline × 4
1–18 Regular or wall push-ups Progress as desired
1–18 Wall sits 3 sets × 45–80 s
1–18 Wall sits, ball pressed between legs 3 sets × 45–90 s
1–18 Abdominals, choose variety 150–500 reps
1–3 TheraBand crab walking (1/2 court) Baseline-net-baseline
4–6 TheraBand crab walking (1/2 court) Baseline-net-baseline ×2
7–9 TheraBand crab jog, catch ball with partner (1/2 court) Baseline-net-baseline ×2
12–18 TheraBand crab jog, catch ball with partner (1/2 court) Baseline-net-baseline ×3
1–18 Tennis ball small circles 30–60 circles each arm, 

each direction
1–18 Medicine ball overhead dribble 30–60 reps
1–18 Medicine ball sideways core toss against wall 2 sets × 10–15 reps each side

s seconds
From Barber-Westin et al. [9]
aThe dynamic warm-up, jump training, and flexibility exercises are described in Chap. 14

Table 18.2 Field tests for tennis players

Measure Authors’ recommended field tests Tests described by other investigators
Lower 
extremity 
power and 
dynamic 
balance

Single-leg hop [15] Countermovement vertical jump (contact mats) [16, 17]
Single-leg triple crossover hop [15] Isokinetic testing quadriceps and hamstrings (180°/s, 

300°/s) [18]1-repetition maximum leg press
Countermovement vertical jump Vertec)

Upper body 
strength and 
power

Sitting medicine ball chest pass [19] Push-up test [17]
Medicine ball toss: chest pass, forehand 
toss, backhand toss, overhead

Isokinetic testing trunk rotation [20]

1-Repetition maximum bench press [21, 
22]

Handgrip strength (handheld dynamometer) [16, 17]
Serve velocity (radar gun) [3, 17]

Abdominal 
strength and 
endurance

Sit-up test
Abdominal endurance test [21]

Speed and 
agility

1-Court suicide [21] Tennis-specific sprint test (signal panel and 2 LEDs) [17]
2-Court suicide [21] Planned and reactive agility test (electronic timing system 

and light stimuli) [23]Baseline forehand and backhand tests [21]
Service box test [21]
10-m sprint
20-m sprint

Aerobic 
fitness

Multistage fitness test [24, 25] The Girard test (computer) [26]
Yo-Yo test level 1 and level 2 The Hit and Turn Tennis test (CD player) [27]

Test to Exhaustion Specific to Tennis (ball machine and 
radar gun) [28]
The NAVTEN (CD player) [29]
Repeated sprint ability shuttle test (light cells) [30]

CD compact disc, LED light-emitting diode, NAVTEN French for shuttle-tennis
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Table 18.3 Sample mean values of aerobic endurance tests in elite tennis players

Study Cohort details

Aerobic test

Hit and turn 
tennis test 
(estimated 
VO2max)

Test to 
exhaustion 
specific to 
tennis 
(VO2max)

MSFT 
(estimated 
VO2max)

Yo-Yo 
intermittent 
recovery (m)

NAVTEN 
VO2max 
(ml kg−1 min−1)

Ferrauti 
et al. [27]

German tennis federation elite players
U14 males Level: 13.1

VO2max: 55.0
NA NA NA NA

U16 males Level: 14.4
VO2max: 57.7

NA NA NA NA

U14 females Level: 11.6
VO2max: 50.4

NA NA NA NA

U16 females Level: 11.7
VO2max: 49.0

NA NA NA NA

Adult males Level: 16.1
VO2max: 60.4

NA NA NA NA

Adult females Level: 11.8
VO2max: 47.3

NA NA NA NA

Ulbricht  
et al. [31]

German tennis federation national squad
U12 males Level: 13.9 NA NA NA NA
U12 females Level: 11.6 NA NA NA NA
U14 males Level: 15.1 NA NA NA NA
U14 females Level: 13.7 NA NA NA NA
U16 males Level: 16.9 NA NA NA NA
U16 females Level: 15.5 NA NA NA NA

Fernandez- 
Fernandez 
et al. [3]

German tennis federation elite players
U12 males Level: 12.4 NA NA NA NA
U12 females Level: 12.7 NA NA NA NA
U14 males Level: 14.1 NA NA NA NA
U14 females Level: 12.7 NA NA NA NA
U16 males Level: 16.3 NA NA NA NA
U16 females Level: 13.8 NA NA NA NA
U18 males Level: 17.7 NA NA NA NA
U18 females Level: 14.3 NA NA NA NA

Brechbuhl 
et al. [28]

French tennis federation elite players, males & females
NA 56.5 55.2 NA NA

Fargeas-Gluck 
et al. [29]

Regional elite players, mean age 12.9 years
NA NA 54.2 NA 54.9

Myburgh  
et al. [32]

Great Britain nationally ranked players
U10-12 males NA NA NA 1336 NA
U10-12 females NA NA NA 1286 NA
U13-16 males NA NA NA 1736 NA
U13-16 females NA NA NA 1065 NA

NA not available, VO2max (ml kg−1 min−1)
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Table 18.4 Sample mean values of strength and power in elite tennis players

Study Cohort details Grip strength (kg) CMJ (cm)
Medicine ball throws (m)
Overhead Forehand Backhand

Fernandez-Fernandez et al. [3] German tennis federation elite players
U12 males 21.6 28.9 5.2 NA NA
U12 females 20.6 28.6 5.0 NA NA
U14 males 28.3 31.0 6.3 NA NA
U14 females 27.4 29.8 6.1 NA NA
U16 males 39.7 36.5 8.7 NA NA
U16 females 32.1 31.1 7.1 NA NA
U18 males 49.8 39.9 10.9 NA NA
U18 females 35.7 31.1 7.9 NA NA

Ulbricht et al. [31] German tennis federation national players
U12 males 24.1 29.8 5.7 7.3 7.0
U12 females 23.2 27.9 5.2 6.8 6.5
U14 males 28.6 32.7 7.1 9.3 8.9
U14 females 29.0 30.1 6.6 8.6 8.3
U16 males 42.9 36.9 9.7 12.5 12.1
U16 females 35.5 31.7 7.5 9.8 9.4

Myburgh et al. [32] Great Britain nationally ranked players
U10-12 males 23.9 39.0 7.9 10.6 9.9
U10-12 females 23.8 40.3 7.2 10.0 9.3
U13-16 males 40.0 50.2 11.7 15.9 15.6
U13-16 females 34.1 41.9 10.0 12.7 12.1

Girard et al. [16] International tennis federation mean age 13.6 years
Males 17.56 32.9 NA NA NA

Kramer et al. [33] Netherlands elite high ranked players
U14 males NA 30.6 9.6 NA NA
U14 females NA 31.7 9.6 NA NA
U15 males NA 31.9 10.7 NA NA
U15 females NA 31.6 9.9 NA NA
U16 males NA 36.0 12.5 NA NA
U16 females NA 30.4 10.4 NA NA

Kramer et al. [34] Dutch nationally ranked mean age 12.4 years
Males NA 30.6 9.30 NA NA
Females NA 29.6 9.17 NA NA

Munivrana et al. [35] Slovenian national junior teams
U16 males NA 51.63 NA NA NA
U16 females NA 43.3 NA NA NA
U18 males NA 53.3 NA NA NA
U18 females NA 43.0 NA NA NA

NA not available
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6–7 tournament play [37]. For elite national and 
international players, further training is expected 
to be required to return to the highest level of 
competition. A variety of resources are available 
that describe training and conditioning concepts 
for these elite athletes [30, 38–49].

18.2  Techniques for Running, 
Agility, and Reaction Drills

Common playing situations noted at the time of 
anterior cruciate ligament (ACL) injury involve 
landing from a jump or a change of direction such 

Table 18.5 Sample mean values of speed and agility in strength and power elite tennis players

Study Population
Sprints (s) Agility (s)
5 m 10 m 15 m 20 m Forehand Backhand

Fernandez-Fernandez et al. [3] German tennis federation elite players
U12 males NA 2.04 NA 3.64 3.06 3.16
U12 females NA 2.03 NA 3.61 3.11 3.21
U14 males NA 1.96 NA 3.47 2.96 3.08
U14 females NA 1.98 NA 3.50 2.99 3.12
U16 males NA 1.85 NA 3.25 2.77 2.90
U16 females NA 1.96 NA 3.41 2.88 3.03
U18 males NA 1.77 NA 3.09 2.72 2.86
U18 females NA 1.96 NA 3.38 2.88 3.05

Ulbricht et al. [31] German tennis federation national players
U12 males NA 2.00 NA 3.52 NA NA
U12 females NA 2.02 NA 3.60 NA NA
U14 males NA 1.95 NA 3.45 NA NA
U14 females NA 1.99 NA 3.50 NA NA
U16 males NA 1.85 NA 3.22 NA NA
U16 females NA 1.93 NA 3.38 NA NA

Myburgh et al. [32] Great Britain nationally ranked players
U10-12 males 1.20 2.06 NA 3.59 NA NA
U10-13 females 1.19 2.05 NA 3.60 NA NA
U13-16 males 1.06 1.85 NA 3.25 NA NA
U13-16 females 1.18 1.99 NA 3.47 NA NA

Girard et al. [16] International tennis federation mean age 13.6 years
Males 1.19 2.02 NA 3.55 NA NA

Kramer et al. [33] Netherlands elite high ranked players
U14 males 0.98 1.87 NA NA NA NA
U14 females 0.99 1.87 NA NA NA NA
U15 males 0.95 1.82 NA NA NA NA
U15 females 0.97 1.84 NA NA NA NA
U16 males 0.92 1.74 NA NA NA NA
U16 females 0.96 1.83 NA NA NA NA

Kramer et al. [34] Dutch nationally ranked mean age 12.4 years
Males 1.00 1.89 NA NA NA NA
Females 1.00 1.90 NA NA NA NA

Munivrana et al. [35] Slovenian national junior teams
U16 males 1.5 NA NA 3.6 NA NA
U16 females 1.5 NA NA 3.7 NA NA
U18 males 1.4 NA NA 3.3 NA NA
U18 females 1.4 NA NA 3.6 NA NA

NA not available
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as a cut or pivot, combined with deceleration where 
the knee is near full extension and the foot is firmly 
fixed flat on the playing surface [50, 51]. The center 
of mass of the body is often noted to be far from the 
area of foot-ground contact. Valgus collapse at the 
knee is frequently reported, although it is unknown 
whether this abnormal position occurs before, dur-
ing, or just after the ACL rupture.

Rehabilitation and sport-specific training 
programs for patients recovering from ACL 
reconstruction or other major knee operations 
should include instruction to avoid at-risk situ-
ations during landing from a jump, decelerat-
ing, cutting, and pivoting maneuvers [52, 53]. 
The Sportsmetrics Tennis program described in 
this chapter involves a number of drills designed 
to familiarize and enhance the athletes’ abil-
ity to perform planned as well as unanticipated 
changes of direction. Awareness training tech-
niques including verbal and visual feedback are 
considered vital to successfully correct form for 
the most difficult athletic maneuvers. The com-
bination of verbal cues from an expert instructor 

and feedback of videotape samples of the ath-
lete performing a task has been shown to reduce 
impact loads and improve maximum knee flex-
ion during jump-landing [54–56]. Recommended 
instructions for agility and reaction drills include 
the following (Fig. 18.1) [50, 53, 57–60]:

 1. Regardless of the direction, the first step 
should be short. Keep the toes pointed 
forward.

 2. Maintain, as much as possible, control of the 
body’s center of gravity throughout the drill.

 3. Keep an erect posture with a stable trunk and 
avoid excessive anterior pelvic tilt and 
rounded shoulders.

 4. Keep the head and eyes up, looking straight 
ahead.

 5. Keep the body weight evenly distributed 
over the balls of the feet.

 6. Maintain the same angle of hip, knee, and 
ankle flexion throughout the drill, including 
during changes in direction. Knee flexion 
should be >30° (Fig. 18.2).

a b c

Fig. 18.1 (a) Valgus knee position on a sidecut, (b) loss 
of hip and knee flexion angles during deceleration just 
prior to a sidecut, (c) knee hyperextension and foot far in 

front of the center of body mass upon planting for a side-
cut (Reprinted from Barber-Westin and Noyes [9])
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 7. Avoid a valgus lower limb position.
 8. Keep the knees over the ankles and do not 

allow them to extend over the toes.
 9. During deceleration, use three short steps to 

reduce speed instead of one step.
 10. During a sidestep cut, bring the foot to the 

midline to plant and keep the torso upright, 
with no rotation, pointed in the general direc-
tion the athlete wishes to travel.

 11. Videotape the athlete while they perform 
drills and exercises to show techniques that 
require correction.

 12. The instructor should demonstrate the cor-
rect technique as often as required, asking 
the athlete to imitate what they see.

18.3  Agility and Reaction Drills

18.3.1  Shadow Swing Baseline, 
Forehand and Backhand

The athlete begins in the middle of the baseline, 
with the arms crossed so that the left hand is 
holding the right shoulder and the right hand 
is holding the left shoulder. The athlete runs 

to the singles sideline of their forehand and 
swings the torso and shoulders in a complete 
forehand motion (Fig. 18.3) that goes from the 
backswing to the follow-through. The athlete 
then runs back to the starting position. When 
going toward the deuce side, the left shoulder 
faces the court, then the chest becomes parallel 
to the baseline. The swing is finished with the 
right shoulder facing forward to accelerate the 
crossover recovery step. The athlete should be 
reminded to keep their head up to focus on the 
ball and help with balance. Shoulder turns are 
exaggerated.

18.3.2  Alternating Short/Deep Balls, 
Forehand and Backhand

The instructor feeds the athlete alternating short 
and deep shots by tossing the ball from the side-
line (Fig.  18.4). With the athlete on the base-
line, by the sideline of the forehand side, the 
instructor feeds a short ball (approximately by 
the service line) to the athlete’s forehand. Then, 
as soon as the ball is hit, the instructor immedi-
ately feeds a deep ball back toward the baseline. 

a b

Fig. 18.2 Demonstration of a deceleration and lateral cut 
maneuver during the baseline forehand test (see Sect. 
18.10.2) before the beginning of a Sportsmetrics Tennis 
training program. (a) A 16-year old female player 
demonstrates poor body positioning and control while 

attempting to decelerate and stop, with the knee fully 
extended and positioned far away from the center of body 
mass. (b) A 15-year-old male player shows a better 
technique for this maneuver; however, improvement was 
suggested for foot placement as the cut was made
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The athlete must quickly change direction and 
move backward to be able to hit the shot cor-
rectly. The athlete is encouraged to hit a down 
the line approach shot on the short balls and 
either a crosscourt shot or a recovery lob on the 
deep balls. The athlete is also reminded to stay 
low and sideways for short balls and hit with an 
open stance.

18.3.3  Resistance Belt Forehand 
and Backhand

A resistance belt is applied to the athlete’s waist 
which is held by another athlete or instructor. The 
athlete begins in the center of the baseline. The 
instructor feeds balls to the far sideline of the 
forehand, which the athlete hits and then recovers 

back to the starting position. A total of 10 con-
secutive balls are fed to the forehand. After a 30-s 
rest, the same drill is repeated to the backhand.

18.3.4  Rapid Drop Feed Forehand 
and Backhand

The athlete begins on the sideline of their fore-
hand and the instructor stands a few feet in front 
and to the side of the athlete (in the doubles alley). 
The instructor drops eight consecutive balls to 
the forehand, which the athlete hits immediately 
after the ball strikes the ground. The instructor 
feeds the balls as rapidly as the athlete is able to 
hit. After a 10-s rest period, the drill is repeated 
on the backhand side. The athlete is instructed 
to keep the head down, keep the upper body as 

a

b

c

Fig. 18.3 Shadow 
swing baseline, forehand 
and backhand. (a) 
Starting position, (b) 
shoulder turn simulating 
forehand, and (c) 
completion of shoulder 
turn (Reprinted from 
Barber-Westin and 
Noyes [9])
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stable as possible, make small adjustments with 
the feet, and stay low.

18.3.5  Forehand and Backhand 
Reaction, Facing Net

The athlete begins in the middle of the baseline 
facing the net, and the instructor is positioned 
on the same side of the court, approximately 
7 ft. (2.1 m) in front of the athlete. The instruc-
tor holds three to four balls in each hand, with 
both hands held behind the back. On command, 
the instructor tosses a ball in a random fashion 
anywhere in the singles court between the base-
line and service line. The athlete runs and hits the 
shot and recovers to the middle of the baseline. 
Eight ball tosses are completed, the athlete rests 
for 10 s, and then another set of eight shots are 
performed.

18.3.6  Forehand and Backhand 
Reaction, Facing Fence

The athlete begins in the middle of the baseline 
facing the fence, and the instructor is positioned 
on the same side of the court, approximately 
7 ft. (2.1 m) in front of the athlete. The instruc-
tor holds three to four balls in each hand, with 
both hands held behind the back. On command, 
the instructor tosses a ball in a random fashion 
anywhere in the singles court between the base-
line and service line. The athlete turns to face the 
court, runs and hits the shot, and recovers to the 
middle of the baseline. After each recovery, the 
athlete turns back around to face the fence. Ten 
ball tosses are completed, the athlete rests for 
20  s, and then another set of 10 shots are per-
formed. The athlete should be reminded to focus 
on the ball only and lean toward the side which 

X

S

D

P

a

c

b

Fig. 18.4 Alternating short/deep balls forehand and 
backhand drill. X instructor; P player; D deep ball feed; S 
short ball feed. (a) Diagram showing positions, (b) short 
forehand shot, and (c) turn to prepare for deep forehand 
(Reprinted from Barber-Westin and Noyes [9])
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the ball is tossed. The first move should be the 
shoulder turn, followed by an outside foot turn, 
and then a step.

18.3.7  Rapid Return Serve Feeds 
Forehand and Backhand

This drill is similar to “Rapid Drop Feed Forehand 
and Backhand”; however, the ball is not allowed 
to drop. The athlete hits the ball in the air to simu-
late a return of serve using a smaller backswing. 
The instructor feeds eight balls to the forehand as 
rapidly as possible. After a 10-s rest period, the 
drill is repeated on the backhand side.

18.3.8  Ladder Up-Up, Back-Back, 
Sprint to Groundstroke, Sprint 
to Volley, Forehand 
and Backhand

A ladder is positioned behind the baseline. The 
athlete proceeds through the ladder using the 
up-up, back-back pattern shown in Fig.  18.5. 
Upon completion, the athlete sprints to the oppo-
site sideline and hits a groundstroke feed by the 

instructor. Then, the athlete sprints ahead diago-
nally to hit a volley on the opposite side of the 
court. In the diagram shown in Fig. 18.6, a right-
handed player would hit a forehand groundstroke 
and then a backhand volley. After hitting the 
volley, the athlete side-shuffles off to the nearest 
doubles sideline and then backpedals to the lad-
der. The same pattern is continued for 90 s and 
then repeated with the ladder moved to the oppo-
site side of the court.

18.4  Acceleration, Speed, 
and Endurance Drills

18.4.1  Suicides, 1-Court

Beginning on one doubles sideline, the athlete 
runs forward and touches the singles sideline 
with their racket, backpedals and touches the 
doubles sideline, runs forward and touches the 
center of the baseline, backpedals and touches 
the doubles sideline, and so on until all lines 
have been touched (Fig.  18.7). On clay courts, 
the athlete should be encouraged to slide into the 
line. On hard courts, small adjustment steps are 
emphasized.

Ladder footwork

Lt Rt Lt Rt Lt Rt

Lt Rt Lt Rt Lt Rt Lt Rt

START END

Fig. 18.5 Ladder 
footwork for ladder: 
up-up and back-back 
drill. Only a portion of 
the 4.6 m ladder is 
shown for illustrative 
purposes (Reprinted 
from Barber-Westin and 
Noyes [9])
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18.4.2  Suicides, 2-Court

This drill is the same as described above, except 
the exercise is completed twice on one court, or 
once on a 2-court bank if available.

18.4.3  Net Zigzag

Five cones are placed in a zigzag pattern from the 
baseline to the net as shown in Fig. 18.8. The place-
ment of the cones may be modified if the player 
needs to train on shorter or wider cuts. The athlete 
begins on the baseline, runs to the first cone and 
swings the racquet to simulate a volley directly 
over the cone. In the course depicted in Fig. 18.8, 
the first cone would indicate a forehand volley for 
a right-hand player. The athlete continues to the 

second cone and swings the racquet to simulate a 
backhand volley. This pattern is continued to the 
final cone at the net. Once the athlete has com-
pleted the final forehand volley at this cone, they 
turn and continue the pattern back to the baseline. 
In this drill, emphasis is placed on correct footwork 
both during running between cones and while vol-
leying, keeping the knees bent, the head still, and 
body balanced throughout. To make this task more 
challenging, the instructor may stand behind the 
net and occasionally feed balls during the volleys.

18.4.4  Forehand and Backhand Wide 
Continuous Hitting

The athlete begins in the center of the baseline 
behind a cone. The instructor feeds balls to the 

Shuffle Volley

Sprint

Sprint

Groundstroke

B
ac

kp
ed

al

END

START

Fig. 18.6 Up-up, 
back-back, sprint to 
groundstroke, sprint to 
volley, forehand and 
backhand (Reprinted 
from Barber-Westin and 
Noyes [9])
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START END

a

b

c

Fig. 18.7 The one-court 
suicide is run in a 
straight line; the figure 
depicts the eight 
segments individually 
for illustrative purposes 
only. (a) Solid lines 
indicate forward 
sprinting; dotted lines 
indicate backpedaling; 
(b, c) athlete performing 
the test (Reprinted from 
Barber-Westin and 
Noyes [61])
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forehand and backhand, wide toward each side-
line, for the durations shown in Table 18.1. After 
each shot, the athlete must return to the cone at 
the center of the baseline. The athlete is reminded 
to focus on recovery footwork and to breathe 
continuously.

18.4.5  Baseline Random Feed 
Forehand and Backhand

The athlete begins in the middle of the baseline. 
The instructor randomly feeds balls to the fore-
hand and backhand, within 4–6  ft. (1.2–1.8  m) 

of the player, for 1  min without stopping. The 
athlete rests for 30 s, and then the instructor ran-
domly feeds another round of groundstrokes for 
2 min without stopping. The athlete is reminded 
to focus on recovery footwork and to breathe 
continuously.

18.4.6  Sprint-Quick Feet-Listen 
to Instructor

The athlete begins sprinting the length of the 
court. During the sprint, the instructor commands 
“stop” at any time, at which point the athlete stops 

Turn, follow pattern
back to baseline

START

END

a

b

Fig. 18.8 Net zigzag drill: (a) diagram and (b) simulated volley over last cone (Reprinted from Barber-Westin and 
Noyes [9])
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in place, but keeps their feet moving quickly in 
the same spot until the instructor commands “go”.

18.5  Ladders, Quick Feet, 
Additional Jump Drills

18.5.1  Ladder: Up-Up, Back-Back, 
Sprint to Cone, Backpedal

A 15-ft (4.6 m) ladder is placed parallel to and 
6 ft. (1.8 m) behind the baseline. A cone is placed 
4 ft. (1.2 m) from the net and in line with the end 
of the ladder. The athlete proceeds through the 
ladder using the up-up, back-back pattern (see 
Fig. 18.5) and then sprints forward to the cone, 
touches the cone with their racquet, and then 
runs backward in a controlled, balanced manner 
(Fig. 18.9).

18.5.2  Backward Broad Jump

The backward broad jump is done by beginning 
in an athletic stance with the knees deeply flexed 
and then jumping backward as far as possible, 
taking off with both feet. The athlete lands on 
both feet together, remains in a deep crouch posi-
tion for 5 s, and then repeats the jump.

18.5.3  Pattern Jumps

A series of 10 jumps are performed in a 4-square 
pattern configuration with tasks of increasing dif-
ficulty (Fig. 18.10). Each square is approximately 
2 × 2 ft. (0.6 × 0.6 m). Two pattern jumps are per-
formed each week, beginning the second week of 
training as the final jump/plyometric component. 
The player begins in box #1 and follows the num-

START

END

B
ackpealS

pr
in
t

Fig. 18.9 Ladder: up-up, back-back, sprint to cone, 
backpedal (Reprinted from Barber-Westin and Noyes [9])
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Fig. 18.10 Pattern 
jumps (Reprinted from 
Barber-Westin and 
Noyes [9])
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bers in consecutive order, jumping into each box 
without landing on the lines. After reaching box 
#4, the player returns to box #1 and repeats the 
pattern. The player is encouraged to practice each 
pattern two to four times first to learn the task.

18.6  On-the-Court Strength 
Training

In addition to the strength training exercises 
described in Chap. 14, other options were 
designed for Sportsmetrics Tennis that may be 
accomplished at the tennis facility. The equip-
ment required include a medicine ball (2 pounds 
[0.9  kg] minimum, heavier weighted balls 
for stronger players), hand-held weights (two 
weights each, 2–10 pounds [0.9–4.5  kg], in 
1-pound [0.4  kg] increments), and large plastic 
balls or cushions for the wall-sitting exercises.

18.6.1  Medicine Ball Forehand, 
Backhand, Overhead, 
Between Legs

The medicine ball exercises focus on replicat-
ing the motions of the forehand, backhand, and 
overhead in order to strengthen the muscles used 
in those strokes. For the forehand and back-
hand exercises, two athletes should stand 6–8 ft. 
(1.8–2.4  m) apart. One athlete begins by hold-
ing the ball with both hands on their forehand 
side. The athlete turns and takes the ball back 
in a motion similar to the forehand backswing, 
then steps into a forehand swinging motion and 
passes the ball to the partner during the follow-
through (Fig.  18.11). Both athletes should be 
constantly bouncing on their toes, keeping their 
feet moving throughout the exercise. The partner 
then performs the same motion, and the ball is 
tossed back and forth. The exercise is then done 
by mimicking a backhand motion.

a

b

Fig. 18.11 Medicine 
ball forehand, backhand 
showing (a) exaggerated 
shoulder turn and (b) 
ball toss to partner 
(Reprinted from 
Barber-Westin and 
Noyes [9])
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For the overhead exercise, one athlete takes 
the ball and holds it with both hands over their 
head. Using both arms together, the athlete steps 
forward with the front leg used in their overhead 
motion (i.e., left leg for a right-handed player) 
and throws the ball forward a few feet and down 
to the ground with as much force as possible. The 
ball is caught after one bounce by the partner, 
who repeats the motion. In the final medicine 
ball exercise, one athlete turns so that their back 
faces their partner. The athlete spreads their legs 
and bends the knees and hips, placing the ball on 
the ground between their legs. Just as a center in 
American football “hikes” the ball to the quarter-
back, the athlete uses both hands to toss the ball 
to the partner.

18.6.2  ETCH-Swing Forehand, 
Backhand, Serve

This drill uses the commercially available 
ETCH- Swing training device. This device is sim-
ilar to a racquet, except that in place of the head 
and strings are four blades which provide resis-
tance when going through the motions of tennis 
strokes. The athlete simulates 15 forehands in a 
continuous manner, 15 backhands, and 15 first 
serves (Fig. 18.12). The instructor should make 
sure that the athlete is swinging the device in the 
same manner as their normal strokes, focusing on 
accelerating through the stroke as quickly as pos-
sible. After a 30-s rest, the athlete simulates 15 
forehands, 15 backhands, and 15 s serves.

18.6.3  Backward Lunge

The athlete begins by stepping backward with 
one leg as far as possible. Keeping the back 
straight, the back leg is lowered toward the 
ground, stopping just before the knee touches 
the ground or as low as possible while maintain-
ing balance and control. The front knee should 
stay directly over the ankle. The athlete lifts up 
and brings the front leg alongside the back leg, 
pauses, and then repeats this pattern for the dura-
tion shown in Table  18.1. During training ses-

sion #4, the athlete should add dumbbell weights 
(equal weight in both hands) during this exer-
cise. The amount of weight should make the task 
more challenging, but not cause the athlete to 
lose balance and control of the correct posture 
(Fig. 18.13).

18.6.4  Twisting Lunge with Medicine 
Ball

The athlete begins at the baseline in an athletic 
position, holding a medicine ball with both 
hands in front of the body. The athlete steps the 
right leg forward and performs a lunge exercise, 
maintaining a straight back and bending the 
knees so that the back knee is almost touching 
the ground. Holding this position, the athlete 
rotates the upper body and arms to the right as 
far as possible and then to the left as far as pos-
sible. The athlete then lifts the body up to stand-
ing by initiating the lift up with the back leg. The 
back leg is brought alongside the front leg and 
paused, and then the exercise is repeated with the 
opposite (left) leg.

18.6.5  Toe Walking

The athlete walks continuously on their toes for 
the designated distance. The entire court is used 
by walking from one baseline to the other base-
line, just off one far side of the court in order to 
go in a straight line and avoid the net.

18.6.6  Wall Push-Ups

For athletes with limited upper body strength, 
wall push-ups offer an initial challenge which 
is safe and effective in working the major mus-
cle groups of the shoulder. The athlete stands 
approximately 3  ft. (0.9  m) away from a wall 
and, keeping the back straight, leans toward the 
wall and places both hands on the wall approxi-
mately in line with the shoulders, keeping them 
shoulder- width apart. The athlete slowly leans 
the body forward so that it almost touches the 
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Fig. 18.12 ETCH-swing drills for (a, b) forehand, (c, d) backhand, and (e, f) serve (Reprinted from Barber-Westin and 
Noyes [9])

a b

c d
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wall. This position is held for 1–2  s and then 
the athlete slowly pushes back off of the wall 
to the starting position. Athletes with appropri-
ate body strength should perform regular ground 
push-ups.

18.6.7  Wall Sits

The athlete sits against a wall with the knees at 
approximately 90°, the back straight, and the 
legs and knees kept shoulder-width apart. The 
hands are relaxed at the side. One variation of 
the wall- sit exercise requires that the athlete 
squeeze a ball or cushion between their thighs 
as strongly as possible for the duration of the 
task. Another option entails the athlete holding 
dumbbell weights in their hands to increase body 
weight. If the athlete experiences kneecap pain, 
the amount of knee flexion should be decreased 
by having the athlete should sit up “straighter” 
against the wall.

e f

Fig. 18.12 (continued)

Fig. 18.13 Backward lunge with hand-held weights 
(Reprinted from Barber-Westin and Noyes [9])
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18.6.8  TheraBand Crab Walking 
(Lateral Lunges)

A TheraBand resistance exercise loop is placed 
just above (and outside) the athlete’s ankles. 
Crouching as low as possible, the athlete slowly 
performs lateral lunges by stepping out sideways 
as far as possible with the outside leg and then 
bringing the opposite leg under the body. The 
knees and hips should remain at the same angle 
throughout the exercise. The outside leg should 
be stretched so the resistance band becomes as 
tight as possible. This exercise is then progressed 
beginning with training session #7. Two athletes 
stand a few feet apart and, with the TheraBand in 
place, side shuffle at a comfortable jogging pace, 
making sure their feet do not drag on the ground. 
A medicine ball is passed back and forth (chest 
passes). As the athletes’ confidence grows, the 
pace can be increased as fast as possible, main-
taining the deep crouch position.

18.6.9  Ball-Wall Exercises

Several exercises may be used with tennis balls 
or medicine balls against a wall for upper body 
and core strengthening. In the drill entitled ten-
nis ball, small circles, the athlete faces a wall 
and stands 1–2 ft. away. While holding a tennis 
ball, the athlete raises one arm to a 90° angle 
(Fig. 18.14a). The tennis ball is moved in small, 
tight circles of no more than a few inches in any 
direction. The 90° arm position should be main-
tained throughout the exercise. The exercise is 
also done with the athlete turned to the side as 
shown in Fig. 18.14b.

For the medicine ball overhead dribble exer-
cise, the athlete faces a wall and stands 1-2  ft. 
away. The athlete raises both arms and rapidly 
dribbles the medicine ball against the wall, catch-
ing and dribbling with both hands (Fig. 18.14c).

The medicine ball sideways core toss against 
the wall exercise is shown in Fig. 18.14d, e. The 
athlete may assume either an open-stance or 
closed-stance position toward a wall based on 
their size and strength. The exercise is performed 
in a similar manner as the medicine ball forehand 

and backhand drill, only the ball is tossed against 
the wall and caught without bouncing. The ball 
should be thrown as hard as possible, with the 
forehand and backhand motions exaggerated. The 
athlete’s stance should be maintained throughout 
the exercise.

18.7  Lower Extremity Power 
and Dynamic Balance Tests

18.7.1  Single-Leg Hop

Single-leg functional hop tests are one of the 
most commonly used measures of lower extrem-
ity power and dynamic balance [62–66]. These 
tests determine if abnormal lower limb sym-
metry exists and subjectively assess an athlete’s 
ability to hop and hold the landing on one leg 
[15]. They are highly reliable and require only 
a tape measure which is secured to the ground. 
Our research demonstrated that a limb symmetry 
index of ≥85% is present in the majority (93%) 
of athletes [67].

If a video camera is available, it is recom-
mended that the single-leg hop tests be recorded. 
On a subjective basis, one may observe if the 
player has the ability to “stick and hold” the land-
ing with the knee and hips flexed, demonstrating 
adequate control of the core and upper extrem-
ity, as well as the lower extremity (Fig. 18.15a). 
Some players may be able to hold the land-
ing, but their knee may wobble back and forth, 
along with poor upper body control and posture 
(Fig. 18.15b). In some instances, players will not 
be able to hold the landing at all and may even 
fall toward the ground (Fig. 18.15c). These play-
ers should be encouraged to practice single- leg 
balance exercises daily, along with single-leg 
strength training exercises several times a week 
to improve this problem.

For the single-leg hop test, a tape measure is 
secured to the ground for a distance of approxi-
mately 3 m. The athlete stands on the designated 
leg to be tested with their toe just behind the start-
ing end of the tape. They are instructed to hop 
as far as possible forward and land on the same 
leg, holding that position for at least 2 s (s) [15, 
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Fig. 18.14 Medicine ball-wall exercises. (a, b) Tennis ball small circles. (c) Overhead dribble. (d, e) Sideways core 
toss against wall (Reprinted from Barber-Westin and Noyes [9])

a b

c d
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67]. The athlete is allowed to use their arms for 
balance as required. After a few trials, the athlete 
completes two single-leg hops on each limb. The 
distance hopped is recorded and the furthest dis-
tance achieved is used to calculate limb symmetry 
by dividing the distance hopped of the right leg 
by the distance hopped of the left leg, and mul-
tiplying the result by 100. This test has excellent 
reliability, with ICC > 0.85 [69, 70]. Significant 
correlations have been reported between limb 
symmetry scores for this test and knee extensor 
peak torque tested isokinetically [67, 71–73].

18.7.2  Single-Leg Triple Crossover 
Hop

A tape measure is secured to the ground for a dis-
tance of approximately 6 m. The athlete stands on 
the leg to be tested with their toe just behind the 
starting line. Three consecutive hops are done on 

that leg, crossing over the measuring tape on each 
hop. The athlete must be in control and hold the 
landing of the third hop for 3 s for the test to be 
valid [15]. The athlete may use their arms for bal-
ance as required. After a few practice trials, two 
single-leg triple crossover hops are done on each 
limb. The total distance hopped is measured, and 
the right-left leg limb symmetry index calculated 
as described above. This test has excellent reli-
ability, with ICC  >  0.85 [69, 74]. Significant 
correlations have been reported between limb 
symmetry scores for this test and knee extensor 
peak torque tested isokinetically [72].

18.7.3  1-Repetition Maximum Leg 
Press

A 1-repetition maximum (1RM) leg press may be 
performed if weight room equipment, an experi-
enced test administrator, and a sufficient amount of 
time to safely conduct the test are available [75, 76]. 
Adequate reliability of the 1RM test has been docu-
mented in several investigations [77–80]. Seo et al. 
[80] recommended the following reliable protocol:

 (1) Warm up for 5 min on a stationary bicycle, 
rest for 1 min.

 (2) Complete 8–10 repetitions of a light load, 
~50% of predicted 1RM, rest for 1 min.

 (3) Complete 1 load of ~80% of predicted 1RM 
through full range of motion, rest for 1 min. 
After each successful lift, increase the weight 
until a failed attempt occurs. Allow 1 min of 
rest between each attempt.

 (4) The 1RM will usually be attained within 5 
attempts.

18.7.4  Countermovement Vertical 
Jump

The countermovement vertical jump test is 
one of the most commonly used measures to 
assess anaerobic power. Many methods have 

e

Fig. 18.14 (continued)
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a b

c

Fig. 18.15 Single-leg hop for distance video screening 
allows a qualitative assessment of an athlete’s ability to 
control the upper and lower extremity upon landing, 

which may be rated as either good (a), fair to poor (b), or 
complete failure, fall to ground (c) (Reprinted from 
Barber-Westin and Noyes [68])
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been described to measure vertical jump height 
and some authors recommend using contact 
mats to obtain measurements such as contact 
and flying times [3, 17]. A cost-effective mea-
sure of the vertical jump may be done with the 
Vertec Jump Training System (Sports Imports, 
Columbus, OH) [81]. First, the athlete’s stand-
ing reach is measured with the athlete stand-
ing with both heels touching the ground. 
Then, a countermovement vertical jump with 
arm swing is performed three times and the 
highest jump obtained recorded (Fig.  18.16). 

Reliability for the assessment of vertical jump 
height using this method is excellent, with 
ICCs >0.90 [82, 83].

18.8  Upper Body Strength 
and Power Tests

18.8.1  Sitting Chest Pass

The sitting chest pass is a convenient way to 
assess upper body strength [19, 84–86]. The 
player sits on the floor with their head, back, and 
buttocks against a wall. Their legs rest straight 
horizontally on the floor in front of their body 
(Fig. 18.17). The player is asked to push a bas-
ketball in the horizontal direction as far as pos-
sible using a 2-handed chest pass. Three trials 
are completed, with the farthest toss recorded. 
Excellent reliability (ICC 0.98) and positive 
correlations have been reported between this 
test and isokinetic shoulder and elbow strength 
(R = 0.59–0.80) [19].

18.8.2  Standing Medicine Ball Toss: 

Chest Pass, Forehand 

Backhand, Overhead

The medicine ball toss is another commonly used 
test to measure upper body strength and power 
[22, 87]. The athlete stands one step behind a 

a b

Fig. 18.17 (a, b) Sitting chest pass Reprinted from Barber-Westin and Noyes [61])

Fig. 18.16 Vertical jump test using Vertec (Reprinted 
from Barber-Westin and Noyes [61])
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line with a medicine ball. They take one step 
and toss the ball, making sure not to cross over 
the line. There are three variations for the toss, 
the most frequent being a pass at chest level. In 
tennis players, the throw may simulate the fore-

hand, backhand, or overhead [22] (Fig. 18.18a–
d). Three trials are completed, with the farthest 
toss recorded. Significant correlations were 
reported between this test and isometric maxi-
mum trunk rotation torque (R = 0.61–0.69) and 

a b

c d

Fig. 18.18 Medicine ball toss (a, b) Backhand. (c, d) Overhead. Reprinted from Barber-Westin and Noyes [61])
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1-repetition maximum bench press for male 
athletes (R = 0.60–0.65) [88]. In elite male and 
female tennis players, significant correlations 
were reported between isokinetic trunk rotation 
peak torque and the distance tossed in both the 
forehand (R  =  0.81–0.84) and backhand sides 
(R = 0.82–0.85) [20].

18.8.3  1-Repetition Maximum Bench 
Press

A 1-repetition maximum (1RM) bench press 
may be performed if weight room equipment, an 
experienced test administrator, and a sufficient 
amount of time to safely conduct the test are 
available [75, 76].

 (1) Warm up for 5 min on a stationary bicycle or 
rowing machine, rest for 1 min.

 (2) Complete 8–10 repetitions of a light load, 
~50% of predicted 1RM, rest for 1 min.

 (3) Complete 1 load of ~80% of predicted 1RM 
through full range of motion, rest for 1 min. 
After each successful lift, increase the weight 
until a failed attempt occurs. Allow 1 min of 
rest between each attempt.

 (4) The 1RM will usually be attained within 5 
attempts.

18.9  Abdominal Strength 
and Endurance Tests

18.9.1  Sit-Up Test

Sit-up tests may be used to assess muscular 
strength and endurance. With the athlete lying 
supine with the knees bent and foot flat on 
the floor (held in place by a partner) and arms 
folded across the chest, sit-ups are performed 
by raising up so that the elbows touch the knees 
and then lower back so the shoulders touch 
the floor. The test may either include the num-
ber of repetitions completed in 60 s or may be 
done until exhaustion (execution until failure). 
Investigations have demonstrated adequate reli-
ability of sit-up tests in normal subjects of 0.84 

(reliability coefficient) [89] and chronic pain 
populations of 0.77 (ICC, test-retest) and 1.00 
(ICC, inter-rater) [90].

18.9.2  Abdominal Endurance Test

Abdominal endurance may be measured by posi-
tioning the athlete on a mat or cushion on their 
back with their arms by their side while sitting on 
their hands. Upon command, both legs are lifted 
together approximately 15 cm off the ground and 
the athlete is instructed to maintain this position 
for as long as possible. The amount of time that 
the athlete is able to stay in this position (keeping 
both legs off of the ground) is recorded with a 
digital stopwatch.

18.10  Speed and Agility Tests

18.10.1  1-Court Suicide

The athlete begins on the doubles sideline 
and runs at maximal speed to four different 
lines: the near singles sideline, the center of 
the baseline, the far singles sideline, and the 
far doubles sideline (see Fig. 18.7) [21]. When 
they arrive at each line, the line is touched with 
the racquet and the athlete backpedals to the 
original doubles sideline. The time to complete 
this test is recorded with a digital stopwatch 
in one-hundredths of a second. A 2-court sui-
cide run may also be done either by completing 
this course twice or on a bank of 2 side-by-side 
courts.

18.10.2  Baseline Forehand 
and Backhand Tests

The baseline forehand and backhand tests are 
useful speed and agility tests for tennis play-
ers [21]. A cone is placed in the center of the 
baseline and on the singles sideline of the 
player’s forehand side, 0.9  m inside the court 
(Fig.  18.19). The athlete begins on the center 
of the baseline and upon command, runs to the 
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cone on the sideline, completes a forehand swing 
with the racquet, runs back to the starting posi-
tion, and continues back and forth for a period 
of 30 s, which is timed with a digital stopwatch. 
One repetition equals one full run from the cen-
ter of the baseline to the swing cone and back 
to the center, or a distance of 5 m. The number 

of repetitions completed in the 30-s time period 
is recorded and converted to the total distance 
covered. If a player reaches the swing cone at 
the end of the 30 s, ½ of a repetition is added 
to the total count. The test is then done with the 
swing cone placed on the singles sideline of the 
player’s backhand.

Swing
cone

a

b

c

Fig. 18.19 (a) Baseline 
speed and agility 
forehand and backhand 
test; (b–c) an athlete 
performing the test on 
the forehand side 
(Reprinted from 
Barber-Westin and 
Noyes [61])
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18.10.3  Service Box Test

The service box test is another appropriate speed 
and agility test for tennis players [21]. The ath-
lete begins in the middle of the service box in an 
athletic position. Upon command, they run and 
touch the center service box line and then touch 
the singles sideline with their racquet, going back 
and forth as many times as possible within 30 s 
(Fig. 18.20). Each time the player touches a line 
counts as 1 repetition. The distance between the 

two lines is 1.1 m. The player performs this test 
twice, with a 5-min rest between tests. The mean 
number of repetitions is calculated and converted 
to the total distance covered. This test has accept-
able reliability, with an ICC of 0.85 [21].

18.10.4  10-M and 20-M Sprint

The 20-m sprint test, with a split at 10-m, may 
be used as a general measure of linear accelera-

START

a

b

c

Fig. 18.20 (a–c) 
Service box speed and 
agility test (Reprinted 
from Barber-Westin and 
Noyes [61])

S. Barber-Westin and F. R. Noyes



449

tion and speed. This test is usually included in 
the testing of national federations [17, 91] and 
although shorter distances (5-m and 10-m) are 
more specific to tennis, the speed recorded over 
20 m is informative.

18.11  Aerobic Fitness Tests

18.11.1  Multistage Fitness Test

Aerobic fitness is a critical component for ath-
letic performance and injury prevention [92]. 
Maximal oxygen uptake (VO2max) is most accu-
rately measured using laboratory tests; however, 
they are expensive, time-consuming, and require 
trained personnel. One of the most common field 
assessments is the 20-m multistage fitness test 
(MSFT) [24]. This test has been used by dif-
ferent national tennis federations, such as the 
USTA, the French Tennis Federation, and Tennis 
Australia [28, 91, 93], and the results (VO2max) 
have been shown to correlate with player ranking 
in elite players [28].

The equipment required are the MSFT com-
mercially available audio compact disc (CD) 
and a CD player. Two cones are used to mark 
the course (Fig.  18.21). The athlete begins 
with their toes behind the designated starting 
cone. The second cone is located 20  m away. 
The athlete is instructed that, on the “go” com-
mand, they are to begin running back and forth 
between the two cones in time to recorded beeps 
on the CD.  The athlete performs shuttle runs 
back and forth along the 20-m course, keeping 
in time with the series of signals (beeps) on the 
CD by touching the appropriate end cone in 

time with each audio signal. The frequency of 
the audible signals (and hence, running speed) 
is progressively increased until the athlete 
reaches volitional exhaustion and can no lon-
ger maintain pace with the audio signals, indi-
cated when three beeps are missed in a row. The 
athletes’ level and number of shuttles reached 
before they were unable to keep up with the 
audio recording are recorded (see Chap. 20, 
Table 20.7). The athletes’ VO2max is estimated 
using the equation described by Ramsbottom 
et al. [94]:

VO speedon the last stage2 5 857 19 458max . .= ´( ) -

Test-retest reliability of the MSFT has been 
reported to be excellent, with ICCs ≥0.90 [24, 
95–97]. Eriksson et al. [25] reported ICCs >0.90 
for reliability determined within the same day 
and between days in tennis players. The validity 
of this test in regard to estimating cardiorespira-
tory fitness has also been calculated to be accept-
able [98].

18.11.2  Intermittent Recovery: Yo-Yo 
Test Level 1 and Level 2

The Yo-Yo Intermittent Recovery Test was devel-
oped to measure an athlete’s ability to repeat-
edly perform intense exercise [99]. There are 2 
test levels: level 1 (Yo-Yo IR1) and level 2 (Yo-
Yo IR2). Level 1 is designated for lesser trained 
individuals and level 2 is appropriate for elite 
and highly trained athletes. Several studies have 
reported high reliability, reproducibility and sen-
sitivity of the Yo-Yo tests to detect change result-
ing from training programs.

5 m

3 1 2

20 m

Fig. 18.21 Course used for the 20-m multistage fitness test (cones #1 and #2 only) and the 20-m Yo-Yo intermittent 
test (cones #1, #2, and #3) (From Barber-Westin and Noyes [61])
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The Yo-Yo recovery test is conducted in a 
manner similar to the MSFT; however, periods of 
10-s of rest are incorporated after each 2 × 20-m 
shuttle run until the athlete is exhausted. The 
equipment required are commercially available 
software (from which a CD may be made), or 
a commercially available audio CD, and a CD 
player. Three cones are used to mark the course 
as shown in Fig. 18.21. The athlete begins with 
their toes behind the designated starting cone 
(cone #1  in Fig.  18.21). The second cone is 
located 20 m away. The athlete is instructed that, 
on the “go” command (which is an audible beep 
on the CD), they are to run to the second cone 
and then return to the starting position when 
signaled by the recorded beep. They may jog or 
walk around the third cone and then turn back to 
the starting cone during a 10-s rest period. The 
athlete continues to perform this pattern, keep-
ing in time with the series of signals (beeps) on 
the CD. The frequency of the audible signals (and 
hence, running speed) is progressively increased 
until the athlete reaches volitional exhaustion and 
can no longer maintain pace with the audio sig-
nals. The athletes’ level and number of shuttles 
reached before they were unable to keep up with 
the audio recording are recorded.

The level 1 test usually takes 10–20  min to 
complete and level 2, 5–15  min [99]. The ath-
lete’s score is the total distance covered before 
they are unable to keep up with the recording (see 

Chap. 20, Tables 20.11 and 20.12). Although cal-
culations exist for estimating VO2max using the 
Yo-Yo test, investigators do not recommend this 
analysis due to high subject variability previously 
reported [99]. Instead, it is recommended that the 
total distance recorded be used to evaluate an ath-
lete’s ability to repeatedly perform intermittent 
exercise. Reliability for these tests is high, with 
ICCs >0.90 [100, 101].

18.12  Results of Program

Sportsmetrics Tennis was conducted and vali-
dated in a group of male and female junior play-
ers [21, 36] who participated in high school and 
USTA Level 6–7 tournament play [37]. Two pro-
spective studies were conducted that included 
42 players (31 females, 11 males; mean age, 
14 ± 2 years) who completed at least 14 of the 18 
training sessions [21, 36]. All training sessions 
were supervised by a tennis professional certi-
fied by the U.S. Professional Tennis Association 
and a certified Sportsmetrics instructor and were 
conducted on clay courts (Har-Tru) for 1.5  h 
per session. After training, significant improve-
ments (and moderate to large effect sizes) were 
found for all field tests (Table 18.6). No subject 
sustained an injury that resulted in loss of time 
training or that required formal medical atten-
tion. A subgroup of 15 athletes participated in 

Table 18.6 Summary of effect of Sportsmetrics tennis program on athletic performance indicesa

Measurement
Pre-train
Mean ± SD

Post-train
Mean ± SD P value

Effect 
size

Strength and 
power

Single-leg hop, right leg (cm) 128.2 ± 28.5 141.8 ± 22.8 0.0004 0.53
Single-leg hop, left leg (cm) 129.5 ± 27.1 138.3 ± 26.0 0.0007 0.33
Single-hop triple crossover hop, right leg 
(cm)

340.7 ± 71.9 373.6 ± 70.1 0.006 0.46

Single-hop triple crossover hop, left leg (cm) 340.5 ± 77.6 374.3 ± 78.4 0.004 0.43
Abdominal endurance (s) 87 ± 56 162 ± 98 <0.0001 0.94

Speed and agility 1-court suicide (s) 18.55 ± 1.68 16.04 ± 1.23 <0.0001 1.70
Baseline backhand (no. reps) 8.5 ± 0.9 9.2 ± 0.7 <0.0001 0.88
Baseline backhand, total distance (m) 42.8 ± 4.6 46.3 ± 3.6 <0.0001 0.85
Service line (no. reps) 22.4 ± 2.9 24.5 ± 2.2 <0.0001 0.82
Service line, total distance (m) 89.4 ± 11.8 97.8 ± 8.9 <0.0001 0.80
Baseline forehand (no. reps) 8.6 ± 1.0 9.3 ± 0.8 <0.0001 0.77
Baseline forehand, total distance (m) 43.2 ± 5.1 46.8 ± 4.2 <0.0001 0.77

aFrom Barber-Westin et al. [9]
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more than one training program. The number of 
training programs completed were: 2 programs, 
15 players; 3 programs, 7 players; 4 programs, 4 
players; 5 programs, 2 players, and 6 programs, 
1 player. Statistically significant improvements 
(and moderate to large effects sizes) were found 
for speed and agility and abdominal endurance 
tests after the first, second, and third training 
programs (Table 18.7). This program appears to 
be safe and effective in improving neuromuscu-
lar and athletic performance indicators in young 
tennis players and may be recommended as end- 
stage rehabilitation after a knee injury or surgery 
prior to return to competitive play.
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19.1  Introduction

The decision of when to release an athlete to 
unrestricted sports activities after major knee sur-
gery is based on many factors, including success-
ful completion of advanced rehabilitation, 
psychological readiness, completion of advanced 
neuromuscular training programs appropriate for 
the desired sport, and a comprehensive examina-
tion by the physician. During rehabilitation, ath-
letes are taken through a specific progression of 
exercises, with the athlete understanding and 
focusing on specific goals. In this manner, return 
to sport (RTS) is based on the athlete meeting all 
of the set goals and not simply a matter of the 
amount of time that has elapsed postoperatively.

At our center, physical therapists and athletic 
trainers involved in patient care are able to person-
ally discuss RTS decisions with the treating ortho-
pedic surgeon, which is especially advantageous 
for patients eager to expedite resumption of unre-
stricted activities. For surgical management teams 
that do not have the ability to communicate on a 
regular basis, there are standardized forms that 
facilitate examination findings. One valuable form 
is the International Knee Documentation 
Committee (IKDC) knee examination form, 

shown in Tables 19.1 and 19.2, with instructions 
provided in Table 19.3. This examination format 
documents knee range of motion (ROM) and effu-
sion, stability of all knee ligaments, graft harvest 
site and compartment pain, joint space on X-rays, 
and findings from a single- leg hop test. In addition, 
observation is made of generalized ligament laxity, 
overall lower limb alignment, patella position, and 
patella subluxation or dislocation. At our center, 
many objective tests are conducted to determine 
muscle strength, dynamic lower limb alignment, 
and neuromuscular function (see Chaps. 20 and 
21). Our comprehensive evaluation and criteria for 
RTS are summarized in Table 19.4.

The scientific basis for the examination and 
classification of knee ligament stability tests has 
been previously described in detail [1]. The classi-
fication system developed by the senior author and 
Edward Grood, PhD, derived from a series of bio-
mechanical studies, is based on seven concepts:

 (1) The final diagnosis of knee ligament injuries 
is based on the specific anatomic defect 
derived from the abnormal motion limits and 
joint subluxations.

 (2) Ligaments have distinct mechanical func-
tions to provide limits to tibiofemoral 
motions and the types of motions that occur 
between opposing cartilage surfaces.

 (3) Although there are six degrees of freedom 
(DOF), the manual stress examinations are 
designed to test just one or two limits at a 
time (Fig. 19.1)

F. R. Noyes 
Cincinnati Sports Medicine and Orthopaedic Center, 
The Noyes Knee Institute, Cincinnati, OH, USA 

S. Barber-Westin (*) 
Noyes Knee Institute, Cincinnati, OH, USA
e-mail: sbwestin@csmref.org

19

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-22361-8_19&domain=pdf
mailto:sbwestin@csmref.org


460

Table 19.1 IKDC knee examination criteria for ratings (knee ligament reconstruction)

IKDC ratings

Normal
Nearly 
normal Abnormal

Severely 
abnormal

Effusion None Mild Moderate Severe
Passive motion deficit
Lack of extension <3° 3–5° 6–10° >10°
Lack of flexion 0–5° 6–15° 16–25° >25°
Ligament examination (manual, instrumented, X-ray)
Lachman (25° flexion, 134 N) <3 mm 3–5 mm 6–10 mm >10 mm
Lachman (25° flexion, manual maximum), anterior 
endpoint

<3 mm, 
firm

3–5 mm 6–10 mm, 
soft

>10 mm

Total anteroposterior translation (25° flexion) < 3 mm 3–5 mm 6–10 mm >10 mm
Total anteroposterior translation (70° flexion) < 3 mm 3–5 mm 6–10 mm >10 mm
Posterior drawer test (70° flexion) <3 mm 3–5 mm 6–10 mm >10 mm
Medial joint opening (20° flexion, valgus rotation) <3 mm 3–5 mm 6–10 mm >10 mm
Lateral joint opening (20° flexion, varus rotation) <3 mm 3–5 mm 6–10 mm > 10 mm
External rotation test (30° flexion prone) <5° 6–10° 11–19° >20°
External rotation test (90° flexion prone) <5° 6–10° 11–19° >20°
Pivot shift Equal + glide ++ (clunk) +++ (gross)
Reverse pivot shift Equal Glide Gross Marked
Compartment findings
Crepitus anterior compartment None Moderate Mild pain > mild pain
Crepitus medial compartment None Moderate Mild pain > mild pain
Crepitus lateral compartment None Moderate Mild pain > mild pain
Harvest site pathology None Mild Moderate Severe
X-ray findings
Medial joint space None Mild Moderate Severe
Lateral joint space None Mild Moderate Severe
Patellofemoral None Mild Moderate Severe
Anterior joint space (sagittal) None Mild Moderate Severe
Posterior joint space (sagittal) None Mild Moderate Severe
Functional test: one-leg hop (% of opposite side) ≥ 90% 89% to 76% 75% to 50% <50%

IKDC International Knee Documentation Committee

Table 19.2 IKDC knee examination other variables assessed

Variable IKDC ratings
Generalized laxity Tight Normal Lax
Alignment Obvious varus Normal Obvious valgus
Patella position Obvious baja Normal Obvious alta
Patella subluxation/
dislocation

Centered Subluxable Subluxed Dislocated

Range of motion (extension/
flexion)

Index side: passive 
____/____/____

Index side: active 
___/____/____

Opposite side: passive 
___/____/____

Opposite side: active 
___/____/____

IKDC International Knee Documentation Committee
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Table 19.3 IKDC knee examination instructions

Variable Instructions
Effusion An effusion is assessed by ballotting the knee. A fluid wave (<25 cc) is graded mild, easily 

ballotable fluid is graded moderate (25–60 cc), and a tense knee secondary to effusion (>60 cc) is 
rated severe

Passive motion 
deficit

Passive range of motion is measured with a goniometer and recorded for the index side and 
opposite or normal side. Record values for zero point/hyperextension/flexion (e.g., 10° of 
hyperextension, 150° of flexion = 10/0/150; 10° of flexion to 150° of flexion = 0/10/150). 
Extension is compared to that of the normal knee

Ligament 
examination

The Lachman test, total AP translation at 70°, and medial and lateral joint opening may be assessed 
with manual, instrumented, or stress X-ray examination. Only one should be graded, preferably a 
“measured displacement.” A force of 134 N (30 lbs) and the maximum manual are recorded in 
instrumented examination of both knees. Only the measured displacement at the standard force of 
134 N is used for grading. The numerical values for the side to side difference are rounded off, and 
the appropriate box is marked. The end point is assessed in the Lachman test. The end point affects 
the grading when the index knee has 3–5 mm more anterior laxity than the normal knee. In this 
case, a soft end point results in an abnormal grade rather than a nearly normal grade
The 70° posterior sag is estimated by comparing the profile of the injured knee to the normal knee 
and palpating the medial femoral tibial step-off. It may be confirmed by noting that contraction of 
the quadriceps pulls the tibia anteriorly
The external rotation tests are performed with the patient prone and the knee flexed 30° and 70°. 
Equal external rotational torque is applied to both feet, and the degree of external rotation is 
recorded
The pivot shift and reverse pivot shift are performed with the patient supine, with the hip in 10–20° 
of abduction and the tibia in neutral rotation using either the Losee, Noyes, or Jakob techniques. 
The greatest subluxation, compared to the normal knee, should be recorded

Compartment 
findings

Patellofemoral crepitation is elicited by extension against slight resistance. Medial and lateral 
compartment crepitation is elicited by extending the knee from a flexed position with a varus stress 
and then a valgus stress (i.e., McMurray test). Grading is based on intensity and pain

Harvest site 
pathology

Note tenderness, irritation, or numbness at the autograft harvest site

X-ray findings A bilateral, double leg PA weight- bearing roentgenogram at 35–45° of flexion (tunnel view) is 
used to evaluate narrowing of the medial and lateral joint spaces. The Merchant view at 45° is used 
to document patellofemoral narrowing. A mild grade indicates minimal changes (i.e., small 
osteophytes, slight sclerosis or flattening of the femoral condyle) and narrowing of the joint space 
which is just detectable. A moderate grade may have those changes and joint space narrowing (e.g., 
a joint space of 2–4 mm side or up to 50% joint space narrowing). Severe changes include a joint 
space of less than 2 mm or >50% joint space narrowing

Functional test The patient is asked to perform a one-leg hop for distance on the index and normal side. Three 
trials for each leg are recorded and averaged. A ratio of the index to normal knee is calculated

AP anteroposterior, IKDC International Knee Documentation Committee, PA posteroanterior

Table 19.4 Noyes Knee Institute criteria for RTS after major knee surgery

Test Criteria for RTS
Knee ligament tests
Lachman and pivot shift (ACL reconstructions) IKDC normal or nearly normal
KT-2000 (ACL reconstructions) ≤ 3 mm increase over opposite normal knee
Posterior drawer (PCL reconstructions) IKDC normal or nearly normal
Lateral joint opening (LCL or posterolateral 
reconstructions)

IKDC normal or nearly normal

External tibial rotation (LCL or posterolateral 
reconstructions)

IKDC normal or nearly normal

Medial joint opening (MCL reconstructions) IKDC normal or nearly normal
Range of knee motion IKDC normal or nearly normal
Knee joint effusion None

(continued)
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 (4) Ultimately, the clinical examination must be 
analyzed by a six-DOF system to detect 
abnormalities.

 (5) Together, the ligaments and joint geometry 
provide two limits (opposite directions) for 
each DOF.

 (6) Rotatory subluxations are characterized by 
the separate compartment translations that 

occur to the medial and lateral tibial plateaus 
during the clinical test.

 (7) The damage to each ligament and capsular 
structure is diagnosed using tests in which 
the primary and secondary ligament 
restraints have been experimentally deter-
mined [3].

Table 19.4 (continued)

Test Criteria for RTS
Patellar tests
Compression pain None
Crepitus None or mild
Lateral subluxation None or mild
Medial subluxation None or mild
Tibiofemoral tests
Medial joint pain None
Lateral joint pain None
Meniscus-related pain on palpation, forced flexion None
McMurray test Negative
Gait analysis (observational) Symmetrical, no limp, no hyperextension
X-rays Complete healing osteotomy site, normal alignment, IKDC 

normal or nearly normal rating joint space, normal position 
TKA/PFA/UKA prosthesis

Quadriceps and hamstrings muscle strength tests (in order of preference)
Isokinetic evaluation 180°/s and 300°/s ≤10% deficit compared with opposite side
Isometric evaluation (60° flexion quadriceps, 60° or 90° 
hamstrings, average of 3 repetitions)

≤10% deficit compared with opposite side

1-repetition maximum bench press and leg press ≤10% deficit compared with opposite side
Single-leg hop tests
Select any 2: Single hop, triple hop, triple crossover 
hop, timed hop

≤15% deficit compared with opposite side

Single-leg squat test (5 repetitions) No knee valgus, medial- lateral movement, or pelvic tilt
Video drop-jump test
Software available ≥60% normalized knee separation distance
No software available No valgus, knees/ankles aligned with hips, knees flexed on 

controlled landing
Vertical jump test
1-legged ≤10% deficit
2-legged ≥14 inches (35.5 cm)
Core strength measure (i.e., 60-second sit-up test) Published standards
Video plant and cut drill (optional) High hip and knee flexion, upright posture, no valgus 

collapse
Multi-stage fitness test (optional) Published standards
ACL-RSI questions
Are you confident that you can perform at your 
previous level of sports participation?

Yes

Are you nervous about playing your sport? No
Are you fearful of reinjuring your knee by playing your 
sport?

No

ACL anterior cruciate ligament, ACL-RSI anterior cruciate ligament return to sport after injury scale, IKDC International 
Knee Documentation Committee, KT-2000 knee arthrometer, LCL lateral collateral ligament, MCL medial collateral 
ligament, PCL posterior cruciate ligament, PFA patellofemoral arthroplasty, RTS return to sport, TKA total knee arthro-
plasty, UKA unicompartmental knee arthroplasty

F. R. Noyes and S. Barber-Westin
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Patients who have undergone reconstruction 
to the anterior cruciate ligament (ACL), posterior 
cruciate ligament (PCL), medial collateral liga-
ment (MCL), lateral collateral ligament (LCL, 

also known as the fibular collateral ligament), 
and/or posterolateral structures undergo manual 
tests, knee arthrometer testing (KT-2000), and 
stress radiographs (if necessary) as a portion of 

Medial
Lateral

Anterior
Posterior

Compression
Distraction

Flex

Ext

Var

Val

Int Ext

CAP
MCL

P.M.

PCL
P.L.

ACL Tear

ACL

ITB/CAP FCL

a

b

Fig. 19.1 (a) The knee joint has three axes of motion: 
flexion-extension, varus-valgus, and internal-external 
rotation. About each axis is a rotation and translation. The 
physical examination isolates each of the rotations and 
translations and compares normal with abnormal (after 
injury) based on known biomechanical data as to which 
ligaments are resisting the motion. (b) A “bumper model” 
of the knee joint is shown. The medial tibiofemoral and 
lateral tibiofemoral compartments show anterior-poste-
rior translations due to the effect of the combined 
motions. Rotational stability is defined by tibiofemoral 
compartment translations that represent the final position 

or subluxation of each tibiofemoral compartment. The 
figure shows the result of an ACL tear in which the cen-
tral bumper is lost. In the pivot shift test, the resulting 
lateral compartment anterior translation is resisted by 
secondary restraints represented by the iliotibial band 
(ITB) and anterolateral capsule. If these structures are 
lax, the fibular collateral ligament (FCL) will be a final 
resisting structure. CAP capsule, MCL medial collateral 
ligament, ACL anterior cruciate ligament, PCL posterior 
cruciate ligament, PM posteromedial, PL posterolateral 
(b, reprinted from Noyes and Barber-Westin [2])
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the comprehensive examination to determine the 
integrity of the reconstructed ligament(s).

Matheson et al. [4] identified the multiple fac-
tors that go into the RTS decision process, includ-
ing nonmedical factors, such as a team’s need for 
a skilled player or the athlete’s strong motivation 
to return prematurely for economic or psycho-
logical reasons; pressure from coaches, school 
administrators, parents, and peers to return before 
the injury has completely resolved; potential 
legal liability issues for the physician for aggra-
vated injury; and ethical issues regarding the 
risks of reinjury to the athlete. Conversely, it is 
crucial to identify and address patient fears, 
 anxieties, and other psychological issues (such as 
an eating or sleeping disorder). The role of the 
team physician is discussed in detail in Chap. 5.

19.2  Radiographs

If radiographs have not been obtained postopera-
tively, or if there is any question regarding the 
healing ligament, prosthesis, hardware position, 
or joint space in the tibiofemoral or patellofemo-
ral compartments, it is required that appropriate 
views should be ordered. These may include 
standing anteroposterior (AP) at 0° flexion, lat-
eral at 30° flexion, weight-bearing posteroante-
rior (PA) at 45° flexion (Fig.  19.2), and 
patellofemoral axial views. Double-stance full- 
standing radiographs of both lower extremities, 
from the femoral heads to the ankle joints, are 
obtained in patients who underwent high tibial 
osteotomy or distal femoral osteotomy. The 
mechanical axis and weight-bearing line are 
measured as described elsewhere [5]. Osseous 
healing, prosthesis position (for total knee arthro-
plasty, patellofemoral arthroplasty, and 
 unicompartmental knee arthroplasty) (Fig. 19.3), 
and joint space are all evaluated as required.

In knees that have undergone PCL recon-
struction, stress radiography may be performed 
if there is a question of the status of the graft 
(Fig.  19.4) [7]. The radiograph should be as 
close to a pure lateral as possible, with the two 
femoral condyles superimposed on themselves. 
A horizontal line is placed across the medial 

tibial plateau, and a perpendicular line deter-
mines the posterior position of each femoral 
condyle. A similar measurement is made for the 
most posterior position of the medial and lateral 
tibial plateau. The amount of tibial translation is 
the average of both of these measurements. An 
alternative technique is to measure the posterior 
extent of the Blumensaat line and the proximal 
aspect of the PCL tibial fossa, which avoids the 
error of tibial rotation. There is an alternative 
method of a lateral kneeling view of the opera-
tive and contralateral knee joint.

Medial stress radiographs may be obtained in 
patients who have had an MCL injury or recon-
struction. The radiograph is taken at 20° of flex-
ion in neutral tibial rotation with a 67-N valgus 
force applied. The difference in millimeters of 

Fig. 19.2 Anteroposterior radiograph of a 26-year-old 
female after ACL revision surgery. The patient had a prior 
vertical graft placement that required a staged bone graft-
ing of tibial and femoral tunnels. A two-incision technique 
was used, with an accessory lateral incision for an ana-
tomic anteromedial bundle bone-patellar tendon-bone 
ACL autograft revision reconstruction

F. R. Noyes and S. Barber-Westin
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a b

Fig. 19.3 Postoperative (a) lateral and (b) anteroposterior radiographs after a lateral unicompartmental knee arthro-
plasty show excellent position of the prosthesis (Reprinted from Noyes and Barber-Westin [6])
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Fig. 19.4 The results of lateral stress 
radiography on 20 patients with PCL 
deficiency (9 complete ruptures and 11 
partial ruptures). The differences in the 
measurements between complete and partial 
PCL ruptures for the medial tibial plateau 
(Tib. Plat.), the lateral tibial plateau, and the 
average of both plateaus were statistically 
significant (P < 0.01). Differences in the 
KT-1000 and posterior (Post.) drawer 
measurements between complete and partial 
PCL ruptures were not significant. The KT 
measurements at 70° of flexion 
underestimated the magnitude of posterior 
tibial subluxation for complete PCL 
ruptures (Reprinted from Noyes and 
Barber-Westin [7])
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medial tibiofemoral compartment opening 
between knees is documented. Lateral stress 
radiographs may be required (20° flexion, neutral 
tibial rotation, 67-N varus force) in knees that 
had an LCL injury or reconstruction to evaluate 
lateral joint opening as a measure of successful 
lateral reconstruction (Fig. 19.5).

19.3  Range of Knee Motion, 
Muscle Strength, and Gait

Passive ROM is measured with a goniometer and 
recorded for both knees. The values are recorded 
for zero point/hyperextension/flexion (e.g., 10° 
of hyperextension, 150° of flexion  =  10/0/150; 
10° of flexion to 150° of flexion = 0/10/150). The 
centimeters of heel height may be measured to 
compare knee hyperextension between limbs. 
ROM should be normal or nearly normal accord-
ing to IKDC standards for RTS. Manual assess-
ment of the strength of the quadriceps, hamstrings, 
and hip musculature may be done; however, the 

more critical isokinetic muscle testing done pre-
viously by the therapy staff is reviewed by the 
physician. The patient must demonstrate no more 
than a 10% deficit in quadriceps and hamstrings 
peak torque compared with the opposite knee at 
180°/s and 300°/s to return to unrestricted activi-
ties (see also Chap. 21). The patient’s gait is 
assessed and must be symmetrical, with no 
abnormalities, knee hyperextension, or 
Trendelenburg sign.

19.4  Patellofemoral Examination

The patellofemoral joint examination is per-
formed with the patient in the standing, sitting, 
and supine positions. In a standing position, the 
“squinting” or inward femoral rotation of the 
patella is an indication of increased hip antever-
sion and abnormal femoral internal rotation 
(Fig.  19.6). In these cases, an increase in the 
Q-angle is obvious due to compensatory external 
tibial rotation. Hip internal and external rotation 

a b

Fig. 19.5 (a) Postoperative lateral stress radiographs in a 
patient that underwent an ACL reconstruction and an LCL 
reconstruction show no increase in lateral tibiofemoral 

joint opening compared with the (b) contralateral normal 
knee (Reprinted from Noyes and Barber-Westin [8])
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is measured in the prone position (Fig.  19.7). 
With the patient seated and the knee at 90°, active 
extension is performed to detect a lateral exten-
sion subluxation J-sign which often occurs with 
patella alta and confirms the necessity of mea-
surement of patellar height on lateral radiographs 
(Fig. 19.8).

Palpation of parapatellar soft tissues and the 
fat pad is performed for swelling and elicitation 
of pain (Fig. 19.9). Often, the medial and lateral 
fat pads are visibly enlarged and tender as a joint 
reactive inflammation when associated extensor 
mechanism malalignment and lateral patellar 
subluxation are present. The determination of 
patellofemoral articular cartilage damage is dif-
ficult, and sophisticated magnetic resonance 
imaging (MRI) studies with T-2 generation 
imaging are helpful. The patellar compression 
test should be performed with flexion and exten-
sion of the knee to evaluate for articular crepitus 

or pain as an indication of cartilage abnormali-
ties. The stabilizing restraints of the medial 
patellofemoral ligament and medial and lateral 
retinaculum soft tissue restraints are tested by 
passive patellar translation tests (patellar glide at 
0° and 30° flexion) in medial and lateral direc-
tions, with patellar mobility noted (Figs.  19.10 
and 19.11). Normally, there is a passive 10 mm 
of medial glide indicating no abnormal tightness 
of the lateral retinaculum. In some instances, 
there is a complete lack of medial glide due to 
abnormal shortening and tightness of the lateral 

Fig. 19.6 Standing rotational malalignment shows 
“squinting patella” and the “miserable malalignment syn-
drome” (Reprinted from Noyes and Barber-Westin [9])

a

b

Fig. 19.7 Supine external-internal hip rotation abnor-
mality (Reprinted from Reprinted from Noyes and Barber- 
Westin [9])
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retinaculum. Radiographs will show a lateral 
patellar tilt consistent with a lateral patellar con-
tracture syndrome. A passive medial glide that is 
greater than two patellar quadrants (over 50% of 
patella width) indicates abnormal laxity of the 
medial restraining soft tissues. A return of nor-
mal patellofemoral function and stability, along 
with proper quadriceps control, is an absolute 
requirement for successful RTS.  Patients are 
counseled of the potential for the onset of patel-
lar pain with resumption of full activities and 
educated regarding appropriate management if 
discomfort or a noticeable increase in crepitus 
occurs.

A

B
= Patellar
   vertical
   height
   ratio

A

B
= Patellotrochlear
   ratio

Fig. 19.8 (Left) Method used to determine patellar verti-
cal height ratio on lateral radiograph with a quadriceps 
contraction to show the maximum elevated position of the 
patella. The numerator, line segment A, is the distance 
between the most ventral (anterosuperior) rim of the tibial 
plateau and the lowest end of the patellar articular surface. 
The denominator, line segment B, is the maximum length 
of the patellar articular surface. An alternative numerator, 

line segment C, locates the tibial reference point on the 
middle of the tibial plateau. The patellar vertical height 
ratio equals A/B or C/B. (Right) Alternative patellotroch-
lear ratio measurement. The mean ratio is 32  ± 12%; 
>50% indicates patella infera, and <12% indicates patella 
alta (Reprinted from Reprinted from Noyes and Barber- 
Westin [9])

Fig. 19.9 Palpation of parapatellar soft tissues and the fat 
pad is performed for swelling and elicitation of pain 
(Reprinted from Noyes and Barber-Westin [8])
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a b

c

Fig. 19.10 Patellofemoral joint examination. (a) Lateral 
tibial patellar tendon attachment full extension. (b) 
Normal lateral glide 30° flexion. Manual medial glide at 

(c) 0° and (d) 30° flexion (Reprinted from Reprinted from 
Noyes and Barber-Westin [9])

a b

Fig. 19.11 Restoration of full knee motion and normal patellar mobility after an MPFL reconstruction. (From Noyes 
and Albright [10])
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19.5  Meniscus Tests

Patients who had a concomitant meniscus tear 
requiring repair or partial meniscectomy are 
examined to determine if residual tibiofemoral 
compartment pain exists. The presence of tibio-
femoral joint line pain on joint palpation is a pri-
mary indicator of a repeat meniscus tear. Other 
clinical signs include pain on forced flexion, 
obvious meniscal displacement during joint com-
pression and flexion and extension, lack of full 
extension, and a positive McMurray test [11, 12]. 
The clinical examination should assess for ten-
derness on palpation at the posterolateral aspect 
of the joint at the anatomic site of the popliteo-
meniscal attachments that may have been dis-
rupted producing abnormal meniscus subluxation 
of the posterior lateral meniscus. In such cases, 
the MRI is frequently negative. The McMurray 
test is performed in maximum flexion, progress-
ing from maximum external rotation to internal 
rotation and then back to external rotation. This 
test may produce a lateral palpable snapping sen-
sation, representing an anterior subluxation of the 
posterior horn of the lateral meniscus with maxi-
mum internal rotation. The presence of moderate 
or severe tibiofemoral compartment pain believed 
related to a repeat meniscus tear or failure of a 
meniscus repair may contraindicate release to 
unrestricted activities. MRI may be recom-
mended to determine the status of the menisci, 
especially in a younger athlete in whom preserva-
tion of this structure is paramount [13].

19.6  Knee Ligament Tests

19.6.1  Anterior Cruciate Ligament

Patients who underwent ACL reconstruction 
undergo Lachman (Fig.  19.12), flexion-rotation 
drawer, and pivot shift testing (Fig. 19.13). KT- 
2000 testing is performed by the therapist at 
134 N to determine total AP displacement. The 
Lachman test is graded according to IKDC rat-
ings (Table 19.1). The pivot shift test is recorded 
on a scale of 0 to III, with a grade of 0 indicating 
no pivot shift (IKDC grade normal); grade I, a 

slip or glide (IKDC grade nearly normal); grade 
II, a jerk with gross subluxation or clunk (IKDC 
grade abnormal); and grade III, gross subluxation 
with impingement of the posterior aspect of the 
lateral side of the tibial plateau against the femo-
ral condyle (IKDC grade severely abnormal). 
Unfortunately, these tests are qualitative and 
highly dependent on the examiner’s skill and 
experience. The use of a KT-2000 or other objec-
tive measuring instrument of anterior tibial 
 translation is recommended. Patients with <3 mm 
of anterior tibial translation should have a nega-
tive pivot shift test, assuming the ACL graft is in 
an anatomic location. In Fig. 19.14, the abnormal 
subluxations of the lateral and medial tibia pla-
teau are shown; during the pivot shift test, the 
examiner should visually gauge the subluxation 
of both tibiofemoral compartments. Note that the 
center of tibial rotation shifts medially outside the 
knee joint, which is controlled in part by the func-
tional restraint of the MCL.  With injury to the 
secondary lateral restraints (iliotibial band and 
anterolateral ligament), there is increased tibial 
subluxation, indicating a grade III pivot shift.

Patients that demonstrate a grade II or III pivot 
shift and>5 mm of increase in Lachman testing 
are counseled on the potential need for revision 
ACL reconstruction. Those who wish to resume 
high-risk sports are warned of the potential for 

Fig. 19.12 Lachman test (Reprinted from Noyes and 
Barber-Westin [14])

F. R. Noyes and S. Barber-Westin
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Fig. 19.13 Flexion-rotation drawer and pivot shift tests. 
(a) With the leg held in neutral rotation, the weight of the 
thigh causes the femur to drop back posteriorly and rotate 
externally, producing anterior subluxation of the tibial 
plateau. Gentle flexion and a downward push on the leg 
reduce the subluxation. This test allows the coupled 
motion of anterior translation-internal rotation to produce 
anterior subluxation of the lateral and medial tibial pla-
teau. (b) The knee motions during the tests are shown for 
tibial translation and rotation during knee flexion. The 
clinical test is shown for the normal knee (dotted line) 
and after ligament sectioning (solid line). The ligaments 

sectioned were the ACL, iliotibial band, and lateral cap-
sule. Position A equals the starting position of the test, B 
is the maximum subluxated position, and C indicates the 
reduced position. The pivot shift test involves the exam-
iner applying anterior translation and rotational loading 
to produce the tibial subluxation. The actual changes in 
the motion limits are shown later where there are major 
increases in lateral and medial tibiofemoral compartment 
translations and only small changes in degrees of internal 
tibial rotation. AP anteroposterior, div division (Reprinted 
from Noyes and Barber-Westin [15])
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further damage to the knee joint in a manner sim-
ilar to that of a conservatively treated ACL- 
deficient knee [16, 17]. Any knee with a positive 
pivot shift is at increased risk for a recurrent 
giving- way reinjury, damage to meniscus struc-
tures, and future joint arthrosis. The objective 
rules for RTS in athletes who decline ACL recon-
struction apply to obtain correction of parameters 
such as muscle strength and control; however, the 
rule is strict that turning, twisting, and decelera-
tion activities are contraindicated due to the risk 
of further damage to cartilage, meniscus, and 
ligament structures. Only light recreational activ-
ities would be indicated such as biking, swim-
ming, and work-out activities.

19.6.2  Posterior Cruciate Ligament

In patients that undergo PCL reconstruction, the 
medial posterior tibiofemoral step-off on the pos-
terior drawer test is done at 90° of flexion 
(Fig. 19.15). It is important to note that the clini-
cal posterior drawer test can be highly subjective 
because the forces applied may be too variable to 
allow accurate determination of the status of a 
PCL reconstruction. If any question arises regard-
ing the reconstructed ligament’s integrity, quanti-
fication of posterior tibial translation may be 
performed using stress radiography [7]. Young 
active patients who demonstrate >10  mm of 
increased posterior tibial translation and who 

wish to resume high-risk activities are counseled 
of the risks for further symptoms and joint 
damage.

19.6.3  Medial Collateral Ligament

Patients that had damage to or reconstruction of 
the medial ligament structures (superficial medial 
collateral ligament, deep medial collateral liga-
ment, and/or posterior oblique ligament [14]), 
undergo manual valgus stress testing at 0° and 
30° of knee flexion (Fig. 19.16). The amount of 
joint opening is estimated between the initial 
closed contact position and open position of each 
tibiofemoral compartment, performed in a con-
strained manner avoiding internal or external 
tibial rotation. The result is recorded according to 
the approximate increase in the tibiofemoral 
compartment of the affected knee compared with 
the opposite normal knee. Medial joint opening 
may also be measured with stress radiographs if 
required. The majority of patients who sustain 
damage to the medial ligament structures are 
treated conservatively; however, there is building 
evidence that open surgical repair in athletes pro-
vides a superior result. A small amount of resid-
ual medial compartment opening is not considered 
a contraindication for RTS.  However, a large 
symptomatic amount of medial opening 
(>10 mm) is indicative of nonfunctional medial 
ligament structures and surgery may be dis-
cussed. Patients with a combined ACL-MCL 

Fig. 19.15 Posterior drawer test performed at 90° of 
knee flexion, posterior load on proximal tibia, and no tib-
ial rotation. The medial tibiofemoral step-off is palpated 
(Reprinted from Noyes and Barber-Westin [7])

Fig. 19.16 Valgus stress test, palpating for medial joint 
opening at 30° and 0° of flexion (Reprinted from Noyes 
and Barber-Westin [14])
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injury must demonstrate restoration of both 
 ligament structures for release to unrestricted 
athletic activities.

19.6.4  Lateral Collateral Ligament 
and Posterolateral Structures

In patients who sustained injury to or undergo 
reconstruction of the LCL and posterolateral 
structures (popliteus muscle-tendon-ligament 
unit, including the popliteofibular ligament and 
posterolateral capsule), manual varus stress test-
ing is performed at 0° and 30° of knee flexion. 
The surgeon estimates the amount of joint open-
ing (in millimeters) between the initial closed 
contact position and maximum opened position 
of the lateral tibiofemoral compartment, per-
formed in a constrained manner avoiding internal 
or external tibial rotation. The result is recorded 
according to the increase in the tibiofemoral 
compartment of the reconstructed knee compared 
with the opposite normal knee. Lateral tibio-
femoral joint opening may be quantified with 
stress radiographs if required.

The tibiofemoral rotation dial test is per-
formed at 30° and 90° to determine if any increase 
is present in external tibial rotation with posterior 

subluxation of the lateral tibial plateau 
(Fig.  19.17). A word of caution is necessary 
because it is possible to confuse increased exter-
nal tibial rotation for a posterolateral insuffi-
ciency and not detect that the increase is actually 
an anterior subluxation of the medial tibial pla-
teau due to medial ligament insufficiency [8]. 
The examiner palpates both the medial and lat-
eral tibial prominences at the anterior aspect of 
the joint and visually determines which tibio-
femoral compartment is abnormal (anterior sub-
luxation of the medial tibial plateau or posterior 
subluxation of the lateral tibial plateau). The 
senior author initially described the dial test and 
recommended the supine position to visualize the 
anterior aspect of the joint. Later modification of 
performing the test in the prone position is not 
recommended because the examiner cannot 
determine which tibiofemoral compartment is 
undergoing a rotational subluxation.

Because injury to the lateral and posterolateral 
structures is frequently accompanied by ACL or 
PCL ruptures, the determination of the function 
of all injured or reconstructed ligaments is crucial 
in the RTS decision process. In these cases, artic-
ular cartilage damage is often present and patients 
are advised to return to low-impact activities such 
as bicycling, swimming, low-impact aerobics, 

Fig. 19.17 External rotation-internal rotation dial test. 
(Left) Starting position (performed at 30° and 90° of flex-
ion). (Center) Maximum at 30° of flexion. (Right) 

Maximum at 90° of flexion (Reprinted from Noyes and 
Barber-Westin [14])
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and low-impact fitness training. Patients with 
combined ligament injuries must demonstrate 
restoration of all ligament structures and no or 
only mild damage to the articular cartilage for 
release to unrestricted athletic activities.

19.7  Determination of Articular 
Cartilage Damage

It is well appreciated that up to 20% of athletes 
with ACL injury will also sustain damage to the 
articular cartilage as a result of the traumatic 
anterior subluxation of the medial and lateral 
tibial plateaus. The pattern of damage to the lat-
eral tibiofemoral compartment is well understood 
as the posterior tibial plateau impinges against 
the anterior aspect of the lateral femoral condyle. 
Bone bruise patterns indicating micro-trabecular 
fracture of both the tibia and femur occur in up to 
70–80% of injuries [18, 19]. More serious micro- 
trabecular fractures may be associated with chon-
drocyte death and later articular cartilage thinning 
and early arthrosis. Potter et al. [20] studied the 
incidence of lateral tibiofemoral compartment 
arthrosis after ACL injury and reported that, by 
7–11 years post-injury, the risk of cartilage loss 
was 50 times that of baseline. In addition to the 
MRI findings, it is important for the entire man-
agement team to be aware of the findings at 
arthroscopy in which a careful examination docu-
ments damage to articular cartilage surfaces. 
Appropriate arthroscopic photographs are 
required, which become a permanent part of the 
operative treatment records. The extent of initial 
cartilage damage greatly influences the recom-
mendation to return to high impact athletic activi-
ties. Subsequent MRI imaging with specific 
cartilage views is available prior to RTS and, as 
well, at follow-up if necessary to detect early car-
tilage damage that may contraindicate certain 
high impact sports. This is also important in 
knees with associated meniscus damage, such as 
after a partial meniscectomy in which there may 
be further joint damage with sports.

A highly controversial subject relates to ath-
letes that sustain serious meniscus injury in which 
a high grade partial or complete meniscectomy is 

required. There are many natural history studies 
that indicate certain athletes will develop tibio-
femoral arthrosis [21, 22]. Risk factors include a 
varus or valgus alignment for medial or lateral 
meniscus loss (Fig. 19.18), respectively, type of 
sports (high impact versus low impact), frequency 

Fig. 19.18 A 33-year-old woman presented with moder-
ate to severe medial joint pain and giving way with daily 
activities. She had a prior medial meniscectomy 15 years 
ago and a failed ACL allograft reconstruction 8 years ago. 
The examination showed a positive pivot shift and 15 mm 
of increased anteroposterior tibial displacement on 
KT-2000 testing. There was no increase in external tibial 
rotation, lateral joint opening, or posterior tibial transla-
tion. Full-length, standing radiographs revealed a weight- 
bearing line of 20% of the tibial width and narrowing of 
the medial tibiofemoral compartment (Reprinted from 
Noyes and Barber-Westin [5])
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of athletic participation, body mass index, and 
intrinsic patient factors that are difficult to judge. 
It is the authors’ opinion that loss of meniscus 
function places the knee joint at considerable risk 
for joint arthrosis, which contraindicates high 
impact athletic sports. These patients require rou-
tine repeat examinations including weight-bear-
ing PA views (45° knee flexion) to detect any 
decrease in joint space. Unfortunately, meniscus 
transplants are not chondroprotective, even 
though they may have a significant benefit in 
decreasing joint pain in meniscectomized knees 
[23]. The International Meniscus Reconstruction 
Experts Forum concluded that meniscus trans-
plantation is recommended with caution because 
of concern for high failure rates, which is espe-
cially important in athletes [24]. An individual-
ized RTS approach is warranted, recognizing that 
the main goal is to avoid future wear-related 
problems.

19.8  Diagnosis of Complex 
Regional Pain Syndrome

A rare but potentially severe problem is the onset 
postoperatively of complex regional pain syn-
drome (CRPS) [25]. Nomenclature relating to 
CRPS has varied over the years and has included 
Sudeck’s atrophy, reflex sympathetic dystrophy, 
post-traumatic dystrophy, and causalgia. The dis-
order usually follows tissue injury or surgery to a 
limb (although it may have a spontaneous onset) 
that may be associated with sensory, vasomotor, 
sudomotor, motor, and dystrophic changes [26]. 
The pain is distinct in that it is out of proportion 
to the inciting event and may be accompanied by 
discoloration of skin, change in skin temperature, 
abnormal sweating, edema, and loss of the nor-
mal range of motion of the affected limb. The 
early diagnosis and treatment of this disorder is 
crucial because early management yields a more 
favorable outcome [27–30]. If not successfully 
managed, CRPS patients suffer a major loss of 
quality of life for several years [31] and will most 
likely experience psychological consequences of 
their chronic pain [32, 33]. The term CRPS-I indi-
cates diagnostic criteria are present without major 

nerve damage, while the term CRPS-II indicates 
diagnostic criteria exist along with nerve injury, 
entrapment, or compression, or the formation of a 
neuroma (Fig. 19.19). The current diagnostic cri-
teria for CRPS, known as the Budapest Criteria, 
are shown in Table 19.5 [34, 35].

Several theories have been devised to explain 
the etiology and pathophysiology of CRPS  
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[36–42], most of which discuss CRPS in general 
and not specifically as it relates to the knee joint 
[43]. Investigators typically agree that this disor-
der involves the central, autonomic, and somatic 
nervous systems, may be influenced by neuro-
genic inflammation and an immunologic 
response, creates central sensitization, and may 
induce cortical reorganization. In the chronic 
state, tissue ischemia/hypoxia may result from 
endothelial  dysfunction and impaired circulation, 
and severe psychological distress and neuropsy-
chological impairment may occur.

Common self-reported symptoms include 
asymmetry in skin color, hyperesthesia (allo-
dynia, hyperpathia), asymmetric edema, and 
motor changes. Frequent signs observed on phys-
ical examination are skin color asymmetry, 
hyperalgesia, decreased active range of motion, 
and motor changes. A classic finding is allodynia 
during the physical exam in which the patient 
describes the inability to tolerate pressure from 
bed sheets at night, clothing, and even air cur-
rents. The hallmark finding of CRPS is pain dis-
proportionate to the inciting event, including pain 
more intense than expected, lasting longer than 
expected, and expanding beyond the dermatomal 
region of the extremity. The pain may be 
described as burning and shooting, or as deep, 
constant, and aching (Fig.  19.20). Pain may 
worsen with aggressive physical therapy, weather 
changes (becoming colder), physical activity, and 
fear or agitation.

In patients with suspected nerve injuries or 
neuromas, a diagnostic nerve block is indicated 
[25]. In the knee, this usually involves the infrapa-
tellar branch of the saphenous nerve and may 
also involve the medial retinacular nerve, the 
medial cutaneous nerve, and the lateral retinacu-
lar nerve. A lumbar sympathetic ganglion block 
is one tool used for both diagnosing and treating 
CRPS-I, although its use is controversial. MRI 
must be done before a lumbar block to detect 
other possible triggers for pain such as a menis-
cus tear to avoid the necessity of this test. 
Treatment options vary and have been descripted 
in detail elsewhere [44].
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Neuromuscular Function, Agility, 
and Aerobic Testing

Sue Barber-Westin and Frank R. Noyes

20.1  Introduction

Common body mechanics and injury circum-
stances have been noted in both men and women 
during anterior cruciate ligament (ACL) ruptures. 
Video footage obtained during noncontact ACL 
injuries demonstrates reduced knee flexion 
angles, increased hip flexion angles, valgus col-
lapse at the knee, reduced ankle plantar flexion 
angles (flat-footed position), increased hip inter-
nal rotation, and increased internal or external 
tibial rotation [1–3]. Therefore, before athletes 
are released to return to sport (RTS), tests are rec-
ommended that may detect these abnormal 
mechanics during activities such as landing from 
a jump, cutting, or side-stepping. Although the 
majority of research conducted over the past two 
decades on neuromuscular indices in young ath-
letes has used expensive force plate, multi- 
camera motion analysis systems, there are 
cost-effective test methods available. The drop- 
jump test is one of the most commonly used 
assessment methods of neuromuscular function 
landing from a jump. A side-cut is another practi-
cal test that may be performed in the clinic set-
ting. Other jumps involving single-leg balance, 

power, and neuromuscular control (single hop for 
distance, crossover hop, triple hop, timed hop, 
single-leg squat) are detailed in Chap. 21.

Agility is a vital component of athletes; a sum-
mary of an analysis of change of direction move-
ment that typically occurs in various sports is 
shown in Table 20.1. The ability to change direc-
tion in an efficient and biomechanically safe man-
ner is vital after ACL reconstruction to reduce the 
risk of reinjury. Agility is acknowledged to be an 

S. Barber-Westin (*) 
Noyes Knee Institute, Cincinnati, OH, USA
e-mail: sbwestin@csmref.org 

F. R. Noyes 
Cincinnati Sports Medicine and Orthopaedic Center, 
The Noyes Knee Institute, Cincinnati, OH, USA

20

Table 20.1 Frequency of agility, or change of direction 
maneuvers, in various sportsa

Sport
Soccer Players change direction every 2–4 s

Players make 1200–1400 changes of 
direction during a game

Basketball Players change direction every 2 s
Lateral movement equals 22% of total 
distance covered (as much as 1684 m)

Tennis 
(competitive)

Lateral movement accounts for 70% of 
all movement
An average of four changes of 
direction occur per point
As many as 1000 changes of direction 
occur per match

Squash An average of 580 steps occur per 
game and 2866 steps occur per match. 
Most movements are not done in a 
straight line

Field hockey Change of direction occurs every 5.5 s
Rugby Lateral or backward movement occurs 

a mean of 59 times per match

s second
aFrom Stewart et al. [4]
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independent motor skill and should be tested sep-
arately from strength and power. There are sev-
eral field-based agility tests that appear to be 
correlated, reliable, and valid in assessing general 
athletic ability to change direction [4, 5]. 
Combined with an appropriate analysis of tech-
nique, these tests offer the clinician the ability to 
assess the patient’s technique and confidence in 
accelerating, decelerating, and changing body 
direction. Common field tests include the T-test 
[6, 7], the Illinois agility test [8], the 505 test [9], 
and the pro-agility test [10, 11]. The examiner 
may consider these options and choose the test 
that is best suited to the sport the athlete wishes to 
resume [5, 12–17]. Examples of sports- specific 
agility tests are provided in Chaps. 17 and 18.

Aerobic fitness is a critical component for ath-
letic performance and injury prevention [18]. 
Maximal oxygen uptake (VO2max) is most accu-
rately measured using laboratory tests; however, 
they are expensive, time-consuming, and require 
trained personnel. These procedures typically 
measure VO2max using indirect pulmonary gas 
exchange during a maximal treadmill run or sta-
tionary bicycle test. In order to provide coaches, 
athletes, and trainers with a simpler and more 
feasible alternative, field tests have been devel-
oped that provide an estimate of VO2max. Two of 
the most common assessments discussed in this 
chapter are the 20-m multistage fitness test 
(MSFT) [19] and the Yo-Yo Intermittent Recovery 
test [20]. While the MSFT assesses continuous 
aerobic performance, many sports involve inter-
mittent exercise, such as basketball, soccer, 
rugby, and tennis. Athletes must be able to per-
form repeated bouts of intense activity, followed 
by short periods of rest. For these individuals, 
tests of continuous aerobic endurance may not be 
relevant as they do not mimic the demands of 
their sport [21–23]. The Yo-Yo Intermittent 
Recovery Test was developed to measure an ath-
lete’s ability to repeatedly perform intense exer-
cise [20].

Before testing at our center, the athlete com-
pletes the dynamic warm-up component of 
Sportsmetrics training (see Chap. 14). Each test 
is thoroughly explained and the athlete is allowed 
several practice trials so that they are familiar 

with the procedures. Education of the athlete 
regarding the importance of testing and the need 
for the maximal effort is crucial to obtain valid 
results. If several tests are going to be conducted, 
the least fatiguing tests are conducted first, 
including highly skilled tasks such as agility or 
hopping/jumping, and endurance or fatiguing 
tests are done last. The National Strength and 
Conditioning Association suggests the following 
order: non-fatiguing (resting heart rate, body 
composition, flexibility, and jump tests), agility, 
power and strength, sprints, local muscular 
endurance, anaerobic capacity, and aerobic 
capacity tests [10]. Informed consent is obtained 
from the athlete if they are ≥18 years of age, or 
from a parent or legal guardian if they are 
<18 years old. Ideally, the pre-train and post-train 
test conditions should be as identical as possible 
in regard to the day of the week, time of day, 
environmental conditions if testing is conducted 
outdoors, and test administrators. Appropriate 
rest periods are mandatory between tests to allow 
recovery of normal heart rate, hydration, and 
preparation for the next task. For instance, power 
tests that last for a few s (vertical jump height, 
single-leg hop test) and strength and speed tests 
lasting around 4 s require 3–5 min between trials 
[24]. Longer lasting tests may require 8  min 
between repetitions or test trials.

20.2  Cost-Effective Neuro-
muscular Function Tests

20.2.1  Video Drop-Jump  
Screening Test

A drop-jump video screening test may be used to 
measure overall lower limb alignment in the cor-
onal plane [25–27]. Performed with a single cam-
era in any setting, this procedure clearly 
demonstrates lower extremity alignment on land-
ing and is useful to conduct after athletes com-
plete neuromuscular training in order to determine 
if poor landing mechanics improved (Fig. 20.1).

A camcorder equipped with a memory stick is 
placed on a stand 102.24 cm in height. The stand 
is positioned approximately 365.76 cm in front of 
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a box 30.48 cm in height and 38.1 cm in width. 
Velcro circles (2.54 cm) are placed on each of the 
four corners of the box that faces the camera. The 
athlete is dressed in fitted, dark shorts and low cut 
gym shoes. Reflective markers are placed at the 
greater trochanter and lateral malleolus of both 
legs and velcro circles are placed on the center of 
each patella. The jump-land sequence is demon-
strated and practice trials are allowed to ensure 
the athlete understands the test. No verbal instruc-
tions regarding how to land or jump are provided. 
The athlete is only instructed to land straight in 
front of the box to be in the correct angle for the 
camera to record properly. The athlete performs a 
jump-land sequence by first jumping off the box, 
landing, and immediately performing a maxi-
mum vertical jump. This sequence is repeated 
three times.

After completion of the test, all three trials are 
viewed and the one that best represents the 

 athletes’ jumping ability is selected for measure-
ment. Advancing the video frame-by-frame, the 
following images are captured as still photo-
graphs: (1) pre-land, the frame in which the ath-
letes’ toes just touch the ground after the jump off 
of the box; (2) land, the frame in which the athlete 
is at the deepest point; and (3) take-off, the frame 
that demonstrates the initial forward and upward 
movement of the arms and the body as the athlete 
prepares to go into the maximum vertical jump.

The captured images are imported into a hard 
drive of a computer and digitized on the screen 
using commercially available software (sports-
metrics.org). A calibration procedure is done by 
placing the cursor and clicking in the center of 
each Velcro marker on each of the four corners of 
the drop jump box. The anatomic reference points 
represented by the reflective markers are selected 
by clicking in a designated sequence the cursor 
for each image.

a b

Fig. 20.1 The drop-jump land sequences from a 16-year- 
old female athlete (a) before and (b) after neuromuscular 
training. This volleyball player improved in both the abso-

lute cm of knee separation distance (from 15 to 29 cm) 
and normalized knee separation distance (from 72 to 
94%). (From Barber-Westin and Noyes [28])

20 Neuromuscular Function, Agility, and Aerobic Testing
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The absolute cm of separation distance between 
the right and left hip and normalized separation 
distances for the knees and ankles, standardized 
according to the hip separation distance, are pro-
duced using the software. Normalized knee sepa-
ration distance is calculated as knee separation 
distance/hip separation distance ×100 and normal-
ized ankle separation distance is calculated as 
ankle separation distance/hip separation distance 

×100 (Fig.  20.2). We empirically believe that 
<60% knee separation distance represents a dis-
tinctly abnormal lower limb valgus alignment 
position.

The reliability of the drop-jump video test was 
determined previously [25]. Test-retest trials pro-
duced high intraclass correlation coefficients 
(ICC) for the hip separation distance (pre-land, 
0.96; land, 0.94; take-off, 0.94). For the within- test 

Fig. 20.2 Photographs of the three phases of the drop- 
jump test. The cm of distance between the hips, knees, and 
ankles is calculated along with normalized knee and ankle 

separation distances (according to the hip separation dis-
tance). Shown is the test result of a 14-year-old female 
(From Noyes et al. [25])
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trial, the ICCs for the hip, knee, and ankle separa-
tion distance were all ≥0.90, demonstrating excel-
lent reliability of the videographic test and 
software capturing procedures. A study from an 
independent center reported high inter-rater reli-
ability between athletic trainers, physical thera-
pists, surgeons, and coaches in determining knee 
separation distance (K coefficient = 0.92) [26].

If desired, a second camera may be imple-
mented to assess knee and hip flexion angles in 
the sagittal plane [29]. A third option is to use a 
camera in the coronal plane to measure or clas-
sify lower limb alignment during motions such as 
cutting. Athletes may be categorized as valgus, 
varus, or neutral by observing the angle between 
the shank and thigh in the frame that represents 
the initiation of the cutting maneuver [30].

It is important to note that the video drop- jump 
test only provides a general indicator of an ath-
letes’ lower limb axial alignment in the coronal 
plane in a straightforward drop-jump and vertical 
take-off task and cannot be used as a specific risk 
indicator for noncontact ACL injuries. This test is 
performed during one maneuver that only depicts 
hip, knee, and ankle positions in a single plane, 
whereas noncontact ACL injuries frequently 
occur in side-to-side, cutting, or multiple com-
plex motions. More sophisticated and expensive 
multi-camera systems are required to measure 
these types of motions in multiple planes [31]. 
However, this test provides a general assessment 
of lower limb position and depicts those athletes 
who have poor control on landing and accelera-
tion into a vertical jump. It is reliable, practical, 
and feasible for individuals who do not have 
funds or access to multiple cameras, force plates, 
and research personnel required to perform exten-
sive data collection and reduction with more com-
plex systems. Sample results for a variety of 
athletes are shown in Table 20.2 [25, 32–38].

20.2.2  Video Plant and Cut Test

Although this test has been used extensively in 
laboratories with multiple cameras, force plates, 
and equipment required to capture three- 
dimensional kinematics and kinetics, it may be 

used to subjectively rate trunk and lower extrem-
ity mechanics during a plant and 45° cut maneu-
ver. This test is performed as described by Pollard 
et al. [39] where the patient runs 5 m to a spot 
designated on the floor with tape, plants on the 
involved leg, and then performs a 45° cut. If the 
right leg was reconstructed, the cut should be to 
the left. Cones may be set up to direct the patient 
to perform the angle of 45°. The examiner should 
watch for excessive trunk lean over the stance 
leg, poor hip and/or knee flexion, and valgus col-
lapse at the knee [40, 41].

Pollard et al. [39] reported gender differences 
during this test in collegiate soccer players. 
During the early deceleration phase, female 

Table 20.2 Sample results of the drop-jump screening 
test

Study Cohort details (age)

Normalized knee 
separation distance 
on landing (%)

Noyes et al. 
[25]

Athletes, male and female, 11–19 years
  Female trained 68
  Female control 51
  Male control 51

Noyes et al. 
[32]

Basketball, female, high school, 
14–17 years
  Pre-train 45 ± 17
  Post-train 74 ± 19

Noyes et al. 
[33]

Soccer, female, high school, 14–17 years
  Pre-train 36 ± 7
  Post-train 54 ± 14

Rodriguez  
et al. [34]

Soccer, female, elite, 18.6 ± 2.7 years
  Pre-train 41 ± 8
  Post-train 45 ± 12

Noyes et al. 
[35]

Volleyball, female, high school, 
14–17 years
  Pre-train 56 ± 19
  Post-train 63 ± 13

Noyes et al. 
[36]

Athletes, female, high school and club, 
13–18 years
  Pre-train 47 ± 19
  Post-train 65 ± 18

Barendrecht 
et al. [37]

Handball, male and female, 13–19 years
  Neuromuscular 

train: pre/post 
train

54/60

  Regular train:  
pre/post train

50/52

Chimera 
and Kremer 
[38]

Rowers, female, high school, 
15.6 ± 1.2 years
  Pre-train 58 ± 12
  Post-train 69 ± 7
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 athletes demonstrated differences in hip kinemat-
ics and kinetics compared with male athletes in 
greater hip internal rotation (7.7° and −1.0°, 
respectively, P = 0.01), less hip flexion (49° and 
54°, respectively, P = 0.05), greater hip adductor 
moments (−1.69  Nm/kg and −0.87  Nm/kg, 
respectively, P = 0.04), and decreased hip exten-
sor moments (5.36  Nm/kg and 6.67  Nm/kg, 
respectively, P  =  0.04). McLean et  al. [42] 
reported that female collegiate basketball players 
had significantly larger knee valgus moments at 
peak stance phase compared with their male 
counterparts (0.63  ±  0.20  Nm  kg−1  m−1 and 
0.42 ± 0.11, Nm kg−1 m−1, respectively, P < 0.05), 
which were associated with larger initial hip flex-
ion and internal rotation and larger knee valgus 
angles. Malinzak et al. [43] reported that colle-
giate female recreational athletes demonstrated 
lower knee flexion angles (mean difference, 8°) 
and greater valgus angles (mean difference, 11°) 
during stance phase than male athletes. Sigward 
and Powers [44] found that, when compared to 
males athletes, females had smaller peak knee 
flexor moments (1.4  ±  0.8  Nm/kg and 
2.1  ±  0.8  Nm/kg, respectively, P  =  0.05), and 
greater knee adductor moments (0.43 ± 0.5  Nm/
kg and 0.01 ± 0.3 Nm/kg, respectively, P < 0.01) 
during the early deceleration phase of this task.

20.3  Agility Tests

20.3.1  T-test

Since its initial description in the literature in 
1990 [45], the T-test has become one of the most 
widely used measures of agility [4, 7, 12, 14, 17, 
33, 46–59]. The athlete sprints from a standing 
point in a straight line to a cone placed 9-m away 
(Fig. 20.3). Then, the athlete side-shuffles to their 
left without crossing their feet to another cone 
placed 4.5-m away. After touching this cone, they 
side-shuffle to their right to a third cone placed 
9-m away, side-shuffle back to the middle cone, 
and then run backwards to the starting position. 
Two tests are completed, with the best time 

recorded. The time to complete this test is 
recorded with a digital stopwatch in one- 
hundredths of a second. This test has excellent 
reliability, with ICCs ≥0.90 [4, 6, 7, 57, 60, 61]. 
The results may be compared with published data 
according to sports and gender (Table 20.3).

20.3.2  Pro-Agility Test

Also known as the 5-10-5 test, the pro-agility test 
is another common field test (Fig. 20.4) [4, 5, 11, 
50, 53, 63–72]. The athlete begins on a marked 
line, sprints 4.5 m to a second line, and touches the 
line with their hand. The athlete then turns 180° 
and sprints to a third line that is 9.1 m away. They 
touch that line, turn 180° again, and return to the 
starting line (4.5 m) away. The athlete is instructed 
to sprint through the starting point. Two tests are 
completed, with the best time recorded. The time 
to complete this test is recorded with a digital 
stopwatch in one- hundredths of a second. This test 
has excellent reliability, with ICC >0.90 [4, 70]. 
The results may be compared with published data 
according to sports and gender (Table 20.4).

4.6 m 4.6 m

Shuffle
Shuffle

Shuffle

9.
1 

m

S
pr

in
t

B
ackpedal

START END

Fig. 20.3 T-test. The test requires the athlete to follow 
the directions shown with the arrows from start to finish
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Table 20.3 Sample results of the T-test

Study Cohort details (age) T-test (s)
Ben Abdelkrim 
et al. [47]

Basketball, male, elite, 
18.2 ± 0.5 years
  No train, profile 

only
11.56 ± 0.46

Asadi et al. 
[46]

Basketball, male, elite, 
18.5 ± 0.8 years
  Train 12.20 ± 0.32
  Control 12.90 ± 0.54

Spiteri et al. 
[58]

Basketball, female, professional, 
24.2 ± 2.5 years
  No train, profile 

only
11.75 ± 1.15

Delextrat et al. 
[12]

Basketball, female, elite, age NA
  No train, profile 

only
10.45 ± 0.51

Delextrat et al. 
[48]

Basketball, male, age NA
  Elite level 9.21 ± 0.24
  Average level 9.78 ± 0.59

Hoffman et al. 
[50]

Lacrosse, female, elite, 
19.2 ± 1.0 years
  Starters 10.5 ± 0.6
  Nonstarters 10.5 ± 0.2

McFarland 
et al. [53]

Soccer, collegiate, 18–23 years
  Females 11.92 ± 0.56
  Males 10.22 ± 0.41

Kutlu et al. 
[62]

Soccer, female, 
collegiate, 
20.8 ± 1.9 years
  Trial #1 12.17 ± 0.56
  Trial #2 12.21 ± 0.53

Noyes et al. 
[33]

Soccer, female, high school, 
15 ± 1 years
  Pre-train 12.05 ± 0.87
  Post-train 11.31 ± 0.69

Sporis et al. 
[17]

Soccer, male, elite, 19.1 ± 0.6 years
  No train, profile 

only
8.12 ± 0.27

Negra et al. 
[56]

Athletes, male, 12 ± 1 years
  Soccer 11.90 ± 0.80
  Handball 12.89 ± 1.34

Sekulic et al. 
[57]

Tennis, male and 
female, 
competitive, 
18 ± 2 years
  Trial #1 12.29 ± 1.01
  Trial #2 12.01 ± 0.99
  Trial #3 11.94 ± 1.10

Gabbett et al. 
[49]

Volleyball, 16.5 ± 0.1 years
  National, male 9.90 ± 0.17
  National, female 10.33 ± 0.13
  State, male 9.76 ± 0.15
  State, female 10.55 ± 0.14
  Novice, male 10.47 ± 0.18
  Novice, female 11.23 ± 0.16

9.1 m

2

3

1

START /
END

Fig. 20.4 The pro-agility test consists of three forward 
sprints as shown. Course shown is an American football 
field

Table 20.4 Sample results of the pro-agility test

Study Cohort details (age) Pro-agility (s)
Arede et al. 
[63]

Basketball, male, 14.2 ± 0.4 years
  Pre-train 5.54 ± 0.20
  Post-train 5.50 ± 0.17

Hoffman et al. 
[50]

Lacrosse, female, elite, 19.2 ± 1.0 years
  Starters 4.92 ± 0.22
  Nonstarters 4.94 ± 0.13

(continued)

Study Cohort details (age) T-test (s)
Jarvis et al. 
[14]

Rugby, male, sub-elite, 
23.0 ± 5.4 years
  Forwards 12.5 ± 1.3
  Backs 10.9 ± 0.5
  All 11.7 ± 1.3

Khodaei et al. 
[51]

Athletes, male, 20 ± 1 years
  Assisted 

plyometric 
trained

8.25 ± 0.48

  Resisted 
plyometric 
trained

8.27 ± 0.69

  Common 
plyometric 
trained

8.64 ± 0.66

Stewart et al. 
[4]

Healthy physical education students, 
16.7 ± 0.6 years
  Male 10.31 ± 0.46
  Female 11.70 ± 0.67

Miller et al. 
[54]

Athletes, gender NA, 22.3 ± 3.1 years
  Pre-train 12.8 ± 1.0
  Post-train 12.1 ± 1.1

Munro et al. [7] Recreationally active, male and 
female, collegiate, 22 ± 3 years
  Male 11.28 ± 0.75
  Female 13.36 ± 0.92

NA not available

Table 20.3 (continued)
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20.3.3  Illinois Agility Test

The Illinois agility test has been widely used to 
measure agility in a variety of athletes [4, 14, 
46, 51, 54, 56, 57, 62, 74–84]. This timed test 
involves straight sprinting, multiple directional 
changes around cones, and 180° turns 
(Fig. 20.5). Results may be compared with pub-
lished data shown in Table 20.5. The reliability 
of this test is excellent, with ICCs >0.90 [56, 61, 
62, 78, 81, 85].

20.3.4  505 Test

This agility test requires an electronic timing sys-
tem (Fig.  20.6); we include it in this chapter 
because it is another frequently used assessment 
method of the ability of athletes to change direc-
tion. The athlete runs straight ahead for 10 m and, 
upon passing the timing gate, sprints 5 more m, 
makes a 180° turn, and sprints 5 m back through 
the timing gate. Results may be compared with 
published data shown in Table 20.6 [58, 86–99, 
101, 102]. The reliability of this test is adequate, 
with ICCs ranging from 0.68 [100] to 0.94 [96].

20.4  Aerobic Tests

20.4.1  Estimated Maximal Oxygen 
Uptake: Multistage  
Fitness Test

Equipment required for the MSFT are a commer-
cially available audio compact disk (CD) and a 
CD player. Two cones are used to mark the course 
(Fig.  20.7). The athlete begins with their toes 
behind the designated starting cone. The second 
cone is located 20  m away. The athlete is 
instructed that, on the “go” command, they are to 
begin running back and forth between the two 
cones in time to recorded beeps on the CD. The 
athlete performs shuttle runs back and forth along 
the 20-m course, keeping in time with the series 
of signals (beeps) on the CD by touching the 
appropriate end cone in time with each audio sig-
nal. The frequency of the audible signals (and 

Table 20.4 (continued)

Study Cohort details (age) Pro-agility (s)
Lockie et al. 
[68]

Soccer, female, collegiate, 
20.1 ± 1.2 years
  No train, profile 5.09 ± 0.23

McFarland 
et al. [53]

Soccer, collegiate, 18–23 years
  Females 5.36 ± 0.18
  Males 4.64 ± 0.14

Vescovi et al. 
[71]

Soccer, female, high level
  Age 12–13 years 5.17 ± 0.33
  Age 14–17 years 4.92 ± 0.24
  Age 18–21 years 4.87 ± 0.21

Vescovi et al. 
[5]

Soccer, female
  High school, age 

15.1 ± 1.6 years
4.91 ± 0.22

  Collegiate, age 
19.9 ± 0.9 years

4.88 ± 0.20

Lacrosse, female
  Collegiate, age 

19.9 ± 0.9 years
4.99 ± 0.24

Magal et al. 
[69]

Soccer, male, elite, 20.0 ± 0.9 years
  Preseason 4.96 ± 0.19
  Postseason 4.80 ± 0.33

Bishop et al. 
[64]

Rugby, male elite, U17
  No train, profile only 4.67 ± 0.16

McKay et al. 
[73]

American football, male, high school, 
defensive backsa

  Freshman 4.61 ± 0.24
  Sophomore 4.52 ± 0.22
  Junior 4.46 ± 0.20

Collins et al. 
[65]

American football, male, high school, 
15.9 ± 0.9 years
  No train, profile only 5.03 ± 0.21

Mann et al. 
[70]

American football, male, collegiate, 
20.5 ± 1.2 years
  Trial #1 4.53 ± 0.35
  Trial #2 4.54 ± 0.31

Yuasa et al. 
[72]

American football, male, collegiate, 
19.9 ± 0.9 years
  No train, profile only 4.43 ± 0.13

Fitzgerald 
et al. [66]

American football, male, professional
  1999–2000 NFL 

Combines
4.37 ± 0.26

  2015–2016 NFL 
Combines

4.39 ± 0.26

Stewart et al. 
[4]

Healthy physical education students, 
16.7 ± 0.6 years
  Male 4.88 ± 0.26
  Female 5.35 ± 0.28

Jones et al. 
[11]

Healthy athletic preadolescents, 
11.7 ± 0.5 years
  Male 5.99 ± 0.47
  Female 5.84 ± 0.45

Jones et al. 
[67]

Collegiate female athletes (soccer, field 
hockey, softball), age NA
  Pre-train 5.39 ± 0.24
  Post-train 5.37 ± 0.25

NFL National Football League, NA not available
aData also available for other positions, see article

S. Barber-Westin and F. R. Noyes
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5 m

END START

10
 m

a

b

c

Fig. 20.5 The (a) 
Illinois test course with 
the first section marked 
by the red lines and the 
second section marked 
by the blue lines and 
(b, c) direction. (b and c 
from Barber-Westin and 
Noyes [28])

20 Neuromuscular Function, Agility, and Aerobic Testing



490

Table 20.5 Sample results of the Illinois agility test

Study Cohort details (age) Illinois (s)a

Amiri- 
Khorasani 
et al. [74]

Soccer, male, professional, 
22.5 ± 2.5 years
  No stretch warm-up 14.18 ± 0.66
  Static stretch warm-up 14.90 ± 0.38
  Dynamic stretch 

warm-up
13.95 ± 0.32

  Combined stretch 
warm-up

14.50 ± 0.35

Daneshjoo 
et al. [75]

Soccer, male, professional, 
18.9 ± 1.4 years
  Train 11+ 14.4 ± 0.3
  Train HarmoKnee 15.5 ± 0.2
  Control 16.9 ± 1.2

Kutlu et al. 
[62]

Soccer, female, collegiate, 
20.8 ± 1.9 years
  Trial #1 19.07 ± 0.70
  Trial #2 19.12 ± 0.74

Vazini Taher 
et al. [84]

Soccer, gender NA, collegiate, age 
23 ± 4 years
  Static warm-up 16.53 ± 1.64
  Dynamic warm-up 15.14 ± 0.89
  FIFA 11+ warm-up 16.56 ± 0.79

Howard and 
Stavrianeas 
[79]

Soccer, gender NA, high school
  Pre-train 16.26 ± 1.02
  Post-train 16.29 ± 0.92

Makhlouf et al. 
[81]

Soccer, male, 10–12 years
  Balance and plyometric 

trained
18.16 ± 0.8

  Agility and plyometric 
trained

18.00 ± 0.6

  Control 18.38 ± 0.6
Negra et al. 
[82]

Soccer, male, 12.2 ± 0.5
  Pre-train 18.25 ± 0.53
  Post-train 16.81 ± 0.22

Zarei et al. [85] Soccer, male, elite, 14–16 years
  Pre-train 19.1 ± 0.9
  Post-train 18.3 ± 0.8

Asadi et al. 
[46]

Basketball, male, elite, 18.5 ± 0.8 years
  Control group 18.97 ± 0.72
  Trained group 17.81 ± 0.71

Fiorilli et al. 
[76]

Basketball, gender NA, high-level, 
15.2 ± 0.9 years (9.3 × 7.2 m course)
  Defenders 11.40 ± 1.43
  Midfielders 10.97 ± 0.90
  Forwards 11.61 ± 1.61

Gabbett et al. 
[77]

Rugby, male, sub-elite level, 
forwards/backs
  First grade, senior 

league
17.2/17.4

  Second grade, senior 
league

18.1/17.7

  Under 19 18.3/17.9
  Under 16 19.4/19.1
  Under 15 19.5/19.5
  Under 14 21.1/20.3
  Under 13 22.0/21.5

Table 20.5 (continued)

Study Cohort details (age) Illinois (s)a

Jarvis et al. 
[14]

Rugby, male, sub-elite, 23.0 ± 5.4 years
  Forwards 17.9 ± 0.8
  Backs 16.8 ± 0.6
  All 17.4 ± 0.9

Keogh et al. 
[80]

Field hockey, female, regional and club 
levels, 20 ± 1 years
  Regional 16.68 ± 0.16
  Local club 18.03 ± 0.19

Sekulic et al. 
[57]

Tennis, male and female, competitive, 
18 ± 2 years
  Trial #1 19.55 ± 1.30
  Trial #2 19.80 ± 1.56
  Trial #3 19.46 ± 1.43

Roopchand- 
Martin and 
Lue-Chin [83]

Netball, female, elite, 18.6 ± 2.4 years
  Pre-train 18.03 ± 1.12
  Post-train 17.58 ±.58

Hachana et al. 
[78]

Team sport athletes, male, 
20.8 ± 1.3 years (9.2 × 7.2 m course)
  Trial #1 16.30 ± 0.77
  Trial #2 16.23 ± 0.83

Khodaei et al. 
[51]

Athletes, male, 20 ± 1 years
  Assisted plyometric 

trained
17.35 ± 0.41

  Resisted plyometric 
trained

17.08 ± 0.44

  Common plyometric 
trained

17.67 ± 0.52

Negra et al. 
[56]

Athletes, male, 12 ± 1 years
  Soccer players 18.01 ± 0.87
  Handball players 18.44 ± 0.88

Miller et al. 
[54]

Athletes, gender NA, 
22.3 ± 3.1 years
  Pre-train 17.1 ± 1.7
  Post-train 16.6 ± 1.6

Stewart et al. 
[4]

Healthy physical education students, 
16.7 ± 0.6 years
  Male 15.74 ± 0.84
  Female 17.33 ± 0.73

NA not available
aAll used 10 × 5 m course unless indicated

15 m

END

START

5 m

Timing gate

Fig. 20.6 The 505 test consists of two forward sprints as 
shown

S. Barber-Westin and F. R. Noyes
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hence, running speed) is progressively increased 
until the athlete reaches volitional exhaustion and 
can no longer maintain pace with the audio sig-
nals, indicated when three beeps are missed in a 
row. The athletes’ level and number of shuttles 
reached before they were unable to keep up with 
the audio recording are recorded (Table  20.7). 
The athletes’ VO2max is estimated using the 
equation described by Ramsbottom et al. [103]:

 
VO speed on the last stage2 5 857 19 458max . .= × −( )

The results may be analyzed according to gen-
der and age-matched percentile groups published 
by the American College of Sports Medicine 
[104] (Table  20.8), or by the more recent data 
published in a systematic review by Tomkinson 
et al. [105] of 1,142,026 subjects aged 9–17 years 
from 50 countries (Table 20.9). Samples of pub-
lished results according to sport and gender are 
provided in Table  20.10. The MSFT has been 
used to determine cardiovascular fitness levels in 
basketball [32, 47], soccer [33, 86, 106–113], 
volleyball [35, 49, 114–116, 125], rugby [94, 
117–120], tennis [121, 122], and in youth ath-
letes [123, 124]. Test-retest reliability of the 
MSFT has been reported by others to be excel-
lent, with ICCs ≥0.90 [19, 126–128]. The valid-
ity of this test in regard to estimating 
cardiorespiratory fitness has also been calculated 
to be acceptable [129].

Table 20.6 Sample results of the 505 agility test

Study Cohort details (age) 505 (s)a

Andersen 
et al. [86]

Soccer, female, collegiate Division II, 
19.7 ± 1.2 years

  Right leg turn 2.64 ± 0.12

  Left leg turn 2.68 ± 0.12

Lockie et al. 
[87]

Soccer, female, collegiate, 19.9 ± 1.3 years
  Division I 2.40 ± 0.10
  Division II 2.60 ± 0.11

Emmonds 
et al. [88]

Soccer, female, elite, 25.4 + 7.0 years
  Start of season 2.38 ± 0.07

Beato et al. 
[89]

Soccer, male, elite, 17 ± 0.8 years
  Change direction and 

plyometric trained
4.73 ± 0.12

  Change of direction 
trained

4.79 ± 0.12

Tomas et al. 
[90]

Soccer, gender NA, elite, 15.6 ± 0.4 years
  Profile 2.42 ± 0.09

Dragijsky 
et al. [91]

Soccer, gender NA, 11.7 ± 0.5 years
  Start of season, 

dominant leg turn
2.81 ± 0.09

  End of season, 
dominant leg turn

2.72 ± 0.06

  Start of season, 
nondominant leg turn

2.83 ± 0.09

  End of season, 
nondominant leg turn

2.71 ± 0.09

Darrall-Jones  
et al. [92]

Rugby, male, elite
  Under 16, age 

15.5 ± 0.3, left/right
2.51 ± 0.17/2.54 ± 0.14

  Under 18, age 
16.9 ± 0.5, left/right

2.57 ± 0.12/2.52 ± 0.13

  Under 21, age 
19.0 ± 1.1, left/right

2.41 ± 0.10/2.37 ± 0.15

Jones et al. 
[93]

Rugby, female, elite
  Forwards, age 

26.3 ± 6.4 years, left/
right

2.74 ± 0.21/2.70 ± 0.15

  Backs, age 
23.5 ± 4.1 years, left/
right

2.58 ± 0.14/2.59 ± 0.11

Gabbett et al. 
[94]

Rugby, female, elite, 18.9 ± 5.7 years
  Forwards 2.64 ± 0.19
  Backs 2.63 ± 0.13

Gabbett et al. 
[95]

Rugby, gender NA, club, 23.6 ± 5.3 years
  Trial #1 2.39 ± 0.17
  Trial #2 2.37 ± 0.16

Fernandez-
Fernandez  
et al. [96]

Tennis, male, elite 12.5 ± 0.3 years
  Pre-train 2.95 ± 0.2
  Post-train 2.86 ± 0.2
  Control group 2.92 ± 0.1

Fernandez-
Fernandez  
et al. [97]

Tennis, gender NA, elite, 14.8 ± 0.1 years
  Pre-train, drills 2.88 ± 0.17
  Post-train, drills 2.86 ± 0.17
  Pre-train, mixed 3.03 ± 0.08
  Post-train, mixed 2.95 ± 0.11

Spiteri et al. 
[58]

Basketball, female, professional, 24.2 ± 2.5
  Profile 2.69 ± 0.28

Sharma et al. 
[98]

Field hockey, male, 15.7 ± 1.6
  Pre-train 3.05 ± 0.15
  Post-train 2.95 ± 0.21

Study Cohort details (age) 505 (s)a

Chatzopoulos  
et al. [99]

High school athletes, female, 17.3 ± 0.5 years
  Static stretch warm-up 3.11 ± 0.21
  Dynamic stretch 

warm-up
3.00 ± 0.20

Duking et al. 
[100]

Team sport athletes, male and female, 19 ± 3 years
  Trial #1 2.6 ± 0.1
  Trial #2 2.5 ± 0.1

Yanci et al. 
[101]

Competitive youth runners
  Under 8 boys/girls 3.14 ± 0.31/3.12 ± 0.21
  Under 10 boys/girls 2.92 ± 0.37/2.84 ± 0.16
  Under 12 boys/girls 2.76 ± 0.17/2.77 ± 0.16
  Under 14 boys/girls 2.68 ± 0.17/2.80 ± 0.27
  Under 16 boys/girls 2.62 ± 0.16/2.71 ± 0.14

Whitehead 
et al. [102]

Healthy volunteers, male, 21.3 ± 1.8 years

  Plyometric train 2.6 ± 0.2

  Resistance train 3.8 ± 0.3

  Control group 4.7 ± 0.5

NA not available

Table 20.6 (continued)
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5 m

3 1 2

20 m

Fig. 20.7 Course used for the 20-m multistage fitness test (cones #1 and #2 only) and the 20-m Yo-Yo intermittent test 
(cones #1, #2, and #3) (From Barber-Westin and Noyes [28])

Table 20.7 Predicted peak oxygen uptake values for multistage fitness testa

Level No. shuttles Predicted VO2max Level No. shuttles Predicted VO2max

4 2 26.8 13 2 57.6

4 4 27.6 13 4 58.2

4 6 28.3 13 6 58.7

4 9 29.5 13 8 59.3

5 2 30.2 13 10 59.8

5 4 31.0 13 13 60.6

5 6 31.8 14 2 61.1

5 9 32.9 14 4 61.7

6 2 33.6 14 6 62.2

6 4 34.3 14 8 62.7

6 6 35.0 14 10 63.2

6 8 35.7 14 13 64.0

6 9 36.4 15 2 64.6

7 2 37.1 15 4 65.1

7 4 37.8 15 6 65.6

7 6 38.5 15 8 66.2

7 8 39.2 15 10 66.7

7 10 39.9 15 13 67.5

8 2 40.5 16 2 68.0

8 4 41.1 16 4 68.5

8 6 41.8 16 6 69.0

8 8 42.4 16 8 69.5

8 10 43.3 16 10 69.9

9 2 43.9 16 12 70.5

9 4 44.5 16 14 70.9

9 6 45.2 17 2 71.4

9 8 45.8 17 4 71.9

9 11 46.8 17 6 72.4

10 2 47.4 17 8 72.9

10 4 48.0 17 10 73.4

10 6 48.7 17 12 73.9

10 8 49.3 17 14 74.4

10 11 50.2 18 2 74.8

11 2 50.8 18 4 75.3

11 4 51.4 18 6 75.8

11 6 51.9 18 8 76.2

11 8 52.5 18 10 76.7

11 10 53.1 18 12 77.2

11 12 53.7 18 15 77.9

12 2 54.3

12 4 54.8

12 6 55.4

12 8 56.0

12 10 56.5

12 12 57.1

aFrom the Department of Physical Education and Sports Science, Loughborough University, 1987
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Table 20.8 Interpretation of predicted peak oxygen uptake values for multistage fitness test according to the American 
College of Sports Medicinea

Age (year) Gender Very poor Poor Fair Good Excellent Superior
13–19 Females <25.0 25.0–30.9 31.0–34.9 35.0–38.9 39.0–41.9 >41.9

Males <35.0 35.0–38.3 38.4–45.1 45.2–50.9 51.0–55.9 >55.9
20–29 Females <23.6 23.6–28.9 29.0–32.9 33.0–36.9 37.0–41.0 >41.0

Males <33.0 33.0–36.4 36.5–42.4 42.5–46.4 46.5–52.4 >52.4
30–39 Females <22.8 22.8–26.9 27.0–31.4 31.5–35.6 35.7–40.0 >40.0

Males <31.5 31.5–35.4 35.5–40.9 41.0–44.9 45.0–49.4 >49.4
40–49 Females <21.0 21.0–24.4 24.5–28.9 29.0–32.8 32.9–36.9 >36.9

Males <30.2 30.2–33.5 33.6–38.9 39.0–43.7 43.8–48.0 >48.0
50–59 Females <20.2 20.2–22.7 22.8–26.9 27.0–31.4 31.5–35.7 >35.7

Males <26.1 26.1–30.9 31.0–35.7 35.8–40.9 41.0–45.3 >45.3
60+ Females <17.5 17.5–20.1 20.2–24.4 24.5–30.2 30.3–31.4 >31.4

Males <20.5 20.5–26.0 26.1–32.2 32.3–36.4 36.5–44.2 >44.2

Printed in Advance Fitness Assessment and Exercise Prescription, 3rd Edition, Vivian H. Heyward, 1998, p. 48
aFrom The Physical Fitness Specialist Certification Manual, The Cooper Institute for Aerobics Research, Dallas, X, 
revised 1997

Table 20.9 Predicted maximum oxygen uptake values for multistage fitness test percentiles according to age and 
gender in 1,142,026 subjects aged 9–17 years from 177 studiesa

Age (year) P 5 P 10 P 20 P 30 P 40 P 50 P 60 P 70 P 80 P 90
Boys

9 41.7 43.1 44.8 46.1 47.1 48.1 49.1 50.2 51.5 53.2
10 39.7 41.3 43.2 44.6 45.8 46.9 48 49.2 50.6 52.5
11 37.7 39.5 41.7 43.2 44.6 45.8 47.0 48.4 49.9 52.1
12 36.0 38.0 40.5 42.3 43.8 45.2 46.7 48.2 50.0 52.4
13 34.6 36.9 39.7 41.7 43.4 45.0 46.6 48.3 50.3 53.1
14 33.3 35.8 38.8 41.0 42.9 44.6 46.4 48.3 50.5 53.5
15 31.8 34.5 37.8 40.1 42.1 44.0 45.9 47.9 50.2 53.4
16 30.4 33.2 36.6 39.1 41.3 43.2 45.2 47.3 49.8 53.3
17 28.9 32.0 35.6 38.2 40.5 42.6 44.7 46.9 49.5 53.2
Girls

9 41.3 42.5 44.0 45.0 45.9 46.7 47.5 48.4 49.4 50.8
10 39.0 40.4 42.0 43.2 44.2 45.1 46.0 47.0 48.2 49.8
11 36.8 38.3 40.1 41.4 42.5 43.5 44.5 45.7 47.0 48.7
12 34.6 36.2 38.2 39.6 40.8 42.0 43.1 44.3 45.7 47.7
13 32.6 34.3 36.4 37.9 39.2 40.4 41.6 42.9 44.4 46.5
14 30.6 32.4 34.6 36.2 37.6 38.8 40.1 41.4 43.0 45.2
15 28.7 30.5 32.8 34.5 35.9 37.2 38.5 39.9 41.6 43.9
16 26.7 28.7 31.1 32.8 34.2 35.6 37.0 38.4 40.2 42.5
17 24.7 26.8 29.3 31.1 32.6 34.1 35.5 37.0 38.8 41.3

P percentile
aFrom Tomkinson et al. [105]
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Table 20.10 Sample results of predicted VO2max from 
multistage fitness testing

Study Cohort details (age)
VO2max 
(mL kg−1 min−1)

Noyes et al. 
[32]

Basketball, female, high school, 
14–17 years
  Pre-train 34.6 ± 4.5
  Post-train 39.5 ± 5.7

Ben 
Abdelkrim 
et al. [47]

Basketball, male, elite, 18.2 ± 0.5 years
  Profile 53.18 ± 2.7

Andersen 
[86]

Soccer, female, collegiate, 
19.7 ± 1.2 years
  Profile 68.81 ± 12.1

Noyes et al. 
[33]

Soccer, female, high school, 12–18 years
  Pre-train 37.9 ± 4.5
  Post-train 40.1 ± 4.7

Higino 
et al. [106]

Soccer, male, elite, 16.7 ± 0.7 years
  Profile 50.67 ± 3.6

Meckel 
et al. [107]

Soccer, male, elite, 16–18 years
  Profile 54.1 ± 3.1

Nassis et al. 
[108]

Soccer, male semi-pro, 22.8 ± 2.5 years
  Profile 50.7 ± 3.1

Caldwell 
et al. [109]

Soccer, male, semi-pro, 24 ± 4.4 years
  Profile 58.0 ± 1.9

Hill-Haas 
et al. [110]

Soccer, male, elite, 14.6 ± 0.9 years
  Small-sided trained 60.2 ± 4.6
  Generic trained 59.3 ± 4.5

Aziz et al. 
[111]

Soccer, male, elite, 17.7 ± 0.4 years
  Profile 57.8 ± 5.0

Gabbett 
et al. [112]

Soccer, female, elite, 18.3 ± 2.8 years
  Trained 48.8 ± 3.6
  Control 52.1 ± 5.1

Guy et al. 
[113]

Soccer, male recreational
  Experimental, age 

26.6 ± 8.2 years
44.0 ± 6.7

  Placebo trained, age 
23.9 ± 6.7 years

42.9 ± 8.7

  Control, age 
21.3 ± 4.9 years

46.3 ± 6.2

Noyes et al. 
[35]

Volleyball, high school females, 
14.5 ± 1.0 years
  Pre-train 39.4 ± 4.8
  Post-train 41.4 ± 4.0

Gabbett 
et al. [114]

Volleyball, male and female, 
15.6 ± 0.1 years
  Instructional trained 45.7 ± 2.0
  Skill-based 

conditioned
43.8 ± 2.0

Gabbett 
et al. [49]

Volleyball, 15.6 ± 0.1 years
  National, male 50.6 ±1.4
  National, female 41.2 ± 0.9
  State, male 49.8 ± 1.1
  State, female 39.3 ± 0.7
  Novice, male 41.2 ± 1.2
  Novice, female 37.0 ± 0.8

Table 20.10 (continued)

Study Cohort details (age)
VO2max 
(mL kg−1 min−1)

Gabbett 
et al. [115]

Volleyball, gender NA, 15.5 ± 0.2 years
  Pre-train 40.8 ± 1.1
  Post-train 43.2 ± 1.1

Duncan 
et al. [116]

Volleyball, male, elite, 17.5 ± 0.5 years
  Setters 46.9 ± 4.9
  Hitters 51.1 ± 3.7
  Centers 50.4 ± 3.7
  Opposites 48.3 ± 6.7

Scott et al. 
[117]

Rugby, male, elite, 25 ± 4 years and 
junior-elite, 19 ± 0.6 years
  Profile 51.2 ± 4.1

Gabbett 
et al. [118]

Rugby, male, semipro, 24 ± 3 years
  1st grade 51.9 ± 3.3
  2nd grade 51.1 ± 4.5

Gabbett 
et al. [119]

Rugby, male
  Junior, age 

16–17 years
46.3

  Senior, age 
23–27 years

44.9

Gabbett 
et al. [94]

Rugby, female, elite, 18.9 ± 5.7 years
  Forwards 32.2 ± 4.4
  Backs 35.3 ± 3.4
  Hit-up forwards 31.2 ± 3.3
  Adjustables 36.2 ± 4.6
  Outside backs 34.5 ± 2.2

Till et al. 
[120]

Rugby, league
  Under 13 47.9 ± 5.4
  Under 14 50.1 ± 4.7
  Under 15 51.3 ± 4.6

Fargeas- 
Gluck and 
Leger [121]

Tennis, elite, male and female, 
12.9 ± 0.3 years
  Profile 54.2 ± 5.9

Brechbuhl 
et al. [122]

Tennis, elite, male and female, 
16.8 ± 0.9 years
  Profile 56.5 ± 5.6

Ballester 
et al. [123]

Children, male and female, 
11.0 ± 0.2 years
  Soccer, elite 50.5
  Track and field, 

club
49.3

  No sports 47.6
Smith et al. 
[124]

Athletes, high school, 14.4 ± 1.6 years
  Male 43.65 ± 8.3
  Female 33.14 ± 4.7

NA not available
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20.4.2  Intermittent Recovery: Yo-Yo 
Test Level 1 and Level 2

The Yo-Yo recovery test is conducted in a manner 
similar to the MSFT; however, periods of 10-s of 
rest are incorporated after each 2 × 20-m shuttle 
run until the athlete is exhausted. There are two 
test levels: level 1 (Yo-Yo IR1) and level 2 (Yo- Yo 
IR2). Level 1 is designated for lesser trained indi-
viduals and level 2 is appropriate for elite and 
highly trained athletes. The equipment required 
are commercially available software (from which 
a CD may be made), or a commercially available 
audio CD, and a CD player. Three cones are used 
to mark the course as shown in Fig. 20.7. The ath-
lete begins with their toes behind the designated 
starting cone (cone #1 in Fig. 20.7). The second 
cone is located 20 m away. The athlete is instructed 
that, on the “go” command (which is an audible 
beep on the CD), they are to run to the second 
cone and then return to the starting position when 
signaled by the recorded beep. They may jog or 
walk around the third cone and then turn back to 
the starting cone during a 10-s rest period. The 
athlete continues to perform this pattern, keeping 
in time with the series of signals (beeps) on the 
CD.  The frequency of the audible signals (and 
hence, running speed) is progressively increased 
until the athlete reaches volitional exhaustion and 
can no longer maintain pace with the audio sig-
nals. The athletes’ level and number of shuttles 
reached before they were unable to keep up with 
the audio recording are recorded.

The level 1 test usually takes 6–20  min to 
complete and level 2, 2–10  min. The athlete’s 
score is the total distance covered before they are 
unable to keep up with the recording (Tables 
20.11 and 20.12). Although calculations exist for 
estimating VO2max using the Yo-Yo test, investi-
gators do not recommend this analysis due to 
high subject variability previously reported [20]. 
Instead, it is recommended that the total distance 
recorded be used to evaluate an athlete’s ability to 
repeatedly perform intermittent exercise. 
Reliability for these tests is high, with ICCs 
>0.90 [131, 132].

These tests have been studied extensively in 
athletes participating in recreational team sports, 

badminton, basketball, soccer, rugby, team 
handball, volleyball, and field hockey 
(Table  20.13) [20, 93, 133–141, 143–148]. 
Several studies have reported high reliability, 
reproducibility, and sensitivity of the Yo-Yo 
tests to detect change resulting from training 
programs. These tests correlate with player 
position and performance during soccer games 
and distinguish various levels of athletes (i.e., 
professional, sub-elite, recreational) [20, 110, 
136, 138, 149–152].

Table 20.11 Yo-Yo intermittent recovery test level 1 
protocol [130]

Stage
Speed 
(km/h−1)

Shuttle 
bouts 
2 × 20-m

Split 
distance (m)

Accumulated 
distance (m)

1 10.0 1 40 40
2 12.0 1 40 80
3 13.0 2 80 160
4 13.5 3 120 280
5 14.0 4 160 440
6 14.5 8 320 760
7 15.0 8 320 1080
8 15.5 8 320 1400
9 16.0 8 320 1720
10 16.5 8 320 2040
11 17.0 8 320 2360
12 17.5 8 320 2680
13 18.0 8 320 3000
14 18.5 8 320 3320
15 19.0 8 320 3640

Table 20.12 Yo-Yo intermittent recovery test level 2 
protocol [130]

Stage
Speed 
(km/h−1)

Shuttle 
bouts 
2 × 20-m

Split 
distance (m)

Accumulated 
distance (m)

1 11.5 10 200 200
2 12.0 11 220 420
3 12.5 11 220 640
4 13.0 11 220 860
5 13.5 12 240 1100
6 14.0 12 240 1340
7 14.5 13 260 1600
8 15.0 13 260 1860
9 15.5 13 260 2120
10 16.0 14 280 2400
11 16.5 14 280 2680
12 17.0 15 300 2980
13 17.5 15 300 3280
14 18.0 16 320 3600
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Table 20.13 Sample results of the Yo-Yo intermittent recovery test according to sport and gender

Study Cohort details (age) Yo-Yo IR1 test (m) Yo-Yo IR2 test (m)
Bangsbo et al. [20] Badminton, female, high-level

  Age 21 years 1200 NA
  Age 17 years 1080 NA

Castagna et al. [133] Basketball, male, club, 16.8 ± 2.0 years
  Profile 1678 ± 397 NA

Bangsbo et al. [20] Basketball, male, junior players professional club, age NA
  Profile NA 590

Klusemann et al. 
[134]

Basketball, male and female adolescents
  Supervised trained: pre-train/post-train 822 ± 640/978 ± 528 NA
  Video trained: pre-train/post-train 797 ± 385/834 ± 414 NA
  Control: pre-train/post-train 916 ± 370/862 ± 363 NA

Lockie et al. [135] Soccer, female, collegiate, 20.2 ± 1.2 year
  Profile 1666 ± 473 533 ± 164

Bradley et al. [136] Soccer, female
  European national elite teams, age 

23 ± 2 years
NA 1774 ± 532

  Elite U-20, age 19 ± 1 NA 1490 ± 447
  Recreational, age 22 ± 3 years NA 1261 ± 449
  Sub-elite, age 23 ± 4 years NA 994 ± 373

Bangsbo et al. [20] Soccer, male, age NA
  Top-elite 2420 NA
  Moderate-elite 2190 NA
  Sub-elite 2030 NA

Bangsbo et al. [20] Soccer, female, age NA
  Top-elite 1600 NA
  Moderate-elite 1360 NA
  Sub-elite 1160 NA

Rampinini et al. 
[137]

Soccer, male, 25 ± 5 years
  Professional 2231 ± 294 958 ± 99
  Amateur 1827 ± 292 613 ± 125

Fanchini et al. [138] Soccer, male, semi-pro, 24 ± 6 years
  Pre-season 1695 ± 243 NA
  Post-season 2385 ± 412 NA

Nicks et al.  [139] Soccer, male and female, collegiate, 19.8 ± 0.9 years
  Pre-train 1250 ± 351 NA
  Post-train 1466 ± 486 NA

Flatt and Esco [140] Soccer, female, collegiate, 22 ± 2.3 years
  Profile 1250 ± 247 NA

Dupont et al. [141] Soccer, male, amateur, 23.2 ± 3.5 years
  Profile 2034 ± 367 NA

Lockie et al. [142] Soccer, male, collegiate, 20.4 ± 1.5 years
  Defenders NA 962 ± 294
  Midfielders NA 1384 ± 318
  Forwards NA 880 ± 365

Makhlouf et al. [143] Soccer, male, elite, 13.7 ± 0.5 years
  Endurance-strength: pre-train/post-train 931 ± 177/1663 ± 219 NA
  Strength-endurance: pre-train/post-train 1034 ± 308/1642 ± 339 NA
  Strength-endurance alternated: pre-train/

post-train
974 ± 273/1505 ± 306 NA

  Control pre-train/post-train 945 ± 260/1234 ± 330 NA
Moss et al. [144] Handball, female

  Non-elite, age 15.7 ± 1.3 years 906 ± 324 NA
  Elite, age 15.8 ± 1.3 years 935 ± 394 NA
  Top-elite, age 17.1 ± 1.1 years 1663 ± 327 NA
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21.1  Introduction

The objective measurement of an athlete’s 
strength and dynamic balance (or postural con-
trol) is essential throughout the rehabilitation 
period after anterior cruciate ligament (ACL) 
reconstruction and other major knee operations. 
After major knee surgery, we use objective mus-
cle strength and dynamic balance tests to advance 
patients through the initial phases of rehabilita-
tion and before return to running and agility 
training, plyometric and advanced neuromuscu-
lar training, and final release to full sports activi-
ties. Manual muscle tests and gait analysis are 
performed early postoperatively and eventually, 
isometric, isokinetic, and dynamic balance tests 
are used according to the activities the patient 
desires to resume. There are other neuromuscular 
tests and assessments we conduct prior to the ini-
tiation of training and eventual return to sport 
(RTS), which are detailed in Chap. 20.

In 2011, we performed a systematic review 
that analyzed the factors investigators had used 
over the previous 10  years to determine when 
return to unrestricted athletics after ACL recon-

struction was allowed [1]. Of 264 studies in the 
review, 105 (40%) failed to provide any RTS cri-
teria. Only 35 studies (13%) noted the objective 
criteria required for RTS.  Muscle strength was 
required in 25 studies (9%) and single-leg hop 
testing was noted in 10 studies (4%). More 
recently, many investigators have recommended 
the use of muscle strength and dynamic balance 
testing prior to RTS [2–10]. Abrams et  al. [11] 
performed a systematic review of 88 studies to 
determine normative data for function tests used 
after ACL reconstruction for RTS.  The most 
commonly reported functional tests were single- 
leg hop tests (single-leg hop, cross-over hop, tri-
ple hop, 6-m timed hop) and the most commonly 
reported muscle strength test was the isokinetic 
evaluation of the peak torque of knee flexors and 
extensors. This chapter reviews common tests 
used to measure lower extremity muscle strength 
and dynamic balance stability, based on equip-
ment available to the clinician. Advantages, dis-
advantages, and normative data are provided to 
assist the clinician in the selection and interpreta-
tion of test results.

21.2  Muscle Strength Tests

21.2.1  Isokinetic Testing

Isokinetic testing (Fig. 21.1) uses a selected fixed 
angular velocity with resistance and is typically 
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Fig. 21.1 Isokinetic testing (From Heckmann et al. [12])

performed at slow, medium, and fast angular veloc-
ities (60°/s, 180°/s, 300°/s). Davies et  al. [13] 
recently summarized the advantages and limita-
tions of isokinetic testing (Table  21.1). Although 
muscle strength is commonly evaluated in the 
clinic with a hand-held dynamometer (HHD) using 
isometric resistance, isokinetic testing is preferred 
because it involves dynamic muscle performance. 
Adequate reliability of isokinetic testing has been 
reported in multiple investigations [14–18].

Correlations between muscle strength mea-
sured isokinetically and functional movements 
have been reported in multiple studies [19–22]. 
For instance, Rouis et al. [22] reported a signifi-
cant relationship between vertical jump height 
and knee extensor peak torque at 240°/s (R = 0.88, 
P < 0.001), as did Loturco et  al. [20] at 300°/s 
(R  =  0.66, P  <  0.05). Silwowski et  al. [23] 
reported correlations between knee extensor peak 
torque at 60°/s and vertical jump height (R = 0.49, 
P  =  0.005), squat jump height (R  =  0.48, 
P = 0.007), and 30-s jump test height (R = 0.52, 
P = 0.003). Ithurburn et al. [19] reported a signifi-
cant relationship between isokinetic quadriceps 
strength side-to-side symmetry and mechanics 
during a single-leg drop landing task (i.e., knee 
flexion excursion, peak trunk flexion, peak exten-
sion moment [P < 0.001]).

Table 21.1 Advantages and limitations of isokinetic 
testinga

Advantages
    • Provides reliable objective documentation of 

dynamic muscle performance
    • Efficient: loads a dynamically contracting muscle 

to its maximum capability at all points throughout 
the range of motion

    • Because of the accommodating resistance, a muscle 
can be challenged to its maximal capacity through 
an entire range of motion (physiologic Blix curve)

    • Muscle groups can be isolated for testing and 
rehabilitation

    • Inherently safe for pain and fatigue
    • Validity based on correlations with other functional 

tests
    • Concentric isokinetic exercises produce minimal 

post-exercise delayed onset muscle soreness
    • Exercise at different angular velocities through a 

velocity spectrum
    • Because of specificity of training, exercising at the 

faster angular velocities at higher intensities can 
recruit fast twitch muscle fibers which are 
critically important in functional activities. There 
is the potential to increase muscle power, 
quickness of muscle force development, time rate 
of torque development, torque acceleration energy 
and rate of force development; all important for 
athletic performance

    • The reciprocal innervation time of agonist and 
antagonist muscle contractions can be decreased by 
having the patient work at faster angular velocities 
and try to recruit the agonist/antagonist as quickly 
as possible

    • Joint compressive forces decrease with higher 
angular velocities (fluid film lubrication model)

    • The faster the movement of a surface (articular 
cartilage) over a fluid medium (synovial fluid), the 
lower the surface pressure (Bernoulli’s principle)

    • There is a 30°/s physiologic (strengthening) 
overflow to slower angular velocities with 
isokinetic resistance

    • There is a 30–40° range of motion strengthening 
overflow during the performance of short-arc 
exercises

    • Computerized feedback allows improvement in 
torque control accuracy

    • Real-time feedback is available to the patient for 
motivation during exercise

    • Short-arc testing and/or using a proximally placed 
pad can decrease anterior tibial translation

Limitations
    • Isolated muscle group testing and rehabilitation
    • Nonfunctional patterns of movements
    • Limited velocities to actually replicate the actual 

speeds of sports performance

(continued)
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Undheim et  al. [24] conducted a systematic 
review of 39 studies to determine the most com-
mon variables reported from isokinetic testing 
after ACL reconstruction. Peak torque of the knee 
extensors and flexors was the most commonly 
reported outcome measurement, found in 82% of 
the studies. Results of testing were usually 
reported as a limb symmetry index (LSI) and/or 
as a unilateral ratio (hamstrings:quadriceps [H:Q] 
ratio). The most common test angular velocities 
were 60°/s and 180°/s. Only 8 studies (20%) 
reported strength LSI as a component of their 
RTS criteria.

After ACL reconstruction, we usually begin 
isokinetic testing in athletes after postoperative 
week 12 assuming no contraindications exist 
(see Chap. 11). We test in an isometric mode ini-
tially (at week 12) and then advance to test at 
180°/s and 300°/s approximately 1 month later 
[12]. Tests are performed in athletes until <10% 
deficits are achieved in bilateral comparisons of 
quadriceps and hamstrings peak torque. The H:Q 
ratio is also monitored, with the goal of achiev-
ing 70–75% at 180°/s and 75–80% at 300°/s 
prior to RTS.  Our isokinetic test protocol is 
shown below.

 (1) Make sure no test contraindications are pres-
ent such as knee joint pain, swelling, limited 
knee range of motion, or patellar instability.

 (2) Have the patient warm-up for 5 min on a sta-
tionary bicycle.

 (3) Ensure the equipment is properly calibrated. 
Properly position and stabilize the patient on 
the test equipment.

 (4) Educate the patient regarding the require-
ments of the test.

 (5) Test the noninvolved extremity first.
 (6) Use verbal encouragement throughout the 

test such as “push and pull as hard and fast as 
possible.”

 (7) Use standard test protocols for each test 
velocity. There are many protocols described 
elsewhere for strength, power, and endurance 
[25]. In our clinic, patients perform 5 repeti-
tions at 180°/s and 15 repetitions at 300°/s.

Several investigations have published norma-
tive data of isokinetic strength data for athletes 
[26–32]. Samples for 1 angular velocity (60°/s) 
according to sport and gender are shown in 
Table  21.2. We previously published normative 
isokinetic strength data in 1140 athletes 
9–17  years of age; mean peak torque (300°/s) 
data normalized for body weight according to 
age and gender is shown in Table 21.3 [33].

21.2.2  Isometric Testing Using 
an Isokinetic Dynamometer

Isometric testing of muscle strength on an iso-
kinetic dynamometer is a valuable option for 
patients who have contraindications to isokinetic 
test protocols. We use this strength measurement 
early after surgery to protect healing ligament 
grafts or in cases of patellofemoral pain. For 
instance, 12  weeks after ACL reconstruction, 
patients must demonstrate no more than a 30% 
deficit in isometric knee extensor and flexor 
strength from the opposite side in order to 
advance to the next phase of rehabilitation (see 
Chap. 11).

Burland et al. [34] determined that high iso-
metric knee extension strength (Humac iso-
kinetic dynamometer, 60° of knee flexion, 
average peak torque of 3 trials) measured 
6  months after ACL reconstruction correlated 
with RTS in a group of 50 adolescent patients 
(R2 = 0.52, P = 0.002). Patients who RTS had a 
significantly greater LSI for isometric extension 
strength compared with those who did not return 
(93% and 69%, respectively, P  =  0.001). 
Herrington et al. [35] reported significant differ-
ences in knee extensor isometric peak force 
(Biodex, 90° knee flexion, highest torque from 5 
repetitions) between the ACL- reconstructed 
knee and contralateral limb in 15 professional 
soccer players tested a mean of 8 months postop-

Table 21.1 (continued)

    • Increased joint compressive forces at slower speeds
    • May cause increased anterior tibial translation with 

testing or rehabilitation if using the full range of 
motion

aFrom Davies et al. [13]

21 Muscle Strength and Dynamic Balance Stability Tests
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eratively (2.9  ±  0.2  Nm  kg−1 and 
3.7  ±  0.4  Nm  kg−1, respectively, P  =  0.0001). 
The mean LSI was 81%; however, only 13% 
scored >90%. Norte et al. [36] reported signifi-
cant  differences in knee extensor isometric 
strength (Biodex, 90° knee flexion, 3 repetitions) 
between ACL-reconstructed knees and contralat-
eral limbs in 34 patients tested a mean of 
9 months postoperatively (1.9 ± 0.6 Nm/kg and 
2.6 ± 0.7 Nm/kg, P < 0.001). Kuenze et al. [37] 
found, in ACL- reconstructed patients tested a 
mean of 31 months postoperatively, an associa-
tion between isometric knee extensor strength 
and the number of landing errors on a drop-land 
task. The patients had a significant strength defi-
cit (involved, 2.5  ±  0.8  Nm/kg, noninvolved 
2.9  ±  0.6  Nm/kg, P  =  0.002), whereas control 
participants did not (dominant, 2.9 ± 0.6 Nm/kg, 
nondominant, 2.8 ± 0.5 Nm/kg).

Adequate reliability of isometric testing of the 
knee extensors and flexors has been reported in 
many investigations [15, 18, 35, 38, 39]. Protocols 
for isometric testing on an isokinetic dynamom-
eter typically involve the following:

 (1) Make sure no test contraindications are pres-
ent such as knee joint pain, swelling, limited 
knee range of motion, or patellar instability.

 (2) Have the patient warm-up for 5 min on a sta-
tionary bicycle.

 (3) Properly position the patient on the test 
equipment.

 (4) Educate the patient regarding the require-
ments of the test.

 (5) Test the noninvolved extremity first.
 (6) Knee flexion angle set at 90° for quadriceps, 

60° or 90° for hamstrings.
 (7) Perform 3 maximal repetitions, average the 3 

(or take the highest value for maximum 
torque).

 (8) Convert to Nm and normalize to body weight.
 (9) Use verbal encouragement throughout the 

test such as “push as hard as possible.”

21.2.3  Isometric Testing with a Hand- 
Held Dynamometer

For clinicians who do not have access to isokinetic 
test equipment, isometric assessment of muscle 
strength with a HHD offers an objective measure 
preferable to manual muscle testing for RTS con-
siderations. Reliability values of knee extensor 
and flexor have been reported to be high (inter-
class correlation coefficient [ICC], >0.90 [18, 40, 
41]) to moderate [39]. For instance, Whiteley 
et  al. [18] reported ICC for knee extensors and 
flexors of 0.91 and 0.96, respectively, with a HHD 
in 10 healthy males. Stark et al. [42] in a system-
atic review of 19 studies, noted a lack of standard-
ization of patient placement, position of the tester, 
and the manner in which the force was applied. 
However, the studies in general showed HHD to 
have moderate-to-good reliability and validity 
when compared with isokinetic testing.

Hansen et  al. [40] reported improved patient 
comfort when a portable fixed HHD was modified 
to be interfaced with the leg of a table. Compared 
with a standard configuration (with the dyna-
mometer positioned on the patient’s tibia), the 
modification resulted in greater  
quadriceps peak torque (209  ±  69  Nm and 
248 ± 79 Nm, P < 0.001) and decreased pain on a 

Table 21.3 Mean normalized isokinetic lower extremity 
normative data (dominant leg) at 300°/s in athletesa

Age
No.
M/F

Extension 
peak torque 
(Nm kg)

Flexion peak 
torque (Nm 
kg)

H:Q 
ratio 
(Nm kg)

9 10 F 98 75 82
10 22 F 106 82
11 47 F 117 89
12 76 F 117 89
13 107 F 122 84
14 206 F 122 85
15 175 F 126 88
16 141 F 126 89
17 68 F 131 91 70
9 10 M 91 81 87
10 16 M 99 84
11 9 M 106 97
12 16 M 110 92
13 17 M 126 92
14 16 M 147 104 72
15 37 M 157 112
16- 
17

56 M 160 107

17 27 M 153 108 72
aFrom Barber-Westin et al. [33]

F. R. Noyes and S. Barber-Westin
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visual analogue scale (3.1  ±  2.0 and 1.1  ±  1.3, 
respectively, P  =  0.01). When comparing peak 
torque generated on an isokinetic dynamometer 
(243 ± 83 Nm), no significant difference existed 
with the modified position peak torque; however, 
there was a significant difference with the stan-
dard configuration (P  <  0.001). Kim et  al. [43] 
compared peak torque values and reliability of 
knee extensor measurements obtained from a 
HHD fixed with a belt and a non-fixed HHD (held 
in the examiner’s hand) in 28 healthy female vol-
unteers. These investigators reported significantly 
lower mean peak torque values from the non-fixed 
HHD method compared with the fixed HHD (right 
limb 47 ± 10 Nm and 59 ± 17 Nm, respectively, 
P < 0.05; left limb 53 ± 13 Nm and 58 ± 17 Nm, 
respectively, P < 0.05). There was no significant 
difference in peak torques measured between the 
fixed HHD and an isokinetic dynamometer. Both 
fixed HHD and non- fixed HHD methods were 
highly reliable, with ICCs all >0.90.

Whiteley et al. [18] reported medium to high 
correlations between concentric isometric and 
isokinetic peak torque values for the extensors 
(R = 0.54–0.62 at 60°/s, R = 0.45–0.48 at 300°/s) 
and the flexors (R  =  0.52–0.55 at 60°/s and 
R  =  0.33–0.38 at 300°/s). Reference values for 
270 children and adolescents are available from 
Beenakker et  al. [44]. Protocols for isometric 
testing using a HHD typically involve the 
following:

 (1) Make sure no test contraindications are 
present such as knee joint pain, swelling, 
limited knee range of motion, or patellar 
instability.

 (2) Have the patient warm-up for 5  min on a 
stationary bicycle.

 (3) Properly position the patient. Use stabiliz-
ing straps to ensure an isometric contraction 
is measured.

 (4) Educate the patient regarding the require-
ments of the test.

 (5) Test the noninvolved extremity first.
 (6) Knee extensors are typically tested with the 

patient seated, knee flexed to 90°, with the 
dynamometer placed on the anterior aspect 
of the shank, proximal to the ankle joint.

 (7) Knee flexors are usually tested with the 
patient seated, knee flexion to 90°, with the 
dynamometer placed on the posterior 
aspect of the shank, proximal to the ankle 
joint.

 (8) Perform 3 maximal repetitions, with 1 min 
rest between tests. Use either the average of 
the three repetitions or take the highest 
value.

 (9) Convert to Nm and normalize to body 
weight

 (10) Use verbal encouragement throughout the 
test such as “push as hard as possible.”

21.2.4  1-Repetition Maximum Leg 
Press

If isokinetic or isometric equipment are not 
available, a 1-repetition maximum (1RM) leg 
press is recommended if weight room equip-
ment, an experienced test administrator, and a 
sufficient amount of time to safely conduct the 
test are available [45, 46]. Adequate reliability 
of the 1RM test has been documented in several 
investigations [47–50]. Seo et al. [50] tested 30 
healthy males and females aged 18–35  years 
twice, 7 days apart, to determine the reliability 
of several 1RM tests. Mean leg press 1RM 
loads on test sessions 1 and 2 were 102.0 ± 4.1 kg 
and 102.5  ±  4.0  kg (ICC 0.997; P  <  0.01), 
respectively, for men and 60.9  ±  3.6 and 
61.3 ± 3.6 (ICC 0.997; P < 0.01), respectively, 
for women. The protocol used by these authors 
involves:

 (1) A 5-min warm-up on a stationary bicycle, 
followed by 1 min of rest.

 (2) 8–10 repetitions of a light load, ~50% of pre-
dicted 1RM, followed by 1 min of rest.

 (3) 1 load of ~80% of predicted 1RM through 
full ROM, followed by 1 min of rest. After 
each successful performance, the weight is 
increased until a failed attempt occurs. A 
1-min rest period is given between each 
attempt.

 (4) The 1RM will usually be attained within 5 
attempts.

21 Muscle Strength and Dynamic Balance Stability Tests
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21.2.5  Anaerobic Power: Vertical 

Jump

The vertical jump test is one of the most widely 
used measures to assess anaerobic power. A vari-
ety of methods have been described to measure 
vertical jump height. One of the most common 
and cost-effective is the countermovement (with 
arm swing) vertical jump measured with the 
Vertec Jump Training System (Sports Imports, 
Columbus, OH). First, the athlete’s standing 
reach is measured with the athlete standing with 
the heels touching the ground. Then, a counter-
movement maximum jump with arm swing is 
performed three times and the highest jump 
obtained recorded (Fig. 21.2). Reliability for the 
assessment of vertical jump height using the 
Vertec is excellent, with ICCs >0.90 [52, 53]. The 
results may be compared with published data 
according to sports and gender (Table 21.4).

21.2.6  Abdominal Strength 

and Endurance

Sit-up Tests [72, 73]
Sit-up tests may be used to assess muscular 
strength and endurance. With the athlete lying 

supine with the knees bent and foot flat on the 
floor (held in place by a partner) and arms folded 
across the chest, sit-ups are performed by raising 
up so that the elbows touch the knees and then 
lower back so the shoulders touch the floor. The 
test may either include the number of repetitions 
completed in 60 s or may be done until exhaustion 
(execution until failure). Investigations have dem-
onstrated adequate reliability of sit-up tests in 
normal subjects of 0.84 (reliability coefficient) 
[74] and chronic pain populations of 0.77 (ICC, 
test-retest) and 1.0 (ICC, inter-rater) [75]. Both 
the U.S.  Army Physical Fitness Test and 
Presidential Fitness Test quantify how many times 
an athlete can perform a sit-up in 1 min [76].

Abdominal Endurance Test [77]
Abdominal endurance may be measured by posi-
tioning the athlete on a mat or cushion on their 
back with their arms by their side while sitting on 
their hands. Upon command, both legs are lifted 
together approximately 15 cm off the ground and 
the athlete is instructed to maintain this position 
for as long as possible. The amount of time that 
the athlete is able to stay in this position (keeping 
both legs off of the ground) is recorded with a 
digital stopwatch.

21.2.7  Core Stability

Core stability may be assessed using measures to 
subjectively determine how long proper posture 
is maintained over time. These measures include 
the prone-plank (Fig.  21.3a), side-bridge 
(Fig.  21.3b), and flexor endurance tests 
(Fig. 21.3c). These tests, easy to conduct in the 
clinical setting, are done until the athlete is unable 
to hold the test position [78, 79]. In the prone- 
plank test, the athlete lies prone with their feet or 
legs secured to a table. The upper body is lifted 
off the table so that it is parallel to the floor. In the 
side-bridge test, the athlete supports themselves 
on their feet and one elbow, keeping the body in 
a straight line with the supporting elbow side fac-
ing down. In the flexor endurance test, the athlete 
sits with knees and hips flexed to 90° and the 
upper body positioned 60° from the bed.

Fig. 21.2 Vertical jump test using the Vertec (From 
Barber-Westin and Noyes [51])

F. R. Noyes and S. Barber-Westin
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Table 21.4 Sample results of countermovement vertical jump height according to sport and gender

Study Sport, gender, age Measurement method
Distance 
(cm)

Laffaye [54] Collegiate and professional athletes
Males
Females

Force plate
57.9 ± 7.0
42.6 + 6.3

Jones [55] Collegiate athletes, female
Pre-train
Post-train

Vertec
48.5 ± 6.3
49.8 ± 5.9

Vescovi [56] Female athletes
High school soccer, aged 15.1 ± 1.6 years
College soccer, aged 19.9 ± 0.9 years
College lacrosse, aged 19.7 ± 1.1 years

Electronic timing mat
39.6 ± 4.7
40.9 ± 5.5
40.1 ± 5.6

Hoffman [57] Lacrosse, elite, female, aged 19.2 ± 1.0 years
Starters
Nonstarters

Vertec
38.4 ± 5.6
36.6 ± 6.1

Enemark-Miller [58] Lacrosse, elite, female, aged 20.0 ± 1.4 years Vertec 44.0 ± 6.2
Gabbett [59] Basketball, male and female, aged 

16.3 ± 0.7 years
Warm-up open skills
Warm-up closed skills

Yardstick device

50.9 ± 11.0
50.8 ± 10.3

McCormick [60] Basketball, high school females
Frontal-plane plyometric pre-trained
Sagittal-plane plyometric pre-trained

Vertec
48.26 ± 5.39
47.72 ± 7.07

Roden [61] Basketball, high school males
High intensity. low repetition pre-trained
Medium intensity, high repetition pre-trained

Electronic timing mat
52.2 ± 6.3
53.1 ± 7.4

Mihalik [62] Volleyball, club, male and female
Complex trained, aged 20.3 ± 2.2 years
Compound trained, aged 20.9 ± 2.4 years

Vertec
48.2 ± 8.6
47.8 ± 8.0

Vaverka [63] Volleyball, elite, male, aged 27.9 ± 7.1 years
No arm swing
With arm swing

Multi-camera system
37.9 ± 5.7
52.2 ± 8.8

Noyes [64] Volleyball, high school females, aged 
15 ± 1 year

Vertec
40.1 ± 7.1

McFarland [65] Soccer, collegiate
Females
Males

Electronic jump mat
41.85 ± 4.98
58.47 ± 6.53

Harper [66] Soccer, collegiate, males NA 32.9 ± 6.1
De Hoyo [67] Soccer, elite male, aged 18 ± 1 year

Back squat trained
Resisted sprint trained
Plyometric, speed, agility trained

Infrared-ray cells built 
into OptoJump system 40.0 ± 5.5

37.0 ± 2.8
37.9 ± 3.6

Hammami [68] Soccer, elite male, aged 12–13 years
Plyometric then balance trained
Balance then plyometric trained

Ergojump system
29.2 ± 2.9
26.8 ± 1.8

Noyes [69] Soccer, high school females aged 15 ± 1 year Vertec training system 32.9 ± 6.7
Steffen [70] Soccer, high school females aged 16–18 years Force platform 27.9 ± 3.2
Gabbett [71] Rugby, elite, female, aged 18.9 ± 5.7 years

Forwards
Backs
Hit-up forwards
Adjustables
Outside backs

Yardstick device
35.1 ± 8.0
35.7 ± 5.9
34.3 ± 8.6
35.6 ± 5.5
37.0 ± 7.0

21 Muscle Strength and Dynamic Balance Stability Tests
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21.3  Single-Leg Dynamic Balance 
Stability Tests

Dynamic stability requires the athlete to maintain 
balance while moving from a dynamic (i.e., 
deceleration from a sprint) to a static (i.e., stop-
ping to change direction) state. This requires 
muscular control to maintain a stable center of 
gravity during sport-specific movements, espe-
cially those considered high-risk for noncontact 
ACL injuries such as pivoting and cutting. There 
are several single-leg dynamic stability tests that 
are cost-effective and feasible to perform in the 
clinic setting, including horizontal hops, the star 
excursion balance test (SEBT), the Y-balance test 
(YBT), the squat test, and the step-down test.

21.3.1  Hop Tests

Single-leg functional hop tests are one of the 
most commonly used measures of lower extrem-
ity power and dynamic balance [80–86]. These 
tests determine if abnormal LSI exists and sub-
jectively assess an athlete’s ability to hop and 
hold the landing on 1 leg [86]. They are reliable 
[83] and require only a tape measure which is 
secured to the ground. Our initial research dem-
onstrated that a LSI of ≥85% was present in the 
majority (93%) of athletes [80]. We and many 
other investigators [2, 4, 9, 10, 87–90] now rec-
ommend a LSI of ≥90% for RTS. It is important 
to note that single-leg hop tests are a portion of 
the entire test battery that is recommended prior 
to RTS and should not be solely used to deter-
mine an athlete’s muscle strength, control, or 
landing biomechanics [91–93].

If a video camera is available, it is recom-
mended that the single-leg hop tests be recorded. 
On a subjective basis, one may observe if the 
player has the ability to “stick and hold” the land-
ing with the knee and hips flexed, demonstrating 
adequate control of the core and upper extremity, 
as well as the lower extremity (Fig. 21.4a). Some 
players may be able to hold the landing, but their 
knee may wobble back and forth, along with poor 
upper body control and posture (Fig. 21.4b). In 
some instances, players will not be able to hold 
the landing at all and may even fall toward the 
ground (Fig.  21.4c). These players should be 
encouraged to practice single-leg balance exer-
cises daily, along with single-leg strength train-
ing exercises several times a week to improve this 
problem.

21.3.1.1  Single Hop
A tape measure is secured to the ground for a dis-
tance of approximately 3 m. The athlete stands on 
the designated leg to be tested with their toe just 
behind the starting end of the tape. They are 
instructed to hop as far as possible forward and 
land on the same leg, holding that position for at 
least 2 s (Fig. 21.5a). The athlete is allowed to use 
their arms for balance as required. After a few 

a

b

c

Fig. 21.3 Prone-plank (a), side-bridge (b), and flexor 
endurance (c) tests used to assess trunk endurance (From 
Chaudhari et al. [76])

F. R. Noyes and S. Barber-Westin



515

a b

c

Fig. 21.4 Single-leg hop for distance video screening 
allows a qualitative assessment of an athlete’s ability to 
control the upper and lower extremity upon landing, 

which may be rated as either good (a), fair to poor (b), or 
complete failure, fall to ground (c) (From Barber-Westin 
and Noyes [94])

21 Muscle Strength and Dynamic Balance Stability Tests
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trials, the athlete completes two single-leg hops 
on each limb. The distance hopped is recorded 
and the furthest distance achieved is used to cal-
culate the LSI by dividing the distance hopped of 
the right leg by the distance hopped of the left 
leg, and multiplying the result by 100. This test 
has excellent reliability, with ICC >0.85 [95, 96]. 
Significant correlations have been reported 
between LSI scores and knee extensor peak 
torque tested isokinetically [8, 80, 97–99].

21.3.1.2  Triple Hop
A tape measure is secured to the ground for a dis-
tance of approximately 6 m. The athlete stands on 
the leg to be tested with their toe just behind the 
starting end of the tape. Three consecutive hops 
are done on the leg straight ahead (Fig. 21.5b). 
The athlete must be in control and hold the land-
ing of the third hop for 3 s for the test to be valid. 

The athlete may use their arms for balance as 
required. After a few practice trials, two single- 
leg triple hops are done on each limb. The total 
distance hopped is measured, with the maximum 
distance for each leg recorded. The LSI is calcu-
lated by dividing the maximum distance hopped 
of the right leg by the maximum distance hopped 
of the left leg, and then multiplying the result by 
100. Significant correlations have been noted 
between the distance hopped and isokinetic peak 
torque for the quadriceps and hamstrings at 60°/s 
and 180°/s [100]. The ICC of this test is excellent 
(>0.87 [96, 101]).

21.3.1.3  Triple Crossover Hop
A tape measure is secured to the ground for a dis-
tance of approximately 6 m. The athlete stands on 
the leg to be tested with their toe just behind the 
starting line. Three consecutive hops are done on 
that leg, crossing over the measuring tape on each 
hop (Fig. 21.5c). The athlete must be in control 
and hold the landing of the third hop for 3 s for 
the test to be valid. The athlete may use their 
arms for balance as required. After a few practice 
trials, two single-leg triple crossover hops are 
done on each limb. The total distance hopped is 
measured, and the LSI calculated as described 
above. This test has excellent reliability, with 
ICC >0.85 [96, 101]. Significant correlations 
have been reported between LSI and knee exten-
sor peak torque tested isokinetically [98].

21.3.1.4  Timed 6-M Hop
A 6-m strip of marking tape is secured to the 
ground. The athlete stands on the leg to be tested 
with their toe just behind the starting line. They 
are instructed to hop forward on one leg as 
quickly as possible to the end of the line without 
losing their balance. The athlete may use their 
arms for balance as required. After a few trials, 
two single-leg timed hops are done on each limb. 
The time that the distance was hopped is recorded, 
and the LSI is calculated using the average time 
for each leg. This test has excellent reliability, 
with ICCs >0.90 [96, 101, 102]. Significant cor-
relations have been reported between LSI and 
knee extensor peak torque tested isokinetically 
[98].

a b c

Fig. 21.5 Single-leg hop tests. (a) Single hop. (b) Triple 
hop. (c) Triple cross-over hop (From Barber-Westin and 
Noyes [51])
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21.3.2  Star Excursion Balance Test

The SEBT has been used extensively to measure 
dynamic postural control in uninjured athletes 
[103–114], athletes who completed neuromuscu-
lar retraining [105, 115–117], patients with 
chronic ankle instability [118–121], patients with 
low back pain [122–124], and individuals with an 
ACL injury [125–128]. The task requires the sub-
ject to maintain a stable base by balancing on one 
leg while reaching out with the other leg to touch 
the ground as far as possible in various direc-
tions. The stance leg requires strength, neuro-
muscular control, and adequate range of motion 
at the hip, knee, and ankle joints [129]. This test 
has adequate reliability between sessions (ICC, 
0.84–0.93 [109, 130, 131]) and under inter-tester 
(ICC, 0.81–0.93 [132, 133]) and intra-tester 
(ICC, 0.81–0.96 [105, 130, 131, 133] conditions 
[134–136]. The SEBT was found to be associated 
with multidirectional speed, with more difficult 
reaches (medial and posteromedial) correlating 
with 40-m sprint time, agility t-test time, and a 
change of direction and acceleration test time in 
recreational male field sport athletes [107]. In 
another study, moderate to large correlations 
were found between SEBT posterior, lateral, and 
posterolateral reach distances and change of 
direction cutting tests, which the investigators 
interpreted to indicate that greater dynamic bal-
ance resulted in faster agility times [111].

The test should be conducted on a firm hard 
surface, such as concrete or a gymnastics floor 
and the subject should be barefoot. A grid is 
made on the floor consisting of 8 lines extending 
at 45° angles from the center of the grid. The 
lines are designated as anterior, anterior-lateral, 
anterior-medial, medial, lateral, posterior, 
posterior- lateral, and posterior-medial (Fig. 21.6). 
The athlete places their hands on their hips and 
the most distal aspect of their great toe on the 
center of the grid. While maintaining a single-leg 
stance on 1 leg, the opposite leg extends as far as 
possible and touches the chosen line. The foot 
only touches lightly in order not to assist balance. 
The athlete then returns to bilateral stance. The 
point where the foot touches the line is marked 
and measured using a standard tape measure. In 

order for the trial to be successful, the hands must 
remain on the athlete’s hips at all times, the reach 
leg cannot provide support upon touch down, the 
heel of the stance leg must remain in its position 
in the center of the grid and not move or lift from 
the ground, and balance must be maintained. 
Four practice trials are conducted, followed by 3 
test trials in each direction. A 1-min rest period is 
allowed between directions. Then, the same pro-
cess is repeated on the opposite leg. The average 
of the 3 test trials is calculated for each leg in 
each direction.

The athlete’s leg lengths are measured in the 
supine position from the anterior superior iliac 
spine to the distal tip of the medial malleolus 
using a standard tape measure. The leg length is 
used to normalize reach distances by dividing the 
distance reached by the leg length, then multiply-
ing by 100 (Table 21.5) [137]. A change of 5–8% 
in normalized scores between independent test 
sessions is required to detect a clinically signifi-
cant change according to published smallest 
detectable difference values [109, 136].

21.3.3  Y-Balance Test

Some investigators have simplified the SEBT to 
include only three reach directions (anterior, pos-
teromedial, and posterolateral) [138–143], 
known as the YBT. In the SEBT, normalized 

Anterior

AnterolateralAnteromedial

Lateral

Posterolateral

Posterior

Posteromedial

Medial

Fig. 21.6 Star excursion balance test. Directions are 
shown for a right limb stance (From Barber-Westin and 
Noyes [51])

21 Muscle Strength and Dynamic Balance Stability Tests



518

Ta
bl

e 
21

.5
 

St
ar

 e
xc

ur
si

on
 b

al
an

ce
 te

st
 n

or
m

al
iz

ed
 r

ea
ch

 d
is

ta
nc

es
a

St
ud

y
Po

pu
la

tio
n

A
nt

er
io

r
A

nt
er

om
ed

ia
l

Po
st

er
io

r
Po

st
er

om
ed

ia
l

Po
st

er
ol

at
er

al
M

ed
ia

l
L

at
er

al
St

ef
fe

n 
et

 a
l. 

[1
13

]
15

17
 f

em
al

e 
el

ite
 s

oc
ce

r, 
ha

nd
ba

ll 
pl

ay
er

s,
 u

ni
nj

ur
ed

 le
g

84
 ±

 6
95

 ±
 7

87
 ±

 7
55

 f
em

al
e 

el
ite

 s
oc

ce
r, 

ha
nd

ba
ll 

pl
ay

er
s 

A
C

L
-i

nj
ur

ed
 le

g
83

 ±
 7

94
 ±

 8
87

 ±
 7

St
ei

b 
et

 a
l. 

[1
17

]
Fe

m
al

e 
ha

nd
ba

ll 
pl

ay
er

s,
 a

du
lt

20
 c

on
tr

ol
s

92
 ±

 7
10

7 
±

 8
10

1 
±

 8
83

 ±
 9

21
 tr

ai
ne

d 
ne

ur
om

us
cu

la
r 

pr
og

ra
m

94
 ±

 1
1

10
7 

±
 9

10
1 

±
 1

1
87

 ±
 1

1
A

m
be

ga
on

ka
r 

et
 a

l. 
[1

34
]

40
 f

em
al

e 
co

lle
gi

at
e 

at
hl

et
es

R
ig

ht
 s

id
e

69
 ±

 6
10

7 
±

 1
0

10
6 

±
 1

0
L

ef
t s

id
e

68
 ±

 6
11

2 
±

 1
0

10
3 

±
 1

0
M

cL
eo

d 
et

 a
l. 

[1
15

]
Fe

m
al

e 
hi

gh
 s

ch
oo

l b
as

ke
tb

al
l p

la
ye

rs
25

 c
on

tr
ol

s
87

 ±
 4

94
 ±

 5
90

 ±
 4

80
 ±

 7
37

 tr
ai

ne
d 

ne
ur

om
us

cu
la

r 
pr

og
ra

m
91

 ±
 7

10
5 

±
 6

95
 ±

 6
86

 ±
 7

A
ln

ah
di

 e
t a

l. 
[1

35
]

A
ct

iv
e 

co
lle

gi
at

e 
st

ud
en

ts
31

 w
om

en
 (

m
ea

n 
rt

-l
t l

eg
s)

70
 ±

 4
93

 ±
 7

93
 ±

 8
30

 m
en

 (
m

ea
n 

rt
-l

t l
eg

s)
73

 ±
 7

10
6 

±
 8

10
5 

±
 1

0
V

an
 L

ie
sh

ou
t e

t a
l. 

[1
36

]
A

du
lt 

at
hl

et
es

, 3
4 

w
om

en
, 2

1 
m

en
, d

at
a 

co
m

bi
ne

d
R

ig
ht

 le
g

65
 ±

 5
78

 ±
 1

0
74

 ±
 1

2
L

ef
t l

eg
66

 ±
 5

80
 ±

 9
73

 ±
 1

1
M

un
ro

 e
t a

l. 
[1

09
]

A
ct

iv
e 

co
lle

gi
at

e 
st

ud
en

ts
, 1

1 
w

om
en

, 1
1 

m
en

, d
at

a 
co

m
bi

ne
d 

fo
r 

ge
nd

er
 a

nd
 le

gs
93

93
87

89
84

92
80

a D
at

a 
no

rm
al

iz
ed

 b
y 

%
 o

f 
le

g 
le

ng
th

F. R. Noyes and S. Barber-Westin



519

reach distances are achieved through greater hip 
flexion, greater knee flexion, or a combination of 
the two. Robinson et al. [141] concluded that all 
8 reach directions measured similar functional 
factors and that redundancy may occur, lending 
support to the YBT protocol. Lee et al. [140], in a 
group of 40 volunteer women, found positive 
correlations between all YBT reach directions 
and hip extensor and knee flexor isometric 
strength. Knee flexor strength correlated with 
performance in the anterior direction (R = 0.71, 
P  <  0.05), posteromedial direction (R  =  0.71, 
P < 0.05), and posterolateral direction (R = 0.83, 
P < 0.05). In a group of young male soccer play-
ers, Chtara et al. [138] reported significant rela-
tionships between knee extensor isometric 
strength and performance in anterior reach 
(R  =  0.45, P  <  0.05), posteromedial reach 
(R  =  0.47, P  <  0.05), and posterolateral reach 
(R = 0.42, P < 0.05).

A commercially available YBT Kit may be 
used to facilitate this test [144]. The kit consists 
of a stance platform to which three pieces of PVC 
pipe are attached in the anterior, posteromedial, 
and posterolateral reach directions. Each pipe is 
marked in 5-mm increments. The subject pushes 
a target along the pipe which standardizes the 
reach height. The target remains over the tape 
measure after the test, making the determination 
to reach distance precise. Subjects perform prac-
tice trials and then test trials as described for 
SEBT. Lower limb length is measured as previ-
ously described for normalization purposes. 
Plisky et al. [144] reported ICC values of 0.85–
0.88 for the 3 reach directions in 15 male colle-
giate soccer players. Hudson et al. [145] reported 
normative values in 90 female collegiate volley-
ball players (Table 21.6). A composite score was 
obtained for each limb by adding the maximal 
reach distances in all directions, dividing the sum 
by 3 times the participant’s limb length, and then 
multiplying that number by 100 to obtain a per-
centage. The composite scores were 94.1 ± 6.6% 
for the dominant limb and 93.9 ± 6.2% for the 
nondominant limb. Other investigations have also 
reported composite scores for athletes, shown in 
Table 21.6.

21.3.4  Squat Test

The single-leg squat test is a useful and reliable 
clinical tool that assesses frontal plane lower 
extremity motion. The goal is to identify weak-
ness or poor control of the core and hip muscula-
ture with the observation of hip adduction and 
internal rotation, poor knee flexion, and knee 
abduction [152–155]. Studies have shown that 
females demonstrate increased ankle dorsiflex-
ion, ankle pronation, hip adduction, hip flexion, 
hip external rotation, and decreased trunk lateral 
flexion compared with men [156]. Women also 
assume a greater overall valgus lower extremity 
alignment than men [156–158]. Correlations 
have been noted between control of frontal plane 
knee motion and hip muscle strength [154, 157–
160] as well as knee flexor and extensor strength 
[158, 159]

The single-leg squat is conducted by asking 
the athlete to stand on 1 leg with their hands 
placed on their hips. The opposite leg should be 
maintained in approximately 45° of knee flexion 
during the entire test. The head and eyes should 
remain focused straight ahead. The athlete is 
instructed to squat down to 45° and return to 
single- leg stance without losing their balance 
(Fig.  21.7). We make this a more dynamic 
assessment by asking the athlete to perform 5 
consecutive trials. The examiner notes the 
patient’s overall trunk control and the position 
of the hip, knee, and foot throughout the test. 
The test result may be classified according to 5 
categories that are rated as good, fair, or poor 
(Table  21.7) [154]. The rating may either be 
done during the test trial, or may be recorded in 
the frontal plane and conducted later when 
viewing the video. Acceptable interrater and 
intrarater reliability have been reported in sev-
eral studies [152–155, 162].

21.3.5  Timed Step-Down Test

The timed step-down test represents a dynamic 
modification of the single-leg squat test [163, 
164]. The subject stands on a 20-cm step with a 

21 Muscle Strength and Dynamic Balance Stability Tests
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Table 21.6 Composite scores for the Y-balance test

Study Cohort
No. 
subjects Age Gender Composite score (%)

Hudson et al. 
[145]

Collegiate volleyball players 90 19.6 ± 1.2 Female 94.1 ± 6.6 (dominant)
93.9 ± 6.2 
(nondominant)

Smith et al. [146] Collegiate athletes 103 20.0 ± 1.4 NP 101.2 ± 7.1
Gorman et al. 
[147]

Single sport high school 
athletes

92 15.9 ± 1.2 Male and 
female

97.1 ± 8.2

Multiple sport high school 
athletes

92 15.4 ± 1.2 Male and 
female

97.1 ± 8.4

Garrison et al. 
[148]

Baseball players 30 19.0 ± 1.1 Male 95.4 ± 6.4

Plisky et al. [130] High school basketball 
players

105 NP Female 98.4 ± 8.2

High school basketball 
players

130 NP Male 103.0 ± 8.0

Butler et al. [149] Professional soccer players 44 26.2 ± 4.0 Male 101.8 ± 1.2
Collegiate soccer players 37 18.8 ± 1.2 Male 100.9 ± 0.9
High school soccer players 38 15.6 ± 1.0 Male 98.4 ± 1.1

Butler et al. [150] American soccer players 26 16.1 ± 0.9 Male 97.8 ± 6.8
Rwandan soccer players 26 16.5 ± 1.2 Male 105.6 ± 6.8

Chimera et al. 
[151]

Collegiate cross country 17 NP Female 99 ± 5
Collegiate cross country 13 NP Male 101 ± 12
Collegiate football players 60 NP Male 102 ± 7
Collegiate soccer players 28 NP Female 102 ± 6
Collegiate swimmers/divers 17 NP Female 102 ± 7
Collegiate athletes (all) 87 NP Female 100 ± 6
Collegiate athletes (all) 103 NP Male 102 + 8

NP not provided

a b

Fig. 21.7 Single-leg squat test. (a) Poor hip and knee control. (b) Good hip, trunk, and knee control (From Barber- 
Westin and Noyes [161])
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digital scale placed on the ground in front of the 
step [165]. The test limb is positioned with the 
knee fully extended and the toes even with the 
front edge of the step. A single-leg step-down 
consists of the subject flexing the test knee, 
touching the scale with the opposite heel with 
≤10% of their body weight, and returning to the 
starting position. The subject performs as many 
repetitions as possible in 60 s. A step-down is not 
recorded if the heel does not touch the scale, if 
the subject places >10% body weight on the 
scale, or if the subject does not bring the foot up 
parallel with the step. In a study of 38 men and 33 
women, the mean number of successful repeti-
tions was 40  ±  13 and 37  ±  11, respectively. 
Moderate-to-strong correlations were found 

between performance on the test and hip strength 
and trunk endurance [163]. Kline et  al. [164] 
reported that the results of this test conducted 
3 months postoperatively in 30 ACL-reconstructed 
subjects significantly correlated with knee flex-
ion angle excursion and knee extensor moment 
during treadmill running conducted 6  months 
postoperatively (R  =  0.65, P  <  0.0001 and 
R = 0.54, P = 0.002, respectively). The authors 
concluded that the test may be an early indicator 
of future problems with running and other sports- 
specific functional activities; however, future 
research is warranted for definitive conclusions.
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Neurocognitive Testing

Katherine J. Hunzinger and Charles Buz Swanik

22.1  Introduction

Identifying injury-prone people has been a goal 
for at least a century, but neurocognitive testing 
has recently garnered attention in sports medi-
cine to maximize both prevention and rehabilita-
tion intervention strategies [1–3]. Traditionally 
considered an essential part of concussion man-
agement, neurocognitive assessment tools 
(NCATs) are now included among research and 
clinical efforts to lessen the impact of musculo-
skeletal injuries (MSI) [4]. Anterior cruciate liga-
ment (ACL) injuries have been at the epicenter of 
this MSI research, serving as one of the primary 
experimental models linking cognitive functions 
in the nervous to musculoskeletal performance 
and patient outcomes. While limitations exist 
among NCATs, there is growing evidence to sup-
port its use for enhanced, individualized patient 
care. Although many paper and pencil neurocog-
nitive/neuropsychological tests have existed for 
decades and are used for evaluating a wide range 
of clinical, neurological, and psychiatric issues 
[5, 6], recently, computerized neurocognitive 

tests (CNTs) have grown in popularity in the 
sports medicine community due to their numer-
ous benefits over written tests [7]. The emergence 
of traumatic brain injury sequelae certainly 
prompted wide use, with approximately 66.0–
95.7% of athletic trainers incorporating CNTs at 
pre-participation baseline assessments into their 
concussion management protocols [8–11]. 
Moreover, many experts now promote the use of 
CNTs as part of a multi-dimensional baseline 
injury assessment/screening and recovery pro-
gram [12].

22.2  Neurocognitive Function 
and ACL Injury

The potential use for neurocognitive testing, to 
prevent, screen, or otherwise identify those indi-
viduals who are either injury prone or may be 
susceptible to re-injury, has its origins from well- 
established data on industrial and aviation acci-
dent analyses [1, 2, 13]. Much like athletic 
competition, these “accidents” involve very 
dynamic environments and high-energy objects, 
which necessitates the maintenance of situational 
awareness through complex cognitive processes. 
While the terms “accidents” or “unintentional 
injury” denote random events, a more careful 
examination of causation often leads to human 
error and not environmental factors [1, 2, 13, 14]. 
Events such as ACL tears happen faster than the 
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blink of an eye [15, 16], so unusually high cogni-
tive demands, combined with emotional dysregu-
lation, can prompt very brief disruptions in 
concentration, such as fear, startle responses, 
inattention, or judgement errors that cause a 
momentary loss of coordination leading to 
columnar buckling of the knee [17]. This may 
explain why approximately 75% of ACL tears 
involve a noncontact mechanism [18] during 
failed attempts to abruptly decelerate (i.e., cut-
ting or landing) [19–22].

With these typical noncontact ACL (NCACL) 
injury maneuvers, ground reaction forces can 
exceed five times the individual’s body weight 
[23]. Thus, complex neuromuscular control strat-
egies for dynamic joint stabilization are required 
to anticipate and rapidly react to high joint loads 
in order to mitigate the risk of injury pathome-
chanics [24–28]. The brain must quickly and 
continuously integrate vast amounts of visual, 
vestibular, and somatosensory information and 
then form an internal model of one’s surround-
ings, before precisely planning for the near-future 
intricate biomechanics necessary for athletic 
coordination. The cognitive inability to vigilantly 
focus attention, generate preparatory motor pro-
grams, and refine movement errors may increase 
the risk of an MSI during strenuous physical 
activities [29–31]. This is why neurocognitive 
functions are thought to be factors in the high 
incidence of NCACL injury mechanisms and risk 
for MSI after concussion [4, 17, 20].

There are several interrelated neurocognitive 
factors that likely have crucial roles in sports per-
formance, coordination, and injury [32, 33]. 
Proper neuromuscular control must constantly 
fine-tune muscle stiffness regulation strategies, 
which optimizes the task-specific, visco-elastic 
properties of muscle for functional performance. 
The timing and magnitude of these agonist/
antagonist co-contractions also help stress-shield 
ligamentous structures from excessive loading 
through dynamic restraint, preventing “giving- 
way” episodes at the joint [34]. In essence, 
NCACL injuries are the result of improper or 
insufficient muscle coordination and/or stiffness 
regulation during unanticipated events [35, 36]. 
Joint stiffness indicates the measure of resistance 

provided by the joint to external loading, and in 
the knee, the quadriceps and hamstring muscles 
provide dynamic stabilization and can stiffen the 
joint tenfold [19, 37, 36]. In order to simultane-
ously maximize both dynamic restraint and func-
tional performance, the central nervous system 
(CNS) must be able to precisely prepare for and 
react to sudden, often unanticipated events [19]. 
These preparatory (feed-forward) and reactive 
(feedback) neuromuscular control strategies can 
impart a significant neurocognitive load on the 
brain [27]. Thus, lower levels of cognitive pro-
cessing, or the presence of factors that inhibit/
limit cognitive function, may lead to altered joint 
stiffness regulation strategies in the knee, com-
promise functional joint stability, and heighten 
injury risk [38, 39].

Neurocognitive functions such as processing 
speed, reaction times, working memory, and 
visual-spatial skills were found to be lower in 
healthy athletes, who later went on to suffer 
NCACL injuries. These were measured by 
Immediate Post-Concussion Assessment and 
Cognitive Testing (ImPACT) software at pre-
season in 160 athletes (80 NCACL, 80 control) 
[39] (Fig. 22.1). All of the subjects were healthy 
and had no concussion history but after the stan-
dard baseline ImPACT screening went on to suf-
fer their knee injury. Because the neurocognitive 
exams was actually conducted before their 
NCACL injury, these data imply that certain 
executive function skills could aid with attention, 
situational awareness, anticipatory motor pro-
gramming, and subsequent reactive muscle stiff-
ness regulation needed to protect the knee during 
rigorous physical activities [39]. Further evi-
dence supporting the importance of cognition on 
joint stability was observed when various types 
of cognitive loading, related to visual/spatial, 
verbal, or language tasks, were introduced while 
subjects attempted to protect their knees by reac-
tively stiffening in response to a perturbation [40, 
41]. Subjects were instructed to use their thigh 
muscles to stiffen their knee when it was ran-
domly and suddenly moved by an instrumented 
motor. However, during this sequence, the sub-
jects also had to perform relatively simple cogni-
tive tasks, such as counting backward by 7. Both 

K. J. Hunzinger and C. B. Swanik



531

males and females suffered significant decreases 
in muscle activation and joint stiffness, which 
means they were less able to protect the joint dur-
ing a cognitive load. If this series of events were 
replicated during real-world physical activities, 
the subjects’ knees would have significantly 
lower dynamic restraint during functional types 
of loads and expose the musculoskeletal struc-
tures to injury (Fig. 22.2) [35].

In addition to cognitive loading, sudden unan-
ticipated events (which are common in sport) 
may also interrupt mental processes and the 
feed- forward/feedback motor control necessary 
for optimal temporal/spatial muscle recruitment 

levels [28, 37, 38]. Unanticipated events, such as 
sudden sights or sounds, can frequently provoke 
a startle response within the CNS, yielding 
widespread, albeit brief, changes in neuromus-
cular activity [42, 43]. A 2014 study investigat-
ing the effects of an acoustic startle on knee 
stiffness found a significant decrease in knee sta-
bility after a startle. Subjects were instructed to 
quickly “stiffen” their knee when they felt it 
move. However, one-tenth of a second before the 
knee was moved, a static noise was emitted 
through earphones on the subject. The noise pro-
voked a startle response and showed that the 
quadriceps and hamstring muscle activation 
strategies responsible for knee joint stiffness 
regulation, dynamic joint stabilization, and 
energy absorption were significantly altered. 
(Fig. 22.3) [19]. The results of this study quanti-
fied that unanticipated events, such as a sudden 
noise, can significantly disrupt knee stiffness 
regulation required to maintain joint stability, 
especially if it occurs during the preparatory, 
planning phase of movements.

This startle phenomenon, albeit a protective 
mechanism, seizes ones’ attention, disrupts 
planning, and may be impacted or predicted by 
heightened stress or negative emotions such as 
fear [44–46]. Fear of re-injury is common among 
ACL-injured athletes [47]. Even fear-evoking 
visual stimuli have been shown to increase corti-
cal activation in the frontal regions of the brain 
as a part of an individual’s emotional regulation; 
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worse in certain intercollegiate athletes who suffered 
 noncontact ACL injuries. The data show neurocognitive 

deficits may be associated with the loss of neuromuscular 
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Fig. 22.2 Cognitive loading, either visual/spatial, verbal, 
or language, significantly decreases the ability of subjects 
to reactively stiffen the knee joint, in response to a pertur-
bation as evidenced by the decrease stiffness slope from 
onset to peak torque [35]
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cognitive processing in these regions is highly 
linked to other areas tasked with maintaining 
sensorimotor system [48–50]. In essence, vari-
ous unanticipated, emotional, and sensory events 
can interrupt cognitive processing and function, 
resulting in altered neuromuscular control 
 patterns needed to maintain muscle stiffness, 
coordination, and functional joint stability 
[47, 50, 51].

It should be noted that the regulation of mus-
cles’ excitation and inhibition through these 
mechanisms is highly associated with cognitive 
processing, previous experiences, and present 
proprioceptive information, which could be 
altered following an ACL injury [38, 52, 53]. 
Individuals with a history of MSI (ACL and/or 
ankle sprains) have demonstrated changes in the 
somatosensory cortex and deficits in the excit-
ability of the primary motor cortex, providing a 
link between MSI and cortical dysfunction [30, 
54]. Interestingly, college athletes with MSI have 
shown cognitive impairments on NCATs 72  h 
post-injury that are similar to impairments dem-
onstrated following a concussion [3]. These data 
suggest neurocognitive alterations and/or dys-
function exist following, and potentially before, 
a lower extremity injury or MSI; these altera-
tions may inhibit proper muscle activation 
required to maneuver away from and avoid 

potentially hazardous situations due to lingering 
disabilities [30].

There is early evidence that the use of cogni-
tive training may be beneficial to the maintenance 
of joint stability [50]. One study found that after 
using an online executive function training plat-
form, participants (both controls and ACL recon-
struction) were able to improve their cognitive 
skills. Additionally, the ACL-reconstructed group 
significantly improved knee function, emotional 
neurophysiological responses, joint stiffness, and 
muscle contraction strategies following executive 
function training [50]. While more studies are 
needed, these data imply that increased cognitive 
processing, due to improvements in executive 
function, is important for emotional regulation 
and neuromuscular control in order to aid the 
joint during unanticipated events [50].

22.3  Computerized 
Neurocognitive Tests

Commercially, there exist a number of CNTs: 
Automated Neuropsychological Assessment 
Metrics (ANAM), the Axon Sports CNT (previ-
ously known as CogState/Sport), Defense 
Automated Neurobehavioral Assessment 
(DANA), and Immediate Post-Concussion 
Assessment and Cognitive Testing (ImPACT) 
[55, 7, 56]. These tests offer a number of advan-
tages for clinicians and researchers: (1) highly 
standardized test administration and scoring pro-
cedures allowing for consistency in administra-
tion across settings; (2) multiple if not infinite 
alternative test forms; (3) establish cognitive 
baselines along with serial testing; (4) faster, eas-
ier, and cheaper to administer; (5) rapid availabil-
ity of results without the direct involvement of a 
neuropsychologist for scoring, administration, 
and interpretation; (6) ability to mass test; (7) 
great deal of normative data; and (8) may give 
insight to future injury risk [6, 57, 58, 7, 11, 39]. 
Despite the many perceived benefits of NCATs 
and CNTs, they should not be used for clinical 
diagnosis, and the vast array of products still 
have many limitations.
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22.3.1  Factors and Limitations 
Affecting Neurocognitive 
Assessment Tools

Since 2005, researchers have begun to focus on 
the psychometric properties of the most com-
monly used CNTs in clinical use, their limita-
tions, and factors affecting the test [11]. The 
initial issue with CNTs is upon adapting a test 
into a computerized form, it has now become a 
different test from the pen and paper predecessor, 
which can alter scores and psychometric proper-
ties [57]. Additionally, this shift from pen and 
paper tests necessitates the purchase of additional 
hardware (i.e., PC, keyboard, stylus, mouse) and 
potentially requires the purchase of expensive 
software [59]. Less than optimal test- retest reli-
abilities have been reported for many subtests of 
CNTs, along with relatively high false positive 
rates (i.e., a healthy individual is diagnosed with 
a concussion) and false negative rates due to low 
reliabilities [12]; despite this outcome, the use of 
CNTs is necessitated in sport and clinical practice 
by the absence of a gold standard diagnostic 
measure [60]. A final consideration are the 
numerous factors affecting the tests and 
individuals’ results.

One of the greatest perceived benefits of CNTs 
is the ability to mass test subjects; however, test-
ing in groups may negatively affect scores and 
subsequently affect test-retest reliabilities, spe-
cifically if follow-up testing (i.e., post-injury or 
concussion) is conducted individually [6]. 
Additionally, injury state may influence scores on 
subtests or entire CNTs. For instance, individuals 
with a concussion display moderate to large neu-
rocognitive impairments within 1–3  days post- 
injury on ImPACT when compared to their own 
baseline [32, 61]; this trend also existed among 
the Axon Sports CNT [7] and ANAM subtests 
[3]. Interestingly, concussions are not the only 
injury to result in altered follow-up scores com-
pared to baseline; post-injury, those with an MSI 
performed significantly worse than uninjured ath-
letes on ANAM subtests [3]. Athletic injury, be it 
an MSI or concussion, may produce a degree of 
cognitive disruption as a result of negative emo-
tional and psychological factors or preexisting 

vulnerabilities that may surface post-injury 
affecting CNT scores [3, 4, 39].

NCAT scores and cognitive functioning may 
be mediated by psychological factors such as 
depression and anxiety [3]. Additionally, learning 
disabilities, attention deficit and hyperactivity 
disorders, psychological distress, and other pre-
existing cognitive or neuropsychiatric conditions 
may produce greater vulnerability in NCAT per-
formance compared to those without comorbidi-
ties [11]. As such, an individual’s characteristics 
and psychological health should be taken into 
consideration when interpreting scores on neuro-
cognitive tests [3, 7, 62].

Lastly, multiple individual factors have been 
shown to produce neurocognitive deficits. The 
amount of sleep one receives the night before a 
test has shown a positive correlation with neuro-
cognitive function [11, 63]. Sleep deprivation in 
healthy patients has yielded slower reaction 
times, an increased number of lapses on psycho-
motor vigilance testing, and reduced working 
memory, speed, and accuracy on NCATs [63]. 
Other individual factors like environmental dis-
tractions, caffeine consumption, and/or subopti-
mal or variable effort have also been shown to 
contribute to random sources of error during 
NCATs [11].

In summary, critics of CNTs argue that base-
line testing does not modify risk (of injury), lacks 
sufficient psychometrics to support clinical util-
ity, and is influenced by numerous sources of ran-
dom error [11]. Overall, those who utilize CNTs 
for the management of concussions should ensure 
that a CNT is part of a multi-dimensional 
approach to concussion management [11], CNT 
has consistent administration protocols, and there 
is thorough training of those who administer 
assessments to increase reliability and validity 
[8]. Over the past decade, data on the psychomet-
ric properties of CNTs have grown; these proper-
ties are crucial for clinicians to understand when 
utilizing CNTs in concussion management proto-
col. As CNTs continue to improve in diagnostic 
accuracy, they are likely to remain a main com-
ponent in the multi-dimensional approach to the 
management of concussion and assessment of 
cognitive function in injured athletes [11].

22 Neurocognitive Testing



534

22.4  Types of NCATs

22.4.1  Immediate Post-Concussion 
Assessment and Cognitive 
Testing (ImPACT)

Created in the 1990s, ImPACT is one type of 
CNT used for neuropsychological concussion 
assessment to measure visual and verbal mem-
ory, reaction time, and processing speed [32]. It is 
the most widely used assessment in concussion 
management, as 89% of NCAA athletic trainers 
employ this NCAT [8]. In general, it was designed 
to use randomized alternate test forms in order to 
minimize practice effects. ImPACT is based on 
serial testing; athletes complete a baseline or 
preseason assessment and a follow-up post-injury 
assessment which is done to determine if the 
athlete can return safely to activity.

ImPACT has three main components: (1) 
demographics, (2) post-concussion symptom 
scale (PCSS), and (3) neurocognitive test mod-
ules. In total, there are six neurocognitive test 
modules, yielding four composite scores and an 
impulse control score (Table 22.1) [32]. ImPACT 
takes approximately 25  min and is typically 
administered by either an athletic trainer, physi-
cian, nurse, or a licensed healthcare provider; the 
results are intended to be interpreted by a health-
care professional.

ImPACT is a commonly used CNT because of 
its ease of administration via a computer-based 
program that allows for mass testing decreased 
staffing requirements, and increased alternate 
forms of the test compared to paper-based testing 
[64]. The test has high sensitivity and specificity 
for concussions, as well as good construct, con-
vergent, and divergent validity with standardized 
neuropsychological tests in samples of high 
school and college athletes. Despite its wide use 
and practical applications, there are a few factors 
affecting the test that clinicians should keep in 
mind when utilizing this CNT.

Sleep, or lack of, has been studied exten-
sively in neurocognitive testing. Researchers 
found a statistically significant difference 
between neurocognition and sleep duration; ath-
letes who slept <7 h the night before ImPACT 

performed significantly worse on 3 of the 4 
composite scores (all but processing speed) and 
had more symptoms on the PCSS [63]. 
Researchers argue that sleep deprivation pro-
duces deficits in neurocognitive performance. In 
healthy individuals, partial sleep deprivation 
was enough to significantly decrease neurocog-
nitive performance yielding slower reaction 
times, an increased number of lapses on psycho-
motor vigilance testing, and reduced working 
memory speed and accuracy, despite having 
slept as much as 7 h per night [63].

A perceived benefit of CNTs is the ability to 
mass test teams and sports at a single time; how-
ever, research has shown that high school athletes 
who were tested in a group setting performed sig-
nificantly lower across all cognitive measures, 

Table 22.1 Immediate Post-Concussion Assessment and 
Cognitive Testing (ImPACT) composite score descrip-
tions and reliability

Composite 
score Description

Test-retest 
reliabilitya

Verbal 
memory

Average % correct for a word 
recognition paradigm: a 
symbol number match task 
and a letter memory task with 
an accompanying 
interference task

0.70

Visual 
memory

Average % correct for two 
tasks: a recognition memory 
task (discrimination of 
abstract line drawings) and a 
memory task (identification 
of a series of illuminated X’s 
and O’s)

0.67

Reaction 
time

Average response time (ms) 
on a choice reaction time, go/
no-go tasks, and the symbol 
match task

0.79

Processing 
speed

Weighted average of the three 
tasks that are done as 
interference tasks for 
memory paradigms

0.86

Impulse 
control

Total number of errors of 
omission or commission on 
the choice reaction time and 
go/no-go tasks. This is used 
to identify individuals who 
are not putting forth full 
effort or are confused by test 
instructions

N/A

aIntraclass correlation coefficient
From Iverson et al. [32]
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with higher frequencies of invalid test results [62, 
65]. Despite the time and personnel saving bene-
fit, group testing may introduce extraneous error, 
negatively affecting test performance; these 
errors may dangerously affect return to play deci-
sions. For example, when utilized as a concus-
sion management protocol, an athlete is typically 
group tested, and as such, he/she may have lower 
scores; these lower scores may be falsely predic-
tive of NCACL injury risk. Additionally, if the 
individual suffers a concussion, he/she will typi-
cally be tested in a one-on-one setting which may 
lead to a better score than baseline and errone-
ously get cleared for a premature return to play, 
thus leading to increased risk for musculoskeletal 
injury because of underlying neurocognitive 
deficits.

22.4.2  Automated Neuropsychologi-
cal Assessment Metrics 
(ANAM)

The ANAM was developed by the Department of 
Defense in the early 1990s for the US military 
[66]. It was designed to be a repeatable and sensi-
tive measure of cognitive efficiency and process-
ing speed in both clinical and military populations. 
ANAM has been used to document impaired cog-
nitive function in individuals with various pathol-
ogies (i.e., Parkinson’s disease, Alzheimer’s, 
traumatic brain injury, multiple sclerosis, etc.). It 
is utilized to detect the speed and accuracy of 
attention, thinking ability, and memory. In the US 
military, as of 2008, every service member is 
required to complete the ANAM within 
12 months before deployment to be used in the 
future to identify and/or monitor any changes in 
function before/after an injury, but not to diag-
nose [66].

ANAM has been shown to measure the same 
underlying cognitive constructs as traditional neu-
ropsychological tests measuring cognitive 
efficiency, information processing speed, working 
memory, and attention. Reliabilities assessed in 
military and adolescent samples have ranged from 
0.38 to 0.97 depending on the retest interval [67, 
66]. The test consists of seven subtests: simple 

reaction time, simple reaction time (repeated), 
procedural reaction time, mathematical process-
ing, code substitution learning, code substitution 
memory, and matching to sample yielding a com-
posite score [68]. Each test provides an accuracy 
score for the percentage correct, the average time 
for correct responses, and a throughput score 
(number of correct responses/minute) [69].

Similar to ImPACT, there have been multiple 
established differences among groups with the 
ANAM due to neurocognitive impairments. 
Researchers found that those with concussions 
and MSI performed worse than uninjured indi-
viduals on the match to sample subtests; addi-
tionally, the concussed group performed worse 
on the code substitution learning and the simple 
reaction subtests. Researchers subtest that con-
cussions produce a cognitive impairment during 
the acute recovery period (first 48 h). However, 
they argue that since the MSI group also had 
noticeable cognitive impairment, measured by 
the CNT, in general, athletic injury may produce 
a degree of cognitive disruption, altering neuro-
cognitive test scores [3]. This disruption in per-
formance may be the result of negative emotion 
and psychological factors and/or preexisting vul-
nerabilities that may surface when an athlete is 
injured. As a result, clinicians should consider 
injury state when assessing individuals with the 
ANAM.

22.4.3  Axon Sports Computerized 
Cognitive Assessment Tool 
(CogSport/CogState)

Originally called the Cogscreen Aeromedical 
Edition (Cogscreen-AE), the Axon Sports 
Computerized Cognitive Assessment Tool was 
created as an NCAT to be combined with other 
screening procedures to help improve personnel 
selections in the Royal Australian Air Force [70]. 
In recent years, it has been rebranded into the 
CogSport/CogState but is now referred to as 
Axon [57]. Axon is designed to help medical 
providers with return-to-play decisions post- 
concussions; similar to ImPACT, it is geared 
toward serial testing (i.e., baseline and repeated 
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following a head injury). Axon measures multi-
ple cognitive areas that are sensitive in concus-
sions, including attention, processing speed, 
working memory, and learning. Additionally, it 
boasts acceptable to high reliabilities with an 
ICC for speed indices ranging from 0.69 to 0.90 
at 1 h and 1 week testing intervals [70, 71].

Similar to other CNTs, the benefit of Axon is 
that it allows for infinite alternative forms and an 
automated analysis of results. Furthermore, it 
requires no additional hardware and minimal 
administration time (15–20 min). The downside 
to Axon is the fact that there are limited norma-
tive data available to clinicians for use and com-
parison [70, 72].

22.4.4  Defense Automated Neurobe-
havioral Assessment (DANA)

Created in the late 2000s, the DANA was devel-
oped and validated for the US Department of 
Defense as a tool to support cognitive outcomes 
measurement for depression, combat fatigue and 
stress, PTSD, and concussion. It was developed 
by AnthroTronix as a mobile software applica-
tion to assess cognitive function. DANA appears 
to have promise as a next generation NCAT, since 
it is a JAVA-based mobile application that runs on 
an Android operating system and is open source 
and open licensed, allowing versatile use. 
Furthermore, it is the first FDA-cleared software 
platform for cognitive and psychological testing. 
Researchers state it is a durable, portable, and 
field-hardened CNT that provides a practical 
means to conduct neurocognitive and neuropsy-
chological assessment in a field deployment set-
ting [55, 56].

There are multiple factors that differentiate 
the DANA from ANAM and other cognitive 
assessment batteries. For instance, it can be self- 
administered either remotely or in-clinic via 
mobile platform, adding to its versatility. 
Additionally, its designers utilized public-domain 
tests with strong scientific literature behind them 
for the platform; they also selected tests to mini-
mize any demographic and/or training effects. 
Lastly, the DANA focuses on the measurement of 

processing speed or “efficiency,” which is a 
building block of higher cognitive function; it 
also measures cognitive fatigue, a key indicator 
of clinical state [55]. DANA differs from other 
CNTs due to the multiple varieties of the test, 
each measuring reaction time: (1) DANA Rapid: 
a 5-min battery of three basic reaction time mea-
sures; (2) DANA Brief: a 15-min test that includes 
the DANA Rapid plus additional neurocognitive 
tests and psychological screening tools for PTSD, 
depression, and insomnia; and (3) DANA 
Standard: a 45-min, more comprehensive, batter 
of neurocognitive and psychological tests [55]. 
DANA compares favorably to existing NCATs 
based on reaction time measures. Additionally, 
the subtest CVs are consistent with CVs for 
ANAM data collected from various cohorts 
between 2006 and 2012. Altogether, DANA has 
adequate reliability and test validity in both ser-
vice members and nonclinical service members 
across environments (i.e., jungle, artic, ship-
board, altitude, desert) [55, 73].

22.4.5  National Institutes of Health 
Toolbox Cognition Battery 
(NIHTB-CB)

A newer CNT, the NIH Toolbox is a comprehen-
sive set of neurobehavioral measurements as a 
means to assess cognitive, emotional, motor, and 
sensory functions using an iPad. It is a brief series 
of cognitive tests, created with the purpose of sup-
plementing measures in longitudinal and epide-
miological studies to constitute a “common 
currency” among researchers [74]. It claims to be 
the first initiative that was not directed at a specific 
age group, disease, or arena of us (e.g., hospital, 
school) [75]. The NIHTB-CB contains seven 
computerized instruments that measure six ability 
subdomains important for cognitive health [74].

Cognition is one of the domains assessed by 
the NIH-TB, with executive function as one of 
the subdomains. The executive function sub-
domain includes several constructs including 
switching/set shifting, inhibitory control and 
attention, and working memory [74]. The 
desktop version of the NIHTB has been vali-
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dated against standard neuropsychological 
measures in large, diverse populations ranging 
from 3 to 85 years in age [74, 75]. Additionally, 
it is positively correlated with clinical tests 
such as the Preclinical Alzheimer Cognitive 
Composite (PACC) (ρ = 0.49, P < 0.001), sug-
gesting alignment with standardized paper-
and-pencil tests [76].

The NIHTB-CB is an accessible, brief, and 
diverse set of instruments with promising psy-
chometrics and can be broadly applied to many 
research studies and groups across a wide age 
range. It has been validated as a research test bat-
tery, but not clinical use, and it should be noted 
that it cannot take the place of a screen for cogni-
tive impairment or a full neuropsychological 
evaluation [74, 75].

22.5  Future Directions: Executive 
Function Training?

As previously discussed, damage to the ACL can 
lead to neuromuscular control deficits; these defi-
cits may lead to coordination failures in predict-
ing knee joint loading and regulation of optimal 
knee joint stiffness, leading to injury [38, 39, 77, 
78]. Additionally, functional stability is dimin-
ished by fear, a common emotion experienced 
post-injury. In order to prevent injury through 
simultaneous mediation of these negative feel-
ings and muscle coordination, an individual 
requires precise and accurate executive function 
skills in the brain [15, 79]. With an array of CNTs 
and NCATs available for use, it is imperative that 
clinicians maximize the tests’ clinical applica-
tions; these applications may lie in executive 
function training.

Components of executive function skills, 
such as reaction time and working memory, have 
been related to functional joint instability and 
injury proneness; preventing injuries is crucial 
for any sports medicine physician and coach. 
One way to decrease injury risk is to improve 
movement patterns and functional ability; this 
can be achieved through neuromuscular training 
interventions, which have been shown to improve 
proprioception, muscle contraction patterns, and 

knee function in ACLR patients, demonstrating 
the crucial role of the brain in injury prevention 
[80–84]. However, another way to decrease 
injury risk may be executive function training in 
the form of online platforms and computational 
brain exercise games including brain speed, 
attention, fluid intelligence, social cognition, and 
working memory; these games can be completed 
on a computer or mobile device at an individu-
al’s own pace [50]. Unpublished data suggests 
that after a 4-week executive function training 
program (10  h a week for 4  weeks) using 
BrainHQ applications (Posit Science Corp., San 
Francisco, CA), individuals improved executive 
functioning skills, knee functions, and emotional 
neurophysiological responses, as well as joint 
stiffness and muscle contraction strategies [50]. 
These deficits in executive function are also cor-
related with defensive avoidance and hyper-
arousal behaviors [85]. Since NCACL injuries 
happen so rapidly, it is suggested that increased 
executive function skills could provide sufficient 
anticipatory motor programming and subsequent 
reactive muscle stiffness regulation in order to 
protect the knee during high-velocity maneuvers 
in sport [39, 50].
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23.1  Introduction

This chapter reviews commonly used scales that 
have been used to rate athletic activities for a 
variety of knee injuries and disorders. The instru-
ments are analyzed according to their strengths 
and potential biases as well as their measured 
reliability, validity, and responsiveness proper-
ties. In addition, several validated questionnaires 
are provided that may be used to determine an 
athlete’s psychological status both before surgery 
and postoperatively. Psychological factors such 
as fear of reinjury, anxiety, depression, and pre-
operative stress are common barriers to RTS and 
overall patient satisfaction after serious knee 
injuries and operations such as anterior cruciate 
ligament (ACL) reconstruction [1–12]. The 
detection of these problems allows for early 
implementation of counseling and other treat-
ments that may prevent these issues from nega-
tively affecting the overall outcome of surgery 
and physical therapy.

23.2  Sports Activity Scales

23.2.1  Cincinnati Sports Activity 
Scale

The Cincinnati Sports Activity Scale is one com-
ponent of the comprehensive Cincinnati Knee 
Rating System (CKRS) [13, 14]. The CKRS 
measures pain, swelling, giving-way, functions 
of sports and daily activities, sports activity lev-
els, patient perception of the knee condition, 
range of knee motion, joint effusion, tibiofemoral 
and patellofemoral crepitus, knee ligament sub-
luxations, compartment narrowing on radio-
graphs, and lower limb symmetry during 
single-leg hop tests. The CKRS has been vali-
dated for a variety of knee problems [14, 15] and 
although initially designed for ACL cohorts, it is 
also useful for patients who have undergone other 
operative procedures such as articular cartilage 
restorative procedures [16], meniscus repairs or 
transplants, osteotomies, or patellofemoral 
procedures.

The Sports Activity Scale of the CKRS was 
first introduced in 1989 after an analysis of 
existing scales at that time period detected mul-
tiple biases and potential sources of error in 
reporting the outcome of ACL reconstruction 
[17]. The goal in the development of the Sports 
Activity Scale was to distinguish among catego-
ries of athletic activities in a manner that allowed 
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investigators to apply the rating in a uniform 
manner to any type of athletic activity. Two cri-
teria were selected to determine this rating. 
First, the frequency of participation was deter-
mined using a four-level gradient that assigned 
patients to a subgroup depending upon the num-
ber of days in a week (or month) of sports par-
ticipation (Table  23.1). Second, the knee 
functions that occurred during various sports 
activities were sorted into three subgroups, from 
the most difficult knee motions of jumping, hard 
pivoting, and cutting; to running, twisting, and 
turning; and finally to activities that do not 
involve running, twisting, or jumping (e.g., 
swimming and cycling).

Sorting of sports activities according to fre-
quency and intensity eliminates the ambiguous 
classification of athletes into categories (such as 
recreational or competitive) allowing all levels of 
athletes to be categorized on this scale. Although 
some examples of sports are listed under the vari-
ous subgroups, any athletic activity may be 
placed into the scale according to the knee func-
tions that occur during that particular activity. 
The reporting of the patient responses to the 
Cincinnati Sports Activity Scale may be shown 
as a distribution according to either frequency or 
intensity of activities (Table  23.2). An average 
score should not be calculated from this scale, 
because the data are categorical in nature.

Table 23.1 Cincinnati sports activity scale [17]. Circle the number that describes your level of sports activity at this time

Level I (participates 4–7 days/week)
100   Jumping, hard pivoting, cutting (basketball, volleyball, football, gymnastics, soccer)
95   Running, twisting, turning (tennis, racquetball, handball, ice hockey, field hockey, skiing, wrestling)
90   No running, twisting, jumping (cycling, swimming)
Level II (participates 1–3 days/week)
85   Jumping, hard pivoting, cutting (basketball, volleyball, football, gymnastics, soccer)
80   Running, twisting, turning (tennis, racquetball, handball, ice hockey, field hockey, skiing, wrestling)
75   No running, twisting, jumping (cycling, swimming)
Level III (participates 1–3 times/month)
65   Jumping, hard pivoting, cutting (basketball, volleyball, football, gymnastics, soccer)
60   Running, twisting, turning (tennis, racquetball, handball, ice hockey, field hockey, skiing, wrestling)
55   No running, twisting, jumping (cycling, swimming)
Level IV (no sports)
40   I perform activities of daily living without problems
20   I have moderate problems with activities of daily living
0   I have severe problems with activities of daily living; on crutches, full disability

Table 23.2 Sports activity by subgroup using the Cincinnati sports activity scale [77]

Preoperatively (%) Follow-up (%)
Chronic Acute Chronic Acute

Type of sport
  Jumping, pivoting, cutting 9 76 16 50
  Running, twisting, turning 21 10 23 17
  Swimming, bicycling 21 14 47 17
  Activities of daily living only 49 9 14 17
Change from preoperative levels
  Increased level, no symptoms 54 3
  Same level, no symptoms 9 50
  Decreased level, no symptoms 12 27
  Playing with symptoms 11 3
  No participation due to knee condition 12 0
  No participation non knee-related factors 2 17
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A second component of the Cincinnati Sports 
Activity Scale is the change that occurs in activ-
ity levels between treatment periods (Table 23.3). 
The format is designed to determine changes in 
sports activities due to either knee-related or non-
knee-related reasons and to detect knee abusers. 
The third component of the assessment of activi-
ties is the rating of six individual functions that 
place varying loads on the knee joint (Table 23.4). 
Functions of sports are analyzed separately from 
those of daily activities to assess limitations in all 
patients, not just those participating in athletics. 
Each function is determined using a four-level 
gradient whose terminology was selected to 
decrease the subjective component inherent in 
this type of analysis.

The reliability of the entire CKRS, including 
the Sports Activity Scale, was performed in a 
group of 50 patients who had a variety of chronic 
knee injuries and disorders (meniscal tears, knee 
ligament tears, patellofemoral complaints, and 
degenerative joint disease) and 50 healthy volun-
teers [14]. Validity and responsiveness testing 
were conducted on a group of 250 patients who 
were prospectively followed after ACL bone-
patellar tendon-bone autogenous reconstruction a 
mean of 27  months (range, 23–74 months) 
postoperatively.

The reliability of the Sports Activity Scale 
showed large effect sizes (ES), with intraclass 
correlation coefficients (ICC) of 0.98  in both 

groups of subjects. Content validity of the scale 
showed minimal floor and ceiling effects and 
item-discriminant validity was found to be ade-
quate. Responsiveness testing revealed adequate 
standardized response mean of 1.37 and a large 
ES of 1.91. Other investigators have also reported 
adequate reliability (ICC, >0.80), validity, and 
responsiveness of this scale [15, 16, 18–20].

23.2.2  Tegner Activity Scale

Tegner and Lysholm [21] developed one of the 
first rating scales to quantify activity levels in 
patients with ACL ruptures (Table  23.5). The 
Tegner Activity Scale classifies both sports and 
work activities into one questionnaire using an 
11-level gradient. Competitive sports make up 

Table 23.3 Assessing change in activity levels with the 
Cincinnati sports scale [17]

Check the ONE line that best describes the change you 
have had in sports activities since your injury or 
surgery. My sports activities have
Increased
  _____ I have no/slight problems
  _____ I have moderate/significant problems
Not changed
  _____ I have no/slight problems
  _____ I have moderate/significant problems
Decreased
  _____ I have no/slight problems
  _____ I have moderate/significant problems
  _____ For reasons not related to my knee
Stopped, given up all sports
  _____ I have moderate/significant problems when I 

play sports
  _____ For reasons not related to my knee

Table 23.4 Assessment of individual functions with the 
Cincinnati sports scale [17]

Check the problems you have during each of the 
following activities
1. Walking
  _____ Normal, unlimited
  _____ Some limitations
  _____ Only 3–4 blocks possible
  _____ Less than 1 block; cane, crutch
2. Stairs
  _____ Normal, unlimited
  _____ Some limitations
  _____ Only 11–30 steps possible
  _____ Only 1–10 steps possible
3. Squatting/kneeling
  _____ Normal, unlimited
  _____ Some limitations
  _____ Only 6–10 possible
  _____ Only 0–5 possible
4. Straight running
  _____ Fully competitive
  _____ Some limitations, guarding
  _____ Definite limitations, ½ speed
  _____ Not able to do
5. Jumping/landing
  _____ Fully competitive
  _____ Some limitations, guarding
  _____ Definite limitations, ½ speed
  _____ Not able to do
6. Hard twists/cuts/pivots
  _____ Fully competitive
  _____ Some limitations, guarding
  _____ Definite limitations, ½ speed
  _____ Not able to do
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the top three levels (levels 10–8), competitive and 
recreational sports categories both appear in level 
7 and “other recreational sports” make up level 6. 
Levels 5 through 1 combine work and sports 
together, and level 0 indicates sick leave or dis-
ability due to the knee condition. The original 
publication did not provide reliability, validity, or 
responsiveness data of this scale.

Several problems are incurred with this activ-
ity rating instrument. First, work activities are 
rated within the same scale as sports activities. 
Patients who work in heavy-labor occupations 
are only awarded a level 5 (out of a possible 10), 
but the analysis of the stress on the lower limb in 
some of these occupations would probably show 
that these knees are functioning at a level equiva-
lent to that of competitive athletes. They should 
not be awarded a lower level simply because they 

are not athletes or did not return to highly com-
petitive sports. Athletics and occupational activi-
ties should be measured on separate rating scales.

Second, this scale does not separate various 
sports levels according to the frequency of par-
ticipation or the intensity of the sport, which is 
determined by accounting for the forces placed 
on the lower extremity. For instance, only national 
and international elite soccer players are listed on 
level 10, whereas basketball is listed on a level 7. 
In the United States, it could be argued that com-
petitive high school, collegiate, or professional 
basketball players are asked to place similar 
demands on the knee joint and lower extremity as 
elite soccer players. For patients who play or 
return to sports not listed on the scale, problems 
are incurred in trying to determine exactly which 
level accurately defines their sport. Third, this 

Table 23.5 Tegner activity score [21]

Level 
number Level descriptor Examples of activities
10 Competitive sports Soccer—national and international elite
9 Competitive sports Soccer, lower divisions, ice hockey, wrestling, gymnastics
8 Competitive sports Bandy, squash, badminton, athletics (jumping, etc.), downhill 

skiing
7 Competitive sports Tennis

Athletics (running)
Motorcross, speedway
Handball
Basketball

Recreational sports Soccer, bandy, ice hockey, squash, athletics (jumping), 
cross-country track both recreational and competitive

6 Recreational sports Tennis, badminton, handball, basketball, downhill skiing, 
jogging, at least five times per week

5 Work Heavy labor (e.g., building, forestry)
Competitive sports Cycling, cross-country skiing
Recreational sports Jogging on uneven ground at least twice weekly

4 Work Moderately heavy labor (e.g., truck driving, heavy domestic 
work)

Recreational sports Cycling, cross-country skiing, jogging on uneven ground at least 
twice weekly

3 Work Light labor (e.g., nursing)
Competitive and recreational sports Swimming
Walking Walking in forest possible

2 Work Light labor
Walking Walking on uneven ground possible but impossible to walk in 

forest
1 Work Sedentary work

Walking Walking on even ground possible
0 Sick leave or disability pension 

because of knee problems
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scale does not allow an assessment of a change in 
athletic participation between time periods owing 
to a change in lifestyle (e.g., graduated from 
school and no longer participate in a league). In 
addition, one cannot detect knee abusers in either 
the sport or the work levels.

Independent investigations assessed the reli-
ability, validity, and responsiveness of the Tegner 
scale for a variety of knee injuries. Briggs and 
coworkers [22] determined its reliability, validity, 
and responsiveness in 122 patients with meniscus 
injuries. The scale was found to have adequate 
reliability (ICC, 0.817), content validity (no ceil-
ing or floor effects), criterion validity with the 
Medical Outcomes Short Form-12 Health Survey 
(SF-12), and construct validity. However, only 
moderate ES and standardized response mean 
values were reported. The investigators con-
cluded that the scale measures only moderate 
changes in activity levels, and noted that patients 
in the United States may have difficulty complet-
ing the scale because it was designed for sports 
commonly played in Europe.

Paxton and associates [23] assessed the reli-
ability and validity of this scale in 153 patients 
followed 2–5 years after an acute patellar dislo-
cation. The scale was found to have adequate 
reliability (ICC, 0.92) and content validity. 
Briggs and colleagues [24] found the Tegner 
scale had adequate reliability, validity, and 
responsiveness following ACL injury and 
reconstruction.

Ebert and associates [25] reported that the 
Tegner scale was less responsive to change fol-
lowing articular cartilage restorative procedures 
in comparison with the Knee Injury and 

Osteoarthritis Outcome Score subscales of sport/
recreation and quality of life. There was no strong 
evidence that a change in the Tegner scale was 
associated with patient satisfaction of the out-
come of the operation. Naal and coworkers [26] 
compared data from three activity rating scales 
(Tegner, University of California, Los Angeles 
[UCLA] [27], and Marx Activity Rating Scale 
[28]) in patients who underwent total joint arthro-
plasty. Physical activity was assessed using the 
“last 7 days” version of the International Physical 
Activity Questionnaire (IPAQ) [29]. The Tegner 
scale was found to be reliable and had acceptable 
validity in patients undergoing total knee arthro-
plasty. However, this scale had lower correlation 
coefficients and lower completion rates than the 
UCLA scale and was unable to discriminate 
between patients who were sufficiently active 
(moderate and vigorous activity levels according 
to IPAQ classification) and those who were insuf-
ficiently active.

23.2.3  Marx Sports Activity Scale

Marx et al. [28] developed a sports activity rating 
scale to use as a general research tool to deter-
mine the outcome of a variety of knee injuries 
and operations (Table 23.6). This scale takes into 
account the frequency of participation and inten-
sity of the activity. Four separate activities are 
rated: running, cutting, decelerating, and pivot-
ing. Reliability and construct validity were 
assessed in 40 volunteers with no history of knee 
problems. The scale showed acceptable reliabil-
ity (ICC, 0.97) and correlated with the Tegner, 

Table 23.6 Marx activity rating scale [28]. Indicate how often you performed each activity in your healthiest and most 
active state, in the past year

<1×/
month

1×/
month

1×/
week

2–3×/
week

≥4×/
week

Running while playing a sport or jogging
Cutting: changing directions while running
Decelerating: coming to a quick stop while running
Pivoting: turning your body with your foot planted while playing a 
sport; such as skiing, skating, kicking, throwing, hitting a ball (golf, 
tennis, squash)

Scoring: <1×/month = 0 points, 1×/month = 1 point each, 1×/week = 2 points each, 2–3×/week = 3 points each, and 
≥4×/week = 4 points each; maximum score 16
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Cincinnati, and Daniel sports activity scales. 
Responsiveness testing was not completed.

Naal et  al. [26] compared data from three 
activity rating scales (Tegner, UCLA [27], and 
Marx Activity Rating Scale [28]) in patients who 
underwent total joint arthroplasty. The Marx 
Activity Rating Scale was found to be reliable 
and had acceptable validity in patients undergo-
ing TKA.  However, this scale had the weakest 
correlation coefficients with other scales, had 
large floor effects, and was unable to discriminate 
between patients who were sufficiently active 
(moderate and vigorous activity levels according 
to IPAQ classification) and those who were insuf-
ficiently active. Although this scale is useful in 
rating activities that involve the specific motions 
selected by the authors, it cannot rate low-impact 
activities such as swimming, bicycling, or low- 
impact aerobics. If a patient swam or bicycled 
several times a week, he or she would receive 0 
out of a possible 16 points on this scale.

23.2.4  IKDC Sports Scale

In 1995, the International Knee Documentation 
Committee (IKDC) [30] published an activity rat-
ing that consisted of four levels: strenuous activity 
involving jumping, pivoting, and hard cutting 
(football, soccer); moderate activity or heavy 
manual work (skiing, tennis); light activity or 
light manual work (jogging, running); and seden-
tary activity (housework, activities of daily liv-
ing). Then, a few years later, the 2000 IKDC 
Subjective Knee Evaluation Form was published 
[31] which included a sports activity rating. 
Patients indicate their regular highest level of 
activity of either very strenuous activities like 
jumping or pivoting as in basketball or soccer; 
strenuous activities like heavy physical work, ski-
ing or tennis; moderate activities like moderate 
physical work, running or jogging; light activities 
like walking, housework or yard work; or unable 
to perform any of these activities due to knee pain.

The sports activity scale is one of twenty items 
on the Subjective Knee Evaluation form, whose 

numerical values are summed and divided by the 
maximum possible score. Although acceptable 
reliability, validity, and responsiveness values 
have been published for the form in its entirety 
[31, 32], no data is available for just the sports 
activity scale. Additional problems include fail-
ure to account for frequency of sports participa-
tion and the combination of work and sports 
activities in three of the five levels.

23.3  Psychological 
Questionnaires (Table 23.7)

23.3.1  ACL-Return to Sport After 
Injury (ACL-RSI) Scale

The ACL-RSI scale was introduced by Webster 
et al. [33] in 2008 as a means of measuring the 
psychological impact of returning to sports after 
ACL reconstruction. The authors tested the 
12-item questionnaire (Table  23.8) in 220 
patients a mean of 22  months postoperatively. 
The items on the scale were identified by the lit-
erature as associated with RTS and included 
emotions, confidence in performance, and risk 
appraisal. Acceptable reliability was reported 
(Cronbach’s alpha = 0.92). Patients who had not 
RTS scored significantly lower on the scale than 
those who returned (P  <  0.001), indicating a 
more negative psychological response was asso-
ciated with failure to return to sport. Overall, 
69% of subjects who RTS scored significantly 
higher (mean, 70 points) than 31% of subjects 
who did not RTS (mean, 46 points). Since then, 
the ACL-RSI scale has been translated into sev-
eral languages, including Chinese [34], 
Portuguese [35], Turkish [36], Dutch [37], 
French [38], and Swedish [39].

Webster and Feller [40] recently published a 
shortened version of the ACL-RSI, composed of six 
items (Table 23.9). A group of 535 patients who had 
undergone ACL reconstruction participated in the 
scale reduction component of the study, and the sec-
ond group of 250 ACL-reconstructed patients par-
ticipated in the predictive validation component of 
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Table 23.7 Validated psychological and psychosocial questionnaires

Questionnaire Items assessed
ACL-return to sport after injury 
(ACL-RSI) [33]

Emotions, confidence in performance, reinjury risk appraisal

Tampa scale for Kinesiophobia 
(TSK) [41, 42]

Fear of movement/reinjury

Tampa scale for Kinesiophobia 
modified (TSK-11) [47]

Fear of movement/reinjury

Knee self-efficacy scale (K-SES) 
[57]

Daily activities, sports and leisure activities, physical activities, knee function 
in the future

Injury-psychological readiness to 
return to sport scale [61]

Confidence in the ability to play, performance

Reinjury anxiety inventory [63] Anxieties about rehabilitation and return to sport
Quick inventory of depressive 
symptomatology [65]

Depression, sleep, appetite/weight

Sports rehabilitation locus of control 
(SRLC) [78]

Internal, powerful, and chance items

Multidimensional health locus of 
control scale (MHLC) [68]

Internal locus of control

State-trait anxiety inventory [74] State anxiety: how an athlete feels currently about various situations that may 
influence anxiety levels (i.e., not at all, very much so); temporary condition
Trait anxiety: how an athlete feels in general toward various situations that 
may influence anxiety levels (i.e., almost never, almost always); long-standing 
condition

Table 23.8 ACL-return to sport after injury (ACL-RSI) scale questions [33]

1. Are you confident that you can perform at your previous level of sports participation?
2. Do you think you are likely to reinjure your knee by participating in your sport?
3. Are you nervous about playing your sport?
4. Are you confident that your knee will not give way by playing your sport?
5. Are you confident that you could play your sport without concern for your knee?
6. Do you find it frustrating to have to consider your knee with respect to your sport?
7. Are you fearful of reinjuring your knee by playing your sport?
8. Are you confident about your knee holding up under pressure?
9. Do thoughts of having to go through surgery and rehabilitation again prevent you from playing your sport?
10. Are you afraid of accidentally injuring your knee by playing your sport?
11. Are you confident about your ability to perform well at your sport?
12. Are you relaxed about playing your sport?

All questions answered by circling one number from 0 to 100, where 0 = not at all and 0 = extremely

Table 23.9 ACL-return to sport after injury scale (short version) [40]

1. Are you confident that you can perform at your previous level of sports participation?
2. Do you think you are likely to reinjure your knee by participating in your sport?
3. Are you nervous about playing your sport?
4. Are you confident that you could play your sport without concern for your knee?
5. Do you find it frustrating to have to consider your knee with respect to your sport?
6. Are you fearful of reinjuring your knee by playing your sport?

All questions answered by circling one number from 0 to 100, where 0 = not at all and 0 = extremely
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the investigation. All patients completed the original 
ACL-RSI scale. The authors reported that the origi-
nal scale had high internal consistency, which sug-
gested that item redundancy was present. This 
allowed an item selection process, which reduced 
the number of questions from twelve to six. There 
were significant differences in the scores between 
patients who RTS and those who had not for both 
the original scale (81.4  ±  15 and 51.7  ±  25; 
P < 0.0001) and the short version (77.8 ± 18 and 
47.9  ±  26; P  <  0.0001). At 6  months postopera-
tively, the ACL-RSI scores for both the original and 
short versions had fair to good predictive ability for 
the 12-month RTS outcomes. The authors recom-
mended use of the short version, especially for busy 
clinical settings to identify athletes who may find 
RTS challenging.

23.3.2  Tampa Scale for Kinesiophobia 
(TSK) [41, 42]

The Tampa Scale for Kinesiophobia (TSK) was 
first described in 1995 by Vlaeyen et al. [42] in 
a population of chronic low-back pain patients. 
Subsequent studies have demonstrated adequate 
reliability, validity, and responsiveness of the 
TSK in a variety of chronic pain cohorts [43–

46]. The scale was slightly modified by Kvist 
et al. [41] to measure fear of reinjury upon RTS 
after ACL reconstruction (Table 23.10). A short-
ened version, the TSK-11, was introduced by 
Woby et  al. in 2005 [47] who reported good 
internal consistency, reliability, responsiveness, 
concurrent validity, and predictive validity for 
both the original and shortened scales. Tkachuk 
and Harris [48] also investigated the psycho-
metric properties of the shortened TSK-11  in 
276 chronic pain patients. The authors reported 
that the scale had acceptable levels of internal 
consistency, as well as discriminant, concurrent 
criterion-related, and incremental validity. 
Subscales predicted physical performance and 
perceived disability. The TSK has been trans-
lated into multiple languages including 
Portuguese [49], Swedish [50], Spanish [51], 
Norwegian [52], German [53], Chinese [54], 
Persian [55], and Italian [56]

23.3.3  Knee Self-Efficacy Scale 
(K-SES) [57]

Thomee et  al. [57] developed the Knee Self-
Efficacy (K-SES) scale (Table 23.11) to measure 
perceived self-efficacy in patients with an ACL 

Table 23.10 Tampa scale for Kinesiophobia (TSK) [42]

1. I’m afraid that I might injure myself if I exercise
2. If I were to try to overcome it, my pain would increase
3. My body is telling me I have something dangerously wrong
4. My knee trouble would probably be relieved if I were to exercise
5. People aren’t taking my medical condition seriously enough
6. My injury has put my body at risk for the rest of my life
7. Pain always means I have injured my body
8. Just because something aggravates my knee trouble does not mean it is dangerous
9. I am afraid that I might injure myself accidentally
10. Simple being careful that I do not make any unnecessary movements is the safest thing I can do to prevent my 
injured leg from worsening
11. I wouldn’t have this much knee trouble if there weren’t something potentially dangerous going on in my body
12. Although my condition is painful, I would be better off if I were physically active
13. Pain lets me know when to stop exercising so that I don’t injure myself
14. It’s really not safe for a person with a condition like mine to be physically active
15. I can’t do all the things normal people do because it’s too easy for me to get injured again
16. Even though my injured knee is causing me a lot of pain, I don’t think it’s actually dangerous
17. No one should have to exercise when he/she gets injured

Questions scored on a 4-point Likert scale from “strongly disagree” to “strongly agree”, except questions 4, 8, 12, and 
16 that are inversely scored. Total scores range from 17 to 68, with higher scores reflecting greater fear of movement/
(re)injury
Scale modified by Kvist et al. [41] for knee injuries

S. Barber-Westin and F. R. Noyes



551

injury. Reliability was found to be adequate (ICC, 
0.75), as were several validity factors (face, con-
tent, construct, and convergent). In a second 
study, Thomee et al. [58] reported good respon-
siveness in both ACL-deficient and ACL-
reconstructed patients. Mean K-SES scores 
increased in ACL-deficient knees from just after 
injury to 1 year later (3.9 and 6.8, respectively; 
P < 0.001) and in ACL-reconstructed knees from 
preoperatively to 1 year postoperatively (5.0 and 
7.6, respectively; P < 0.05). In a third investiga-
tion, The K-SES measured before surgery was 
predictive of the Lysholm score (P = 0.003) and 
performance on a single-leg hop test (P < 0.05) 
1  year after ACL reconstruction [59]. Ardern 
et al. [60] found significant differences in K-SES 
mean scores between patients who were satisfied, 

mostly satisfied, and dissatisfied (8.3, 6.9, and 
4.8 points, respectively; P < 0.001) 3 years after 
ACL reconstruction.

23.3.4  Injury-Psychological 
Readiness to Return to Sport 
Scale (I-PRRS) [61]

Glazer [61] developed the Injury-Psychological 
Readiness to Return to Sport Scale (I-PRRS) 
(Table 23.12) and provided preliminary reliability 
and validity data from 22 injured collegiate ath-
letes. Reliability measures were adequate (ICC 
0.78–0.93 at 4 data-collection time points), as 
were content, concurrent, and external validity. 
Podlog et al. [62] reported acceptable reliability 
of a slightly modified version of the I-PRRS (ICC 
0.90) in 118 injured high school athletes. The 
injuries varied in both of these studies and, as of 
the time of writing, this scale had not been used in 
ACL- injured or ACL-reconstructed cohorts.

23.3.5  Reinjury Anxiety Inventory 
(RIA) [63]

Walker et  al. [63] developed the 28-item 
Reinjury Anxiety Inventory (RIA) shown in 
Table 23.13 to measure anxieties related to reha-
bilitation (RIA-R 15 items) and return to train-
ing or competition (RIA-RE 13 items). The 
questionnaire was completed by 248 athletes 

Table 23.12 Injury-psychological readiness to return to 
sport scale [61]

Rate your confidence to return to your sport on a scale 
from 0 to 100
1. My overall confidence to play is _____
2. My confidence to play without pain is _____
3. My confidence to give 100% effort is _____
4. My confidence to not concentrate on the injury is 
_____
5. My confidence in the injured body part to handle the 
demands of the situation is _____
6. My confidence in my skill level/ability is _____

Total _____
Divide the total by 10 to calculate final score (maximum 
score = 60). A score of 60 implies the athlete has complete 
confidence to return to sport; 40, moderate confidence; 
and 20, low overall confidence

Table 23.11 The knee self-efficacy scale [57]

A. Daily activities: how certain are you right now about
   1. Walking in the forest
   2. Climbing up and down a hill/stairs
   3. Going out dancing
   4. Jumping ashore from a boat
   5. Running after small children
   6. Running for the tram/bus
   7. Working in the garden
B. Sports and leisure activities: how certain are you 
right now about
   1. Cycling a long distance
   2. Cross country skiing
   3. Riding a horse
   4. Swimming
   5. Hiking in the mountains
C. Physical activities: how certain are you right now 
about
   1. Squatting
   2. Jumping sideways from one leg to the other
   3.  Working out hard a short time after the injury or 

surgery
   4. Doing one-leg hops on the injured leg
   5. Moving around in a rocking small boat
   6. Doing fast twisting
D. Your knee function in the future: how certain are 
you that
   1.  You can return to the same physical activity level 

as before the injury?
   2.  You would not suffer any new injuries to your 

knee?
   3. Your knee will not “break”?
   4.  Your knee will not get worse than before surgery?

All questions answered on an 11-grade Likert scale where 
0 = not at all certain and 10 = very certain
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Table 23.13 Reinjury anxiety inventory [63]

Not at all Somewhat
Moderately 
so

Very 
much so

1. I am worried about becoming reinjured during rehabilitation
2. I am worried about becoming reinjured during re-entry into 
competition
3. I feel nervous about becoming reinjured during rehabilitation
4. I feel nervous about becoming reinjured during re-entry into 
competition
5. I have doubts that I will remain injury free during rehabilitation
6. I have doubts that I will remain injury free during re-entry into 
competition
7. I feel on edge about becoming reinjured during rehabilitation
8. I feel on edge about becoming reinjured during re-entry into 
competition
9. I am worried that I may not do as well as I could in rehabilitation due 
to reinjury worries
10. I am worried that I may not do as well as I could on returning to 
competition due to reinjury worries
11. My body feels tense about rehabilitation because of reinjury worries
12. My body feels tense about re-entering competition because of 
reinjury worries
13. I feel confident that I will not become reinjured during re-entry into 
competition
14. I am worried about failing during rehabilitation due to my reinjury 
worries
15. I am worried about failing when re-entering into competition due to 
reinjury worries
16. Reinjury worries about rehabilitation make my body feel tense
17. Reinjury worries about re-entry into competition make my body feel 
tense
18. I am worried about performing poorly during rehabilitation due to 
reinjury worries
19. I am worried about performing poorly during re-entry into 
competition due to reinjury worries
20. I am worried about failing to achieve full re-entry into competition 
due to reinjury worries
21. I feel my stomach sinking due to reinjury worries during 
rehabilitation
22. I am worried that others will be disappointed if I become reinjured 
during re-entry into competition
23. The thought of reinjury during re-entry into competition makes my 
palms sweaty
24. I am confident about not becoming reinjured during rehabilitation 
because I mentally picture myself staying injury free
25. I am worried about concentrating during rehabilitation because of 
reinjury worries
26. I am worried about concentrating during re-entry into a competition 
because of reinjury worries
27. My body feels tight due to reinjury worries during rehabilitation
28. My body feels tight due to reinjury worries during re-entry into 
competition

0
0

0
0

0
0

0
0

0

0

0
0

0

0

0

0
0

0

0

0

0

0

0

0

0

0

0
0

1
1

1
1

1
1

1
1

1

1

1
1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1
1

2
2

2
2

2
2

2
2

2

2

2
2

2

2

2

2
2

2

2

2

2

2

2

2

2

2

2
2

3
3

3
3

3
3

3
3

3

3

3
3

3

3

3

3
3

3

3

3

3

3

3

3

3

3

3
3

Scoring: rehabilitation reinjury anxiety (RIA-R)
Scores for items 1, 3, 5, 7, 9, 11, 14, 16, 18, 21, 24, 25, 27 are added to calculate an athlete’s RIA-R (item 24 requires 
reverse scoring). A minimum score of 0 indicates a complete absence of RIA-R and a maximum score of 39 indicates 
that the athlete was extremely anxious about reinjury in rehabilitation
Re-entry into competition reinjury anxiety (RIA-RE)
Scores on items 2, 4, 6, 8, 10, 12, 13, 15, 17, 19, 20, 22, 23, 26, and 28 are added to calculate an athlete’s RIA-RE (item 
13 on this construct also requires reverse scoring). A minimum score of 0 indicates a complete absence of any RIA-RE 
and a maximum score of 45 indicates that the injured athlete was extremely anxious about reinjury in re-entry into train-
ing/competition
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who were undergoing treatment for a variety of 
injuries. The internal consistency for both RIA 
and RIA-R was determined using Cronbach’s 
alpha in which 0.70 is considered the minimum 
for an adequate internally consistent scale. The 
study reported excellent internal consistency for 
RIA-R (α  =  0.98) and RIA-RE (α  =  0.96). 
Significant correlations were reported between 
RIA-R and RIA-RE constructs (range, 0.41–
0.65, P < 0.05), which was interpreted as dem-
onstrating that athletic injury causes reinjury 
anxieties both in rehabilitation and upon re-
entering training or competition.

23.3.6  Quick Inventory of Depressive 
Symptomatology (QIDS) [64]

Rush et  al. [64] developed the 16-item Quick 
Inventory of Depressive Symptomatology (QIDS, 
Table  23.14) from the 30-item Inventory of 
Depressive Symptomatology and evaluated its 
psychometric properties in a group of 596 adults 

with major depressive disorder. The internal con-
sistency was high (α = 0.86) and the instrument 
was found to be sensitive to symptom change, 
indicating high concurrent validity. The research-
ers commented that it could be used as a simple 
screening tool in primary care. Trivedi et al. [65] 
evaluated the psychometric properties of the 
QIDS in 544 patients with major depressive dis-
order and 402 patients with bipolar disorder. 
Internal consistency was acceptable (α range, 
0.86–0.94) and high concurrent validity was 
found in both groups of patients. Bernstein et al. 
[66] reported acceptable reliability of the QIDS 
in 140 adolescent patients with a wide range of 
depressive symptoms. Reilly et  al. [67] con-
ducted a systematic review on the psychometric 
properties of this instrument that included 37 
studies with 17,118 participants. Internal consis-
tency was adequate (α range, 0.65–0.87), concur-
rent validity was moderate or high with other 
commonly used depression scales, discriminant 
validity was validated, and responsiveness to 
change was acceptable.

Table 23.14 Quick inventory of depressive symptomatology [64]

1. Falling asleep
  0 I never take longer than 30 min to fall asleep
  1 I take at least 30 min to fall asleep, less than half the time
  2 I take at least 30 min to fall asleep, more than half the time
  3 I take more than 60 min to fall asleep, more than half the time
2. Sleep during the night
  0 I do not wake up at night
  1 I have a restless, light sleep with a few brief awakenings each night
  2 I wake up at least once a night, but I go back to sleep easily
  3 I awaken more than once a night and stay awake for 20 min or more, more than half the time
3. Waking up too early
  0 Most of the time, I awaken no more than 30 min before I need to get up
  1 More than half the time, I awaken more than 30 min before I need to get up
  2 I almost always awaken at least 1 h or so before I need to, but I go back to sleep eventually
  3 I awaken at least 1 h before I need to, and can’t go back to sleep
4. Sleeping too much
  0 I sleep no longer than 7–8 h/night, without napping during the day
  1 I sleep no longer than 10 h in a 24-h period including naps
  2 I sleep no longer than 12 h in a 24-h period including naps
  3 I sleep longer than 12 h in a 24-h period including naps
5. Feeling sad
  0 I do not feel sad
  1 I feel sad less than half the time
  2 I feel sad more than half the time
  3 I feel sad nearly all of the time
6. Decreased appetite

(continued)
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  0 There is no change in my usual appetite
  1 I eat somewhat less often or lesser amounts of food than usual
  2 I eat much less than usual and only with personal effort
  3 I rarely eat within a 24-h period, and only with extreme personal effort or when others persuade me to eat
7. Increased appetite
  0 There is no change from my usual appetite
  1 I feel a need to eat more frequently than usual
  2 I regularly eat more often and/or greater amounts of food than usual
  3 I feel the drive to overeat both at mealtime and between meals
8. Decreased weight (within the last 2 weeks)
  0 I have not had a change in my weight
  1 I feel as if I’ve had a slight weight loss
  2 I have lost 2 pounds or more
  3 I have lost 5 pounds or more
9. Increased weight (within the last 2 weeks)
  0 I have not had a change in my weight
  1 I feel as if I’ve had a slight weight gain
  2 I have gained 2 pounds or more
  3 I have gained 5 pounds or more
10. Concentration/decision making
   0 There is no change in my usual capacity to concentrate or make decisions
   1 I occasionally feel indecisive or find that my attention wanders
   2 Most of the time, I struggle to focus my attention or to make decisions
   3 I cannot concentrate well enough to read or cannot make even minor decisions
11. View of myself
   0 I see myself as equally worthwhile and deserving as other people
   1 I am more self-blaming than usual
   2 I largely believe that I cause problems for others
   3 I think almost constantly about major and minor defects in myself
12. Thoughts of death or suicide
   0 I do not think of suicide or death
   1 I feel that life is empty or wonder if it’s worth living
   2 I think of suicide or death several times a week for several minutes
   3  I think of suicide or death several times a day in some detail, or I have made specific plans for suicide or have 

actually tried to take my life
13. General interest
   0 There is no change from usual in how interested I am in other people or activities
   1 I notice that I am less interested in people or activities
   2 I find I have interest in only one or two of my formerly pursued activities
   3 I have virtually no interest in formerly pursued activities
14. Energy level
   0 There is no change in my usual level of energy
   1 I get tired more easily than usual
   2  I have to make a big effort to start finishing my usual daily activities (for example, shopping, homework, 

cooking or going to work)
   3 I really cannot carry out most of my usual daily activities because I just don’t have the energy
15. Feeling slowed down
   0 I think, speak, and move at my usual rate of speed
   1 I find that my thinking is slowed down or my voice sounds dull or flat
   2 It takes me several seconds to respond to most questions and I’m sure my thinking is slowed
   3 I am often unable to respond to questions without extreme effort
16. Feeling restless
   0 I do not feel restless
   1 I’m often fidgety, wringing my hands, or need to shift how I am sitting

(continued)

Table 23.14 (continued)
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23.3.7  Multidimensional Health 
Locus of Control Scale [68]

Wallston et al. developed the Multidimensional 
Health Locus of Control Scale (Table 23.15) in 
1978  in order to determine if health-related 
behaviors are either primarily internal, a matter 
of chance, or under the control of powerful 
others. Individuals with an internal locus of 
control feel responsible and able to control 
their behaviors and resulting consequences, 
whereas those with an external locus of control 
believe their behaviors and resulting conse-
quences are dictated by external forces or 
chance. Many studies [69–72] have investi-
gated the psychometric properties of this scale, 
with adequate internal consistency (α range 
0.70–0.87), reliability (R range 0.61–0.75, 
P < 0.01), construct validity, divergent validity, 
and convergent validity reported as summa-
rized by Ross et al. [73].

23.3.8  State-Trait Anxiety Inventory 
[74]

The State-Trait Anxiety Inventory is a self-report 
measure that indicates the intensity of feelings of 
anxiety (Tables 23.16 and 23.17). Developed by 
Spielberger et  al. [74], this instrument distin-
guishes between state anxiety, which is a tempo-
rary condition experienced in specific situations, 
and trait anxiety, which is a general tendency to 

perceive situations as threatening. Numerous 
studies have reported psychometric properties of 
this instrument, including high internal consis-
tency (α ranges 0.81–0.94 state scale; 0.67–0.95 
trait scale) and reliability (0.78–0.83 trait scale; 
0.69–0.76 state scale), and adequate convergent 
validity [75]. A study in 1124 psychiatric patients 
and 877 healthy subjects found that this instru-
ment measures general negative affect, including 
specific aspects of cognitive anxiety and depres-
sion together [76], and not the intensity of clini-
cal anxiety per se.

23.4  Conclusions

There are several commonly used scales avail-
able to rate athletic activities that have been 
developed specifically for patients with knee 
injuries and disorders. It is important to under-
stand the strengths and potential biases of these 
instruments as well as their reliability, validity, 
and responsiveness properties. In addition, sev-
eral validated questionnaires are available that 
can help determine an athlete’s psychological 
status. Psychological factors such as fear of rein-
jury, anxiety, depression, and preoperative stress 
are common barriers to RTS and overall patient 
satisfaction after serious knee injuries and opera-
tions. The selection of the appropriate instrument 
to use to rate either sports activity levels or psy-
chological issues should be done with careful 
consideration of its psychometric properties.

   2 I have impulses to move about and am quite restless
   3 At times, I am unable to stay seated and need to pace around
Scoring: (total score range, 0–27)
   1. Highest score on sleep items (1–4)    ____
   2. Enter score on item 5    ____
   3. Highest score on appetite/weight items (6–9)    ____
   4. Enter score on item 10    ____
   5. Enter score on item 11    ____
   6. Enter score on item 12    ____
   7. Enter score on item 13    ____
   8. Enter score on item 14    ____
   9. Highest score on item 15 or 16    ____
   10. Sum the item scores for a total score    ____

General guidelines: score <5 no depression, 6–10 mild depression, 11–15 moderate depression, 16–20 severe depres-
sion, >20 very severe depression

23 Validated Questionnaires to Measure Return to Sport and Psychological Factors
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Table 23.16 State-trait anxiety inventory for Y-1 (state anxiety) [74]

Not at all Somewhat Moderately so Very much so
1. I feel calm
2. I feel secure
3. I am tense
4. I feel strained
5. I feel at ease
6. I feel upset
7. I am presently worrying over possible misfortunes
8. I feel satisfied
9. I feel frightened
10. I feel comfortable
11. I feel self-confident
12. I feel nervous
13. I am jittery
14. I feel indecisive
15. I am relaxed
16. I feel content
17. I am worried
18. I feel confused
19. I feel steady
20. I feel pleasant

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

Directions: A number of statements which people have used to describe themselves are given below. Read each state-
ment and then circle the number that indicates how you feel right now, that is, at this moment. There are no right or 
wrong answers. Do not spend too much time on any one statement, but give the answer which seems to describe your 
present feelings best
Scoring available at www.mindgarden.com

Table 23.17 State-trait anxiety inventory for Y-2 (trait anxiety) [74]

State-Trait anxiety inventory for Y-2 (trait anxiety)
Almost 
never Somewhat Often

Almost 
always

1. I feel pleasant
2. I feel nervous and restless
3. I feel satisfied with myself
4. I wish I could be as happy as others seem to be
5. I feel like a failure
6. I feel rested
7. I am calm, cool, and collected
8. I feel that difficulties are piling up so that I cannot overcome them
9. I worry too much over something that doesn’t matter
10. I am happy
11. I have disturbing thoughts
12. I lack self-confidence
13. I feel secure
14. I make decisions easily
15. I feel inadequate
16. I am content
17. Some unimportant thoughts run through my mind and bother me
18. I take disappointments so keenly that I can’t put them out of my mind
19. I am a steady person
20. I get in a state of tension or turmoil as I think over my recent 
concerns and interests

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

Directions: A number of statements which people have used to describe themselves are given below. Read each state-
ment and then circle the number that indicates how you generally feel. There are no right or wrong answers. Do not 
spend too much time on any one statement, but give the answer which seems to describe how you generally feel
Scoring available at www.mindgarden.com
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24.1  Introduction

Psychosocial factors impact return to sport after 
anterior cruciate ligament reconstruction (ACLR) 
[1–3]. It is well known that after a sport injury, 
athletes experience a range of psychosocial dis-
turbances including depressed mood, anxiety, 
social isolation, and a challenge to their athletic 
identity [4–7]. These cognitive and emotional 
states generally improve alongside physical func-
tioning after surgery and postoperative rehabilita-
tion [5, 7–10]. However, despite successful 
surgical repair and functional recovery, approxi-
mately half of athletes who undergo ACLR do 
not return to their sport post-recovery [11, 12]. 
Psychosocial factors are implicated as key vari-
ables explaining the discrepancy in functional 
recovery and the athlete’s decision to return to 
sport after ACLR. To enhance return to sport out-
comes, postoperative rehabilitation approaches 

should incorporate strategies that target both 
physical and psychosocial factors.

This chapter highlights key psychosocial fac-
tors involved in impacting return to sport after 
ACLR.  Emphasis is placed on modifiable psy-
chosocial characteristics that, if addressed, may 
improve the likelihood of return to sport. 
Additionally, psychosocial management strate-
gies are discussed as possible therapeutic options 
for the athlete aiming to return to sport.

24.2  Psychosocial Models 
for Return to Sport

Conceptual models have been developed and 
adapted to depict the psychosocial factors rele-
vant to recovery and return to sport. Current mul-
tidimensional biopsychosocial models highlight 
a range of influences including personal and situ-
ational factors [13–16]. For example, Ardern 
et al. [17] presented an adapted biopsychosocial 
model for return to sport that acknowledges con-
tributions from the athlete’s injury characteristics 
and sociodemographic, physical, psychological, 
and social/contextual variables. Currently, there 
is no universally accepted psychosocial model of 
return to sport after ACLR.

Wiese-Bjornstal et  al. [14] outlined an inte-
grated model of psychosocial responses after sports 
injury that impact recovery. In this model, domains 
of cognition (i.e., conscious appraisals regarding 
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injury), affect (i.e., emotions and feelings), and 
behavior (i.e., athlete’s effort and actions) interact 
in determining outcomes. Burland et al. [18] con-
ducted a qualitative investigation of athlete’s deci-
sions to return to sport after ACLR and found key 
themes that fit within this integrated model. These 
themes relate to psychosocial constructs such as 
expectation, motivation, confidence, anxiety, and 
fear. Everhart et  al. [19] introduced conceptual 
models focused specifically on self-efficacy, fear-
avoidance, and social support. These models lean 
on previously derived psychological models and 
are adapted within the context of ACLR.

In this chapter, we use an adapted conceptual 
model (Fig. 24.1) based on the model by Wiese- 
Bjornstal et al. [14] that highlights the dynamic 
role of cognitive, emotional, and behavioral 
domains. The psychosocial factors that fit within 
these three constructs are informed from models 
that are relevant to post-ACLR return to sport by 
Everhart et al. [19] and Ardern et al. [17].

24.3  Cognitive Factors

24.3.1  Expectation of Recovery

Expectation pertains to an athlete’s belief in 
what will occur after injury. Expectations can 

be related to anticipated outcomes after sur-
gery, with one study finding that preoperative 
expectations about the length of recovery time 
is associated with returning to preinjury level 
of sport participation at 1  year after ACLR 
[20]. In this study, the more time an athlete 
estimated before returning to preinjury level, 
the lower the chance they returned to sport at 
12 months [20]. In a qualitative study of ath-
letes 1-year post-ACLR, Burland et  al. [18] 
found that expectations about recovery played 
a major role in shaping athlete’s decision to 
return to sport. Most athletes have high expec-
tations about recovery and return to preinjury 
sport [21, 22]; however, initial expectations 
can be shaped by unrealistic goals or misinfor-
mation about the recovery process [23]. Many 
athletes may be unprepared for the lengthy and 
intensive course of postoperative rehabilitation 
[23–25]. Feucht et al. [22] reported that 94% of 
athletes with primary ACLR and 84% of ath-
letes with revision ACLR expect to return to 
sport at the same preinjury level. This contrasts 
with the observed proportion of athletes 
reported in the literature (e.g., 44–55%) who 
attain this goal after ACLR [11, 12]. These 
studies underscore the importance of optimal 
preoperative education for establishing reason-
able expectations of outcome.

Psychological Readiness

Cognitive Factors Emotional Factors

Behavioral FactorsOutcome

Expectation Mood or Anxiety

Fear of Reinjury

Rehabilitation Adherence

Motivation

Self-Efficacy

Return to Sport

Fig. 24.1 Adapted conceptual psychosocial model for return to sport after anterior cruciate ligament reconstruc-
tion [14]
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24.3.2  Motivation to Return to Sport

Motivation to return to preinjury sport is another 
key factor in an athlete’s decision regarding 

post- ACLR sport performance [3]. Gobbi and 
Francisco [26] found that participants who 
returned to sport following ACLR scored higher 
on the Psychovitality Questionnaire (Table 24.1), 

Table 24.1 Selected psychosocial measures relevant to return to sport after anterior cruciate ligament reconstruction

Measure Psychosocial construct(s) Description
Anterior Cruciate 
Ligament—Return to 
Sport After Injury Scale 
(ACL-RSI) [27]

Psychological readiness to return to sport The ACL-RSI is a 12-item questionnaire. 
Athletes respond to each question with a 
response ranging from “extremely” to “not at 
all.” The original questionnaire used a 10-cm 
Visual Analog Scale, while modified versions 
have used Likert scales. Item responses are 
averaged for a score ranging from 1 to 10. 
Higher ACL-RSI scores indicate greater 
psychological readiness to return to sport

Emotional Responses of 
Athletes to Injury 
Questionnaire (ERAIQ) 
[5, 28]

Emotional response following injury The ERAIQ is a 24-item questionnaire. 
Athletes respond to open-ended questions with 
single phrase answers, as well as list items in 
order of importance and rank emotions on a 
scale of 0 (“low”) to 10 (“high”). Higher 
ERAIQ scores indicate greater emotional 
response as well as provide qualitative 
descriptions of the emotional response

Knee Self-Efficacy 
Scale (K-SES) [29]

Self-efficacy for knee function The K-SES is a 22-item questionnaire that 
contains subscales for daily activities, sports 
activities, knee function tasks, and knee 
function in the future. Athletes respond to 
each question with a response ranging from 0 
(“not at all certain”) to 10 (“very certain”). 
Item responses are summed and divided by 
the number of items completed. Higher 
K-SES scores indicate greater self-efficacy 
for knee function

Psychovitality 
Questionnaire [26]

Motivation for return to sport The Psychovitality questionnaire is a six-item 
questionnaire. Athletes respond to each 
question with a response of “not important,” 
“slightly important,” or “very important.” Item 
responses are summed for a total ranging from 
3 to 18. Higher Psychovitality scores indicate 
greater motivation for return to sport

Self-Efficacy for 
Rehabilitation Outcome 
Scale (SER) [8, 30]

Self-efficacy for performing behaviors 
related to physical rehabilitation

The SER is a 10-item questionnaire that has 
been modified from the original 12-item 
version. Athletes respond to each question 
with a response from 0 (“I cannot do it”) to 
10 (“certain I can do it”). Item responses are 
summed for a total ranging from 0 to 100. 
Higher SER scores indicate greater self-
efficacy for performing behaviors related to 
physical rehabilitation

Tampa Scale of 
Kinesiophobia (TSK) 
[31, 32]

Fear of movement or reinjury The TSK is an 11-item questionnaire. 
Athletes respond to each question with a 
response from 1 (“strongly disagree”) to 4 
(“strongly agree”). Item responses are 
summed for a total ranging from 11 to 44. 
Higher TSK scores indicate greater fear of 
movement or reinjury
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a measure containing motivation-related ques-
tions, than participants who did not return to 
sport. In a cross-sectional study of female soccer 
players [33], motivation (measured by questions: 
“How important was it for you to return to your 
previous activity level?” and “Did you think it 
was possible for you to return to your previous 
activity level?”) was associated with return to 
sport. Sonesson et al. [21] conducted a prospec-
tive study with 1-year follow-up in 65 athletes 
and found that athletes who returned to their pre-
injury sport had higher motivation, both preop-
eratively and during rehabilitation, than those 
who did not return to sport.

Motivation can also impact an athlete’s compli-
ance with rehabilitation and rehabilitation effort 
[34]. DiSanti et al. [35] found that athletes under-
going standard post-ACLR rehabilitation were 
often frustrated with basic exercises and exhibited 
low motivation during physical therapy. These 
findings suggest that motivational strategies dur-
ing rehabilitation may help to increase compliance 
and the rate of successful return to sport.

24.3.3  Self-Efficacy

Self-efficacy has been studied within the context 
of recovery after ACLR as an athlete’s judgment 
of their ability to carry out a task independently 
[36]. Preoperative self-efficacy in performing 
knee activities (measured by the Knee Self- 
Efficacy Scale, Table 24.1) has been shown to be 
predictive of return to sport 1 year after ACLR 
[37]. Hamrin Senorski et al. [38] observed a posi-
tive correlation between knee self-efficacy and 
return to sport in athletes who returned to knee- 
strenuous sports 10  months after ACLR com-
pared to individuals who did not. Knee 
self-efficacy could be impacted by athlete’s per-
ceptions about their postoperative knee function. 
For example, lack of confidence in the postopera-
tive knee has been found to impact activity 
engagement, return to sport, and performance 
[18]. Participation in rehabilitation and gradual 
progression to preinjury activities has the poten-
tial to increase knee self-efficacy [24].

Self-efficacy for rehabilitation (measured by 
Self-Efficacy for Rehabilitation Outcome Scale, 
Table  24.1) relates to an athlete’s beliefs about 
participation in rehabilitation. Chmielewski et al. 
[8] examined self-efficacy for rehabilitation and 
found that early improvements in self-efficacy 
during the first 12  weeks of rehabilitation after 
ACLR were associated with early improvements 
in pain and function. These early adaptations 
may be beneficial for advancing through rehabili-
tation in preparation for return to sport [39].

24.4  Emotional Factors

24.4.1  Mood and Anxiety

Emotional factors such as mood, anxiety, and 
anger have been shown to impact knee function 
and quality of life [40]. Feelings of hopeless-
ness and depression are common among ath-
letes following ACLR and are associated with 
worse postoperative outcomes and decreased 
rates of return to sport [19, 41]. Tripp et  al. 
[42] found that confidence in returning to sport 
was significantly reduced in those experienc-
ing negative affect. Additionally, an athlete’s 
desire to return to sport may be influenced by 
anxiety related to the level of athletic perfor-
mance they can attain, the ongoing skill pro-
gression of other athletes, and their perception 
of reinjury [43].

Given the direct impact of mood and anxiety on 
return to sport, actions taken to promote healthy 
emotional responses (measured by the Emotional 
Responses of Athletes to Injury Questionnaire, 
Table 24.1) during rehabilitation may dramatically 
improve return to sport. Appropriate social support 
and encouragement can promote a positive experi-
ence for the injured athlete [18, 44]. Positive peer 
role models—athletes after ACLR at different 
rehabilitation stages—have been identified as 
facilitators of postoperative resilience [35]. 
Teammates, coaches, trainers, and family mem-
bers can also be a source of positive interactions 
that can counteract negative feelings athletes may 
be experiencing [44, 45].
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24.4.2  Fear of Movement or Reinjury

Fear of movement or reinjury (commonly measured 
with the Tampa Scale of Kinesiophobia, Table 24.1) 
is a primary reason for not returning to sport in up to 
50% of athletes [42, 46–49]. A meta-analysis of 
studies on return to sport outcomes after ACLR 
found that fear of reinjury is the most commonly 
cited reason affecting postoperative sports partici-
pation [11]. Moreover, despite improvement during 
the early and middle phases of rehabilitation, fear 
can continue to increase as athletes approach the 
time to return to sport participation [5]. Ardern et al. 
[50] and Kvist et  al. [51] found athletes who 
returned to their preinjury sport or activity level 
after ACLR exhibited less fear of reinjury than those 
who had not returned to their preinjury level. In a 
meta- analysis of data from six studies, Ardern [2] 
reported that lower fear of reinjury has a moderately 
large effect (pooled standardized mean differ-
ence = 0.7) on return to preinjury sport.

Fear of movement or reinjury can impact post- 
ACLR rehabilitation engagement, physical activ-
ity level, and/or progression to more advanced 
sport-specific strategies [39, 52, 53]. Chmielewski 
and George [39] reported that elevated fear of 
reinjury at 4 weeks after surgery was a modifiable 
risk factor predictive of an athlete’s readiness for 
advanced rehabilitation at 12  weeks. Fear can 
impact some athletes’ physical abilities through a 
heightened awareness or feeling of self-con-
sciousness of their knee [18]. Common percep-
tions stemming from fear include the uncertainty 
of whether the knee is stable or reliable and hesi-
tation with certain movements. There is prelimi-
nary evidence from a small cohort study of 40 
athletes suggesting that higher levels of fear may 
place athletes at risk for a second ACL injury [54]. 
In this study, the 15 (38%) athletes who experi-
enced a second ACL injury within 24 months after 
returning to sport had significantly higher levels 
of fear than the group who did not reinjure [54].

24.5  Psychological Readiness

Psychological readiness to return to sport is a 
multidimensional construct that encompasses an 

athlete’s emotions, confidence, and risk appraisal 
related to returning to sport after ACLR. Podlog 
et al. [55] identified key attributes related to psy-
chological readiness, including confidence in 
return to sport, realistic expectations of sporting 
abilities, and motivation to regain prior perfor-
mance standards. Psychological readiness to 
return to sport can be assessed using the Anterior 
Cruciate Ligament—Return to Sport after Injury 
(ACL-RSI, Table 24.1) Scale [27].

There is considerable evidence supporting 
psychological readiness as an important prognos-
tic factor for returning to sport after ACLR [1, 2, 
10, 48, 56]. Ardern [2] reported that greater psy-
chological readiness has a large effect (pooled 
standardized mean difference = 0.9) on return to 
preinjury sport. A cutoff score of 56 points on the 
ACL-RSI at 4  months after ACLR has been 
reported as having the best predictive value (sen-
sitivity  =  0.58; specificity  =  0.83) for return to 
preinjury sport at 7 months [20]. Athletes with a 
score <56 may be at increased risk for not return-
ing to their preinjury level [20].

24.6  Behavioral Factors

24.6.1  Rehabilitation Adherence

Rehabilitation adherence during the post-ACLR 
recovery phase can impact return to sport, with 
studies finding that moderate to full compliance 
with postoperative rehabilitation regimens is a 
significant predictor of both knee function and 
return to sport [56, 57]. Individuals that are fully 
compliant with rehabilitation have higher odds 
of successfully returning to sport when com-
pared to non-compliant individuals [57]. There 
are a multitude of factors that have been found to 
influence rehabilitation adherence, including 
sport-specific factors, psychosocial characteris-
tics, and situational factors [58–60]. Age may 
influence the primary factors driving rehabilita-
tion adherence. For example, rehabilitation 
adherence of younger athletes relates more 
strongly to identity, whereas adherence in ado-
lescents and young adults is associated with 
motivation and social support [61].
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Rehabilitation strategies may increase adher-
ence and, in turn, enhance recovery. Chan et al. 
[62] found that physical therapists’ autonomy- 
supportive behaviors, which consist of encourag-
ing value of results as opposed to reward or 
external motivation, can influence rehabilitation 
adherence through an athlete’s autonomous moti-
vation. These findings suggest that a rehabilita-
tion approach that places emphasis on intrinsic 
motivation can increase an athlete’s motivation to 
stay engaged with rehabilitation.

24.7  Management Strategies 
for Addressing Psychosocial 
Factors

Psychosocial determinants are integral in an ath-
lete’s decision-making process to return to sport. 
Despite this, traditional postoperative rehabilita-
tion is almost exclusively focused on physical 
recovery. Moreover, a lack of consensus regarding 

optimal rehabilitation protocols and universally 
accepted criteria for return to sport have led to 
varying levels of physical and psychological read-
iness once an athlete is cleared for sport participa-
tion [63–65]. Given the link between psychosocial 
factors and return to sport, there have been recom-
mendations for multimodal, “psychologically 
informed” approaches that combine traditional 
physical and sport-specific rehabilitation with 
psychosocial strategies [66].

24.7.1  Psychosocial Strategies 
from Randomized Trials

A systematic review by Coronado et al. [67] on 
psychosocial interventions for patients after 
ACLR found four randomized trials (N  =  210) 
that examined the benefits of guided imagery 
and relaxation [68, 69], coping modeling [70], 
and visual imagery [71] (Table 24.2). The psy-
chosocial strategies included in these trials were 

Table 24.2 Description of psychosocial interventions used after anterior cruciate ligament reconstruction

Study Design Intervention
Psychological 
factor targeted Psychological intervention components

Cupal and 
Brewer [68]

Randomized 
trial

Relaxation and 
guided imagery

Anxiety Breath-assisted relaxation
Imagery and mental rehearsals

Maddison 
et al. [69]

Randomized 
trial

Relaxation and 
guided imagery

Self-efficacy Breath-assisted relaxation
Imagery and mental rehearsals

Maddison 
et al. [70]

Randomized 
trial

Modeling videos Anxiety
Self-efficacy

Viewing models performing various tasks and 
exercises
Listening to models expressing their initial 
expectations, perceptions of recovery, and 
challenges and experiences with their injury, 
surgery, and rehabilitation

Zaffagnini 
et al. [71]

Randomized 
trial

Therapeutic 
insight videos

Fear of 
movement or 
reinjury

Viewing psychological-enhancing videos that 
aim to elicit positive and therapeutic insight

Rock and 
Jones [72]

Case series Counseling skills Mood
Rehabilitation 
adherence
Social support

Active listening
Action planning
Challenging negative beliefs
Coping strategies

McArdle [73] Case study Cognitive- 
behavioral 
therapy

Anger
Fear of 
movement or 
reinjury
Stress

Coping strategies
Graded activity (desensitization)
Informal modeling
Time projection (imagery)

Mahoney and 
Hanrahan 
[74]

Case series Acceptance and 
commitment 
therapy

Psychological 
flexibility

Cognitive defusion
Experiential acceptance
Mindfulness
Self as context
Values
Committed action
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implemented during standard postoperative 
ACLR rehabilitation. Guided imagery, or the 
process of mental rehearsal of activity and sport-
specific skills, along with breath-assisted relax-
ation was found to be helpful in improving knee 
strength and decreasing reinjury anxiety and 
pain in one study [68], while another study [69] 
found improvement in knee laxity and a reduc-
tion in stress levels. Maddison et al. [70] found 
that the use of coping modeling, wherein patients 
watch videos of individuals performing specific 
tasks and rehabilitation exercises appropriate for 
the first 6 weeks after ACLR, was effective for 
improving short-term rehabilitation self-efficacy 
and patient-reported function. Visual imagery, in 
the form of art videos that were chosen to pro-
duce therapeutic insight into the psychological 
experience of recovery from surgery, was also 
found by Zaffagnini et al. [71] to improve short- 
term function in patients following ACLR.

24.7.2  Psychosocial Strategies 
from Case Studies

Case studies in patients post-ACLR have 
explored the benefits of counseling [72], 
cognitive- behavioral therapy [73], and accep-
tance and commitment therapy [74] (Table 24.2). 
Counseling skills, such as active listening and 
reflection, may provide emotional and social sup-
port that subsequently improves mood, rehabili-
tation adherence, and pain. Rock and Jones [72] 
reported that counseling skills may be particu-
larly useful for patients that encounter setbacks 
in their rehabilitation following ACLR. Cognitive- 
behavioral therapy is a well-established non- 
pharmacologic treatment approach for addressing 
psychological distress and persistent pain condi-
tions [75]. Specific types of cognitive-behavioral 
strategies that are relevant for patients following 
ACLR include personal coping skills, graded 
activity, and cognitive restructuring (identifying 
negative thoughts and replacing with positive 
ones). These strategies may be potentially benefi-
cial for patients following ACLR who have high 
levels of anxiety, anger, and fear of reinjury as 
well as a high athletic identity [74, 76]. Finally, 
acceptance and commitment therapy (ACT)  

targets psychological flexibility through cogni-
tive defusion (e.g., moving away from thoughts 
focused on fear of reinjury), acceptance, mind-
fulness (focusing on the present), value-driven 
behavior, and committed action. Mahoney and 
Hanrahan [74] suggest that ACT-based programs 
that include mindfulness and acceptance strate-
gies may be effective for addressing emotions 
and emotion-driven behaviors that athletes are 
unwilling to accept during the postoperative 
recovery process.

24.7.3  Other Psychosocial Strategies

Additional psychosocial strategies that may be 
important to consider in future research include 
motivational imagery [77] and social support [78]. 
Motivational imagery focuses on achieving a spe-
cific goal, such as winning a game and/or on the 
emotions that arise from achieving the goal. While 
motivational imagery is used most often by ath-
letes during competition, this technique may be 
helpful in increasing self-efficacy, decreasing anx-
iety, and motivating injured athletes prior to return 
to sport. Sordoni et al. [77] reported that athletes 
rarely transfer motivational imagery skills to injury 
rehabilitation; thus, research is needed to deter-
mine whether motivational imagery can facilitate 
recovery and return to sport following 
ACLR. Integrating social support into ACLR reha-
bilitation programs may also have the potential to 
improve recovery and return to sport. Scott et al. 
[24] and Johnson et  al. [44] found that a strong 
support system and rich interaction with signifi-
cant others were core themes that helped individu-
als cope successfully with recovery following 
ACLR. These social support systems can consist 
of family, friends, coaches, trainers, and athletes 
with a similar injury. In addition, social support 
strategies such as encouraging athletes to interact 
with team members during practice, games, and 
social events, even though injured, and participat-
ing in group rehabilitation sessions or home exer-
cise programs may be areas for future prospective 
research. Meierbachtol et al. [78] found in a retro-
spective cohort study that advanced group training 
after ACLR was associated with improved psycho-
logical and functional outcomes post-training.
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24.8  Future Directions 
for Research

There are several gaps in knowledge relating to 
psychosocial assessment and management after 
ACLR. First, there is limited evidence on optimal 
psychosocial screening in order to identify 
patients at risk for not returning to sport or not 
returning to full preinjury participation. For 
example, cutoff scores on well-established psy-
chosocial measures would help rehabilitation 
providers implement targeted psychosocial inter-
ventions along with standard physical rehabilita-
tion strategies.

Second, studies have not systematically stud-
ied psychosocial risk factors across the continuum 
of care (preoperative–postoperative rehabilita-
tion—long-term follow-up). Many of the studies 
described in this chapter are qualitative investiga-
tions or cross-sectional designs that survey ath-
letes from months to years after ACLR surgery.

Third, while psychosocial interventions have 
been studied in relation to psychosocial and 
patient-reported functional outcomes, no ran-
domized clinical trial, to date, has examined the 
efficacy of a psychosocial program for returning 
athletes to preinjury sport post-ACLR. Additional 
systematic work is needed to better understand 
the contribution imagery, coping modeling, coun-
seling, cognitive-behavioral therapy, ACT-based 
strategies, and social support can have when inte-
grated within standard rehabilitation practice.

Finally, research is needed to better under-
stand how expectations of recovery influence 
return to sport outcomes and how best to manage 
expectations before surgery and throughout the 
recovery period.

24.9  Conclusion

The goal of rehabilitation is to return athletes to 
their desired level of sport post-injury. And yet, 
despite improvements in surgical techniques and 
evidence-based physical rehabilitation protocols, 
only about one in two athletes will return to sport 
following ACLR [12]. An overwhelming body of 
research suggests that the decision to return to 

sport following ACLR is heavily influenced by 
psychosocial factors throughout recovery. These 
factors encompass cognitive (expectation, moti-
vation, self-efficacy), emotional (mood and anxi-
ety, fear of movement, or reinjury), and behavioral 
(rehabilitation adherence) domains.

Despite growing awareness of the impact of 
psychosocial effects on return to sport, tradi-
tional rehabilitation procedures and criteria for 
clearance to sport is centered almost exclusively 
on physical recovery. Rehabilitation protocols 
that combine physical and sport-centered reha-
bilitation techniques and psychosocial manage-
ment strategies, such as imagery and relaxation, 
counseling/behavioral therapy, social support, 
and specific goal setting, have been suggested as 
possible mechanism to increase not only rates of 
return to sport but also preparedness upon 
return. However, research into the psychosocial 
management of ACLR is a relatively new field, 
and systematic investigation is still needed.

Disclosure The authors acknowledge no financial inter-
est or benefit that has arisen from the direct application of 
this activity.
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25.1  Introduction

The majority of patients who undergo primary 
anterior cruciate ligament (ACL) reconstruction 
are athletes of <25 years of age [1] whose main 
goal is to resume their desired sport in an unre-
stricted manner [2–7]. Unfortunately, as dis-
cussed in Chap. 6, reinjuries to either the ACL 
graft or contralateral ACL frequently occur after 
patients return to athletics. In individuals 
<20 years of age, injury rates to ACL grafts and 
contralateral ACLs have been reported to be as 
high as 38% [8] and 42% [9], respectively. A 
study of collegiate athletes reported that those 
who underwent ACL reconstruction before enter-
ing college had an ACL graft reinjury rate during 
sports competition of 17% and a contralateral 
ACL injury rate of 20%; the combined reinjury 
rate (to either knee) was 37% [10].

The majority of young patients who undergo 
ACL revision reconstruction do so in order to 
resume sports activities. Patient satisfaction has 
been directly linked with the ability to return to 
previous activity levels [2]; however, in the case 
of ACL revision, the majority of studies report 

inferior outcomes in many variables compared 
with primary ACL reconstruction [11–18]. For 
instance, Wright et al. [18] reviewed 21 studies 
that followed 863 patients for at least 2  years 
postoperatively and reported inferior outcomes in 
ACL revision knees compared with primary ACL 
knees for mean Cincinnati, Lysholm, and 
International Knee Documentation Committee 
(IKDC) scores. Return to unrestricted activities 
or to the previous sports activity level was 
reported in 54%. The pooled failure rate of revi-
sion reconstructions of 13.7% was 3–4 times that 
of primary ACL reconstructions (2.9% [19] and 
5.8% [20]). Andriolo et al. [21] summarized data 
from 31 ACL revision studies and reported that 
43% (of 1167 patients) returned to previous ath-
letic activity levels, which was significantly 
lower than the 63% rate reported (from a separate 
review [22]) after primary ACL reconstruction 
(P < 0.05).

Feucht et al. [23] determined patient expecta-
tion of outcome measured before ACL revision 
surgery in 48 athletes. With regard to the overall 
condition of the knee joint, 17% expected a nor-
mal and 83% anticipated a nearly normal out-
come. With regard to return to sports (RTS) at a 
minimum of 1 year postoperative, 44% expected 
to return at the same level with no restrictions, 
40% at the same level with slight restrictions, 
15% at a slightly reduced level, and 2% at a sig-
nificantly reduced level. Unfortunately, revision 
ACL study cohorts typically involve patients 
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with associated major knee problems, the most 
frequent of which are prior meniscectomy and 
articular cartilage damage. The MARS group 
reported in 1205 patients that 91% had either 
meniscus and/or articular cartilage damage at the 
time of the revision procedure [24]. In a study of 
393 patients, Wright et al. [18] noted a history of 
meniscectomy in 54% and articular cartilage 
damage in 56% at the time of revision surgery. 
Chen et  al. [25] reported in a cohort of 1049 
patients undergoing ACL revision that 46% 
required concomitant meniscectomy and 46% 
had articular cartilage damage. Some patients 
who require ACL revision may have painful lim-
ited knee motion, undiagnosed or untreated lower 
limb malalignment, or damage to other knee liga-
ments. Many have undergone multiple prior 
operations that did not achieve the desired out-
come. These challenges would be expected to 
directly affect the expected outcomes of revision 
procedures in terms of RTS.  The question of 
whether return to strenuous activity levels in 
ACL revision knees is advisable in light of the 
complexities involved requires analysis of exist-
ing investigations.

This chapter summarizes findings from 20 
modern studies that provided RTS data in ACL 
revision knees: fourteen investigations reported 
data from athletes of all ages, one study focused 
on skeletally mature athletes of 15–18  years of 
age, one study reported on patients <25 years of 
age, one study analyzed three different athlete 
groups (school, collegiate, and recreational), two 
studies reported results from patients who under-
went multiple ACL revision reconstructions, and 
one study focused on professional athletes from 
the National Football League (NFL).

25.2  Return to Sport: Rates 
and Influential Factors 
from Clinical Studies

Table 25.1 summarizes data regarding RTS after 
ACL revision reconstructions [11, 12, 14–17, 
26–39]. Validated questionnaires were used to 
determine preoperative and postoperative sports 
activity levels in 12 studies, and nonvalidated 

surveys were used in eight investigations. Return 
to preinjury sport activity level rates varied 
widely, from 13% to 100%, and were not associ-
ated with the time postoperatively data were col-
lected (Fig.  25.1). Fifteen studies reported the 
percent of patients who returned to any sport 
after ACL revision reconstruction, which ranged 
from 43% to 100%.

Two studies reported factors that were associ-
ated with sports activity levels postoperatively. 
The MARS group [28] found three factors that 
predicted improved Marx scores 2 years postop-
eratively: a higher baseline Marx score [33] (OR 
5.79, P  <  0.001), male gender (OR 1.79, 
P < 0.001), and younger age (OR 2.17, P < 0.001). 
Conversely, predictors of lower Marx scores were 
smoking (OR 1.75, P < 0.05), previous contralat-
eral ACL surgery (OR 1.49, P < 0.05), and use of 
a biological enhancement at the time of revision 
(OR 1.82, P < 0.05). Patients who received auto-
grafts had significantly higher scores on IKDC 
and Knee Injury and Osteoarthritis Outcome 
Score (KOOS) outcome instruments compared 
with those who received allografts. Anand et al. 
[33] reported two significant predictors of return 
to preinjury activity levels after ACL revision: 
age < 25 years (P < 0.05) and articular cartilage 
lesions of <50% of the depth of the surface 
(P  <  0.05). In this study, there were no differ-
ences in the number of patients that returned to 
preinjury sport according to the graft source 
(bone–patellar tendon–bone [BPTB] and ham-
string autografts).

Several studies compared RTS data between 
primary and revision ACL reconstructions. One 
investigation retrospectively compared outcomes 
of 56 ACL revisions with 52 ACL primary recon-
struction cases (91% of all patients received 
BPTB autografts) at a mean of 7.5 years postop-
eratively [12]. The percentage of patients that 
returned to the same or higher sports activity 
level was significantly lower in the revision group 
compared with the primary group (13% and 35%, 
respectively, P  <  0.01). Anand et  al. [33] fol-
lowed a group of 109 patients who all partici-
pated in jumping, pivoting, or cutting sports 
before the original ACL injury and in whom all 
underwent both primary and subsequent revision 
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reconstructions at a mean of 5 years apart. After 
the primary ACL reconstruction, 50% returned to 
the same sports activity level, 28% returned to a 
lower level, and 22% did not return to sports. A 
mean of 3 years after the revision procedure, 46% 
returned to the preinjury sport level, 26% returned 
to a lower level, and 28% did not return. Webster 
et al. [17] compared return to preinjury level of 
sport in 119 patients after their primary and revi-
sion ACL reconstruction procedures. These 
authors reported that although 83% RTS after the 
primary ACL procedure, only 68% returned after 
ACL revision. All patients in this cohort were 
<25 years of age at the time of the revision sur-
gery, and all had been active in athletics before 
their injury; however, the type of sports patients 
participated in pre- and postoperatively was not 
defined.

Lefevre et  al. [14] compared outcomes 
between 55 patients who underwent ACL revi-
sion reconstruction with those of 497 patients 
who underwent ACL primary reconstruction 
1  year postoperatively. Approximately 87% of 
all patients participated in pivoting sports before 
the original ACL injury. At follow-up, a higher 
percentage of primary reconstruction patients 
had returned to their preinjury sport compared 
with the revision group (64% and 49%, respec-
tively, P < 0.05) and had returned to the same or 
higher level of play (24% and 13%, respectively, 
P  <  0.05). There was no difference between 

groups in the percentage of patients who 
returned to any sport activity (91% and 87%, 
respectively).

The most common reasons patients either 
returned to a lower level of sports or did not 
return after revision reconstruction included fear 
of reinjury and knee-related problems [11, 14, 
16, 17, 34, 37] Only two studies determined if 
patients were able to participate in sports without 
knee-related problems, or if symptoms or func-
tional limitations occurred during or after play. 
Our study on ACL revision quadriceps tendon 
autograft reconstruction found 62% (of 21 
patients) were participating in mostly low impact 
activities without problems, and 9% were playing 
with symptoms [16] (Table  25.2). Our second 
study on ACL revision BPTB autograft recon-
struction reported that 62% (of 51 patients) 
returned to sports without symptoms, and 15% 
were participating with symptoms [15]. The 
Cincinnati Sports Activity Scale [40] allows for 
the designation of these subgroups, described in 
detail in Chap. 23.

Only one study focused exclusively on profes-
sional athletes. Okoroha et  al. [26] identified 
24  NFL players who underwent ACL revision 
during their career. Nineteen players (79%) 
returned to NFL regular season competition at an 
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Fig. 25.1 Percentages of patients that returned to their 
preinjury sport or to any sport after ACL revision 
reconstruction

Table 25.2 Sports activity levels before and after ACL 
revision quadriceps tendon-patellar bone reconstruction [16]

Sport activities Preoperative Follow-up
Type of sport
  Jumping, hard pivoting, 

cutting
5% 0

  Running, twisting, turning 0 24%
  Swimming, bicycling (low 

impact)
19% 48%

  None 76% 28%
Change in sports activities 
(from preoperative)
  Increased level, no 

symptoms
48%

  Same level, no symptoms 5%
  Decreased level, no 

symptoms
9%

  Playing with symptoms 9%
  No sports, knee-related 

reasons
19%

  No sports, non-knee- 
related reasons

9%

F. R. Noyes and S. Barber-Westin



585

average of 1 year after surgery. The only signifi-
cant predictor of RTS was a player being drafted 
in the first four rounds of the NFL draft (P = 0.05). 
Players who returned played in fewer games 
(P  =  0.01) and seasons (P  =  0.01) than before 
their injury; however, these values were not sig-
nificantly different compared with controls.

25.3  Reinjury/Failure Rates 
and Significant Factors

Failure rates of ACL revision grafts (from either 
traumatic reinjuries or due to atraumatic reasons) 
reported in 17 studies ranged from 0% to 24% 
(Fig. 25.2). Many of the graft failures were atrau-
matic in nature and were detected by physical 
examination of a positive pivot shift test (grade 
2–3) and Lachman (>6 mm increased anteropos-
terior translation). However, seven studies were 
conducted by survey only [14, 17, 26, 28, 33–35] 
and did not include a physical examination. In 
these instances, the actual graft failure rate may 
be higher than that reported. Only three studies 
provided injury rates to the contralateral 
ACL.  The other 17 studies did not specifically 
state that no contralateral ACL ruptures occurred.

In contrast to studies that reported RTS and 
failure rates after primary ACL reconstruction 
(see Chap. 6), few investigations on ACL revision 
procedures have analyzed factors associated with 
failure rates related to traumatic reruptures. 

Shelbourne et  al. [29] compared ACL revision 
failure rates according to age (high school, col-
legiate, and recreational adult) and found no sig-
nificant differences (2.3%, 5.1%, and 3.4%, 
respectively). Webster et  al. [17] followed 151 
patients who were <25 years old at the time of 
their revision surgery at a mean of 4.5 years post-
operatively. Graft reruptures occurred in 15%; 
the type of autograft did not influence failure 
rates (17% BPTB and 11% hamstring). Return to 
preinjury sport was a significant predictor of a 
third ACL injury (OR 3.1, P  =  0.02), as was 
medial meniscus pathology at the time of revi-
sion surgery (OR 3.2, P = 0.02).

The effect of the type of graft selected for the 
revision procedures on graft failure rates from the 
20 studies reviewed could not be determined. 
Seven studies were conducted by survey only [14, 
17, 26, 28, 33–35] and did not include a physical 
examination. In these instances, the actual graft 
failure rate may be higher than that reported. 
However, other studies of large cohorts have 
reported that allografts appear to have higher fail-
ure rates compared with B-PT-B and hamstring 
autografts [41]. In a study of 1205 patients, the 
MARS group reported that the use of an autograft 
for ACL revision resulted in patients being 2.78 
times less likely to sustain a subsequent graft rup-
ture compared with an allograft (P < 0.05) [28]. A 
second study from this group found that the use of 
an allograft was a significant predictor for reop-
erations 2  years postoperatively (OR 1.93, 
P < 0.05) [42]. Future ACL revision studies that 
involve large cohorts should conduct analyses of 
potential factors associated with traumatic graft 
reruptures and atraumatic failure rates, including 
patient age, gender, sports activity level, concur-
rent operative procedures, graft used for revision, 
family history of ACL tears, and muscle strength 
upon release to activities.

25.4  Criteria for Return to Sports

Criteria for RTS were provided in 11 of the 20 
studies (Table  25.3). Two studies [29, 31] pro-
vided a single measure of objective criteria, while 
our two studies [15, 16] provided specific mea-
sures for patients to begin running and then to 
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resume sports activities. Two studies [30, 36] 
provided only the amount of time postoperatively 
patients were typically allowed to resume sports, 
and three studies [11, 12, 32] provided ambigu-
ous conditions. The lack of criteria provided for 
RTS in the ACL revision literature limits the abil-
ity to determine if release to unrestricted athletic 
activities before restoration of normal muscle 
strength and neuromuscular function affected 
graft rerupture rates.

25.5  Multiple-Revision ACL 
Reconstruction Studies

Few studies have focused on patients that required 
more than one ACL revision reconstruction [25, 
38, 39, 43–45]. In general, outcomes of multiple- 
revision ACL reconstruction are inferior to those 
of primary ACL reconstruction and single- 
revision procedures. Chen et  al. [25] compared 
results of 1049 single-revision ACL reconstruc-
tions with those of 151 multiple-revision recon-
structions in the MARS cohort 2  years 
postoperatively. The multiple-revision group had 
inferior mean Marx activity level scores com-
pared with the single-revision group (6.74 versus 
9.77; P < 0.05). No other data related to sports 
activities was provided. Of note, chondral dam-
age was more prevalent in the multiple-revision 
group compared with the single-revision group 
on both the medial femoral condyle (58% and 

46%, respectively; P < 0.05) and on the patella 
(39% and 32%, respectively; P < 0.05).

Buda et  al. [39] followed 24 male athletes 
(mean age 30) who underwent multiple-revision 
ACL reconstruction at a mean of 3.3 years post-
operatively. Before the original ACL injury, 14 
patients participated in soccer or basketball and 
ten participated in noncontact sports. Twenty-two 
patients were recreational athletes and two were 
professionals. All underwent allograft recon-
struction and sports were allowed after 9 months 
(no specific criteria for RTS were provided). 
Seventeen patients (71%) were able to resume 
their preinjury sports activities, three (13%) par-
ticipated in lower level activities, and four (16%) 
did not return to sports. The mechanism of the 
reinjury to the primary ACL graft was associated 
with RTS because 87.5% of patients who sus-
tained a traumatic reinjury returned to their pre-
injury sports level, while only 37.5% of patients 
who experienced an atraumatic graft failure 
resumed preinjury activities (P = 0.009).

Griffith et al. [38] followed 15 patients (eight 
men, seven women; mean age, 27) who under-
went multiple-revision ACL reconstruction at a 
mean of 5 years postoperatively. All patients had 
undergone two revision procedures, 73% also 
underwent meniscectomy, and 67% had grade 3 
or 4 International Cartilage Repair Society chon-
dral lesions. Only four (27%) returned to their 
prior activity level; the mean Tegner score at fol-
low- up was 4.5.

Table 25.3 Criteria for return to sports

Study Criteria
Franceschi et al. [30], 
Diamantopoulos et al. [36]

>6 months

Ra et al. [27], Buda et al. [39] >9 months
Shelbourne et al. [29] <15% deficit quadriceps strength
Reinhardt et al. [31] <15% deficit hop test; no apprehension sports-specific movements, acceptable 

flexibility for sports
Noyes and Barber-Westin [15], 
Noyes and Barber-Westin [16]

Running program begun at 6 months if no effusion or cartilage damage, >70% 
quadriceps strength opposite leg, no more than 3 mm increase anteroposterior 
displacement on knee arthrometer test. Sports at 9–12 months if completed 
running program, no symptoms. Patients with articular cartilage damage 
advised low-impact sports only

Salmon et al. [32] 12 months if rehabilitation goals met
Gifstad et al. [12] After 6 months if quadriceps and hamstrings strength “restored,” controlled 

functional training carried out without difficulty
Battaglia et al. [11] Based on ability to meet functional landmarks

F. R. Noyes and S. Barber-Westin
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25.6  Conclusions and Future 
Study Considerations

There were limitations to our review of these 20 
studies that may affect RTS data and resulting 
conclusions. Several studies failed to provide 
data regarding existing abnormalities such as 
meniscectomy (ten studies) or articular cartilage 

damage (nine studies). We could not adequately 
analyze the potential effect of concomitant liga-
ment reconstruction or other major procedures 
because only five investigations included associ-
ated procedures in the study cohort. In fact, study 
design excluded concomitant ligament proce-
dures in eight investigations (Table 25.4). In our 
experience with ACL revision knees, the majority 

Table 25.4 Study exclusionary criteria, concomitant abnormalities, and major associated operative procedures

Study Study exclusionary factors

Abnormality

Major associated procedureMeniscectomy

Articular 
cartilage 
damage

Webster et al. [17] Concomitant ligament 
reconstruction, prior ACL 
revision

74% 14% (grade 
2B-3 CKRS)

None

Battaglia et al 
[11]

Conditions believe to 
influence accurate data 
interpretation

51% 24% x-ray 
moderate–
severe 
(Fairbanks)

5% meniscal transplant, 1% 
MCL reconstruction, 1% 
HTO

Lefevre [14] Concomitant ligament 
tears

56% 42% NP for revision subgroup

Noyes and 
Barber-Westin 
[15]

None, consecutive series NP 56% (grade 
2B-3 CKRS)

29% posterolateral ligament 
reconstruction

Noyes and 
Barber-Westin 
[16]

None, consecutive series 35% 48% (grade 
2B-3 CKRS)

33% HTO (prior or 
concurrent), 24% 
posterolateral ligament 
reconstruction, 5% OAT, 5% 
extensor mechanism proximal 
realignment

Anand et al. [33] Concomitant ligament 
reconstruction

59% 29% (grade 3–4 
ICRS)

None

Franceschi et al. 
[30]

Concomitant ligament 
tears, severe DJD, fracture, 
WC, cardiovascular 
disease

33% NP None

Gifstad et al. [12] Concomitant ligament 
reconstruction or HTO, 
prior ACL revision

NP NP NP

Mirouse et al. 
[35]

Concomitant ligament 
reconstruction

NP NP NP

Keizer et al. [34] Multiple ACL revisions, 
revision graft other than 
BPTB autograft or 
allograft

NP for subgroup 
with 2-year 
results

NP for 
subgroup with 
2-year results

NP for subgroup with 2-year 
results

Reinhardt et al. 
[31]

None NP NP NP

Shelbourne et al. 
[29]

Patient not involved in 
pivoting, twisting, jumping 
sports or did not desire to 
return to preinjury activity 
level

NP NP NP

(continued)
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(>90%) have compounding problems of menis-
cectomy, articular cartilage damage, varus 
malalignment, or concomitant ligament defi-
ciency that affect study outcomes, especially 
regarding RTS. One study [30] reviewed in this 
chapter reported that 20 of 30 patients (67%) 
returned to preoperative sports levels. However, 
at the 5-year follow-up evaluation, 63% had 
degenerative joint changes that were significantly 
associated with meniscectomy (OR 5.8, 
P < 0.05). Whether these patients were participat-
ing with knee-related symptoms was not deter-
mined. We advise return to low-impact activities 
after ACL revision in patients who have under-
gone meniscectomy or in whom arthritic damage 
or symptoms are present. We have found that 
after ACL revision reconstruction, approximately 
60% of patients are able to participate in activi-
ties such as swimming, bicycling, low-impact 
aerobics, and fitness training without problems 
and counsel future candidates accordingly.

The effect of patient age at the time of revision 
surgery on subsequent RTS and reinjury rates 
remains inconclusive from the data reviewed. Only 

three studies [17, 29, 31] described younger 
cohorts; return to preinjury sports activity rates 
ranged from 52% to 74% and graft failure rates 
ranged from 2.3% to 15%. As discussed in Chap. 6, 
injury rates to primary ACL grafts of >15% have 
been reported in multiple studies in athletes less 
than 20 years of age [8, 46–50].

The mean follow-up in the 20 studies was 
short to mid-term (range, 1–7.5 years). The ques-
tion of the whether patients are able to participate 
in athletic activities without developing symp-
toms and/or arthritic joint changes for many 
years after ACL revision reconstruction remains 
unanswered. Third, only our studies provided 
data on whether symptoms and/or functional lim-
itations were incurred with sports activities. The 
potential deleterious effects of pain, swelling, or 
instability incurred with athletics require further 
attention. Future investigations should report the 
percentage of patients who return to specific 
activities without symptoms, as well as those 
who experience problems or limitations.

Fourth, few studies described criteria required 
for release to unrestricted sports activities. It is 

Table 25.4 (continued)

Study Study exclusionary factors

Abnormality

Major associated procedureMeniscectomy

Articular 
cartilage 
damage

The MARS group 
[28]

Concomitant ligament 
reconstruction

NP for subgroup 
with Marx scores

NP for 
subgroup with 
Marx scores

NP for subgroup with Marx 
scores

Ra et al. [27] Cases where femoral 
tunnel did not overlap new 
desired tunnel position

NP NP NP

Okoroha et al. 
[26]

None NP NP NP

Buda et al. [39] None 75% 25% grade 3, 
17% grade 2

None

Griffith et al. [38] None 73% 67% (grade 3–4 
ICRS)

7% MCL reconstruction

Diamantopoulos 
et al. [36]

None, consecutive series 37% 27% (grade 3–4 
Outerbridge)

None

Ferretti et al. [37] None, consecutive series NP 10% (grade 3–4 
ICRS)

100% extra-articular iliotibial 
band

Salmon et al. [32] None, consecutive series 40% 15% 
(moderate–
severe)

None

CKRS Cincinnati knee rating system, HTO high tibial osteotomy, ICRS International Cartilage Repair Society, MCL 
medial collateral ligament, NP not provided, OAT osteochondral autograft transfer
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unclear whether traumatic ACL revision graft 
reruptures occur because of the failure to restore 
normal muscle strength and neuromuscular indi-
ces or because of other reasons. With the ever- 
increasing number of ACL revision procedures 
performed each year, future studies should care-
fully describe these criteria.

Finally, the use of survey-only methods to 
obtain RTS data contains inherent problems. The 
implementation of nonvalidated questionnaires is 
questionable, especially in light of the fact that 
there exist sports activity assessment methods 
that have proven reliability, validity, and respon-
siveness qualities [51] (see Chap. 23). The rea-
sons for change in sports levels or failure to 
resume athletics after surgery should be deter-
mined in a rigorous manner.
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Return-to-Sport Considerations 
in the Pre-Adolescent Athlete

Jessica L. Traver and Mininder S. Kocher

26.1  Introduction

There has been a significant rise in the number of 
pediatric anterior cruciate ligament (ACL) tears, as 
well as pediatric ACL reconstructions performed in 
the past decade compared with adult counterparts 
[1]. Between 1994 and 2006, the number of ACL 
reconstructions performed in patients <15  years 
of age increased by 924% [2]. One study found 
that between 2004 and 2017, the number of ACL 
reconstructions performed for children and adoles-
cents increased nearly three times relative to other 
orthopedic surgeries [3]. It has been theorized that 
there have been several factors contributing to this 
rise in ACL injuries including sports-specializa-
tion, year-round training, higher competitive level, 
and less free play [4].

A recent meta-analysis compared nonop-
erative to operative intervention in the pediatric 
population. The authors reported that 13.6% of 
patients treated operatively demonstrated per-
sistent instability and/or laxity compared with 
75% of patients treated nonoperatively. They also 

found that patients treated nonoperatively were 12 
times more likely to have a medial meniscus tear 
[5]. A recently published study described an elec-
tronic survey administered to surgeons attend-
ing the Pediatric Research in Sports Medicine 
(PRiSM) meeting. Of the 85% of respondents, 
not one elected to pursue nonoperative manage-
ment in a patient with an ACL injury, regardless 
of skeletal age [6]. This is vastly different from a 
study published by Kocher et  al. that described 
a survey performed of the Herodicus Society in 
2002 [7]. At that time, only 16% of survey tak-
ers selected initial operative management for an 
8-year-old child, and 34% selected initial opera-
tive management for a 13-year-old child with a 
complete, acute ACL disruption. An additional 
26% and 14%, respectively, selected delayed 
reconstruction until skeletal maturity.

26.2  Preoperative Considerations

26.2.1  Skeletal vs. Bone Age

Assessing a patient’s bone age compared with their 
chronological age is a vital component of preop-
erative planning in the pre-adolescent patient. 
Skeletal age can be determined by obtaining an 
anteroposterior [8] hand radiograph and calculat-
ing bone age by either using a Greulich and Pyle 
atlas [9], Sanders bone age [10], or more recently, 
the HSS short hand bone age method [11].
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26.2.2  Standing Alignment

One potential complication of ACL reconstruc-
tion in the pre-adolescent athlete is leg length 
discrepancy or angular deformity [7]. Part of the 
preoperative planning work-up should include a 
hip-to-ankle standing alignment radiograph to 
assess overall alignment. This is important to 
be able to identify postoperative growth distur-
bances (angular deformity, overgrowth, shorten-
ing) and treat them appropriately.

26.2.3  Graft Selection

In the skeletally immature patient, it is impor-
tant to avoid crossing the physis. Bone-patellar- 
tendon bone (B-PT-B) autografts have limited 
utility in this patient population because bone 
blocks crossing the physis may lead to a growth 
disturbance. Thus, soft tissue grafts (iliotibial 
band [ITB], hamstring, quadriceps tendon) are 
usually preferred.

While there are many benefits to using vari-
ous allografts in ACL reconstruction in the adult 
population, including decreased operative time 
and avoidance of graft harvest site morbidity, the 
same principle is not applicable for the child and 
pre-adolescent patient. Engelman et al. described 
a failure rate of up to 29% of pre-adolescent and 
adolescent patients who received an allograft 
ACL reconstruction [12]. The authors also found 
an increase hazard of graft failure to be 4.4 
times greater in the allograft group compared to 
the autograft group. Similarly, a study from the 
Multicenter Orthopaedic Outcomes Network 
[10] group found that patients aged 10–19 were 
four times more likely to retear an allograft com-
pared with an autograft [13].

26.2.4  Partial ACL Tears

In a study evaluating 45 patients, 31% with an 
arthroscopically documented partial ACL tear 
treated conservatively required subsequent recon-
struction. Risk factors were ACL tears >50%, 
predominantly posterolateral tears, a grade B 

pivot-shift test, and older patients. The authors 
concluded that non-reconstructive management 
was recommended for partial ACL tears in chil-
dren and adolescents of 14 years of skeletal age 
or younger with normal or near normal Lachman 
and pivot-shift tests [14].

26.3  Surgical Techniques 
for Skeletally Immature 
Patients

Regardless of technique chosen, it is important 
to carefully review all pertinent imaging and 
skeletal age as part of the preoperative planning 
of this patient group. A decision-making algo-
rithm considers the age and growth- remaining to 
assist in appropriate surgical technique selection 
(Fig. 26.1). One study found that for males of 10, 
11 and 12  years of age and females of 11 and 
12 years of age, surgeons dual trained in pediatric 
and sports medicine tended to favor the Micheli/
Kocher procedure, while patients with a single 
sports medicine fellowship favored all-epiphy-
seal techniques [6]. A variety of other techniques 
offer surgeons additional flexibility including 
a hybrid combination of all- epiphyseal femoral 
tunnel with transphyseal tibial tunnel and a tran-
sepiphyseal tibia graft tunnel and over-the-top 
femoral tunnel placement. A sample of various 
surgical techniques is depicted in Fig. 26.2.

26.3.1  Micheli/Kocher Technique

The Micheli/Kocher is a non-anatomic, physeal 
sparing, combined intra-articular and extra- 
articular reconstruction of the ACL with the use 
of an autogenous ITB graft [17]. The described 
technique is indicated for Tanner stage 1 or 2 
prepubescent patients. Kocher et al. described a 
series in which 44 prepubescent patients were 
followed for a mean of 5.3 years, with a rerupture 
rate of 4.5% [17]. A recently published study of 
237 patients with a mean follow-up of 6.2 years 
reported that 97% had a grade A pivot shift and 
a graft rupture rate of 6.6% [18]. Although 48% 
of patients described thigh asymmetry, only 1.6% 
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had associated pain. There were no cases of leg 
length discrepancy or angular deformity.

26.3.2  Anderson Technique

The technique pioneered by Anderson is an ana-
tomic, all-epiphyseal tunnel with physeal- sparing 
technique [19]. Femoral fixation is with a cortical 
button while tibial fixation is secured to a post 
just distal to the proximal tibia physis. Lawrence 
et al. described further evolution of an anatomic, 
all-epiphyseal tunnel placement with epiphyseal 

femoral and tibial fixation with either cortical 
button or interference screw [20].

26.4  Rehabilitation 
Considerations in the Child/
Pre-Adolescent Patient

A combination of unique factors must be con-
sidered in the complete, proper rehabilitation 
of a pre-adolescent patient, including proper 
proprioceptive training, neuromuscular training, 
and a goal of obtaining full and symmetric lower 

Complete ACL
Tear

Skeletally
Immature Patient

Prepubescent

Tanner Stage 1 or 2
Males: ≤12 years old

Females: ≤11 years old

Adolescent with
Growth Remaining

Tanner Stage 2 or 3
Males: 13-16 years old

Females: 12-14 years old

Older Adolescent with
Closing Physes

Tanner Stage 5
Males: >16 years old

Females: >14 years old

Non-Operative

Rehabilitation
Activity Limits

Functional Brace

Physeal-Sparing
Combined

Intra/Extra-articular
Reconstruction

with Iliotibial Band

Transphyseal
Reconstruction
with Hamstrings
and Metaphyseal

Fixation

Adult ACL
Reconstruction

with Interference
Screw Fixation

(BTB or
Hamstring)

Fig. 26.1 Treatment algorithm for the management of skeletally immature patients (from Lang et al. [15])
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Fig. 26.2 Diagrammatic representation of techniques for 
skeletally immature patients using (a) Micheli–Kocher 
technique, (b) Anderson technique, (c) Lawrence–Ganley 

technique, (d) hybrid reconstruction, and (e) transphyseal 
reconstruction (from Milewski et al. [16])

a b

c d
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extremity strength. There are certain challenges 
specific to the pre-adolescent age group, includ-
ing limited attention span, emotional immaturity, 
and other behavioral challenges not routinely 
present in the adolescent or adult populations. 
It cannot be assumed that patients in this age 
group can perform rehabilitation exercises prop-
erly without supervision. These factors need to 
be addressed beginning in the immediate postop-
erative time period. For example, while there are 
some studies demonstrating no benefit of a con-
tinuous passive motion device in the adult or ado-
lescent patient population [21], it is often thought 
to be clinically helpful in achieving early range 
of motion and to assist in overcoming the fear 
and anxiety that can be experienced by a child.

There are several differences in the learning 
strategies and motivational factors based on the 
chronological and cognitive age of the patient 
(Fig.  26.3). Kushner et  al. [22] suggested that 
patients in late childhood (ages 7–9) were moti-
vated best by activities that were fun and relat-
able, responded to visual demonstrations and 

e

Fig. 26.2 (continued)
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Fig. 26.3 Training strategies relative to motivation, cuing, and feedback associated with each stage of youth develop-
ment (from Kushner et al. [22])
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physical manipulation, and responded to imme-
diate feedback and positive reinforcement. The 
pre-adolescent (aged 10–11) patients tended to be 
motivated by entertainment value, responded best 
to a mix of visual and verbal cues, and responded 
to positive feedback and constructive criticism. 
Lastly, the adolescent (aged 12–18) patients were 
motivated by achieving personal records and 
comparing milestones with their peers, preferred 
primarily verbal cues, and responded to construc-
tive criticism and self- correction [22]. These dif-
ferences should be considered when developing 
an individualized rehab protocol for each patient.

One should also consider the neuromuscular 
control maturity of a pre-adolescent patient and 
how it differs from an adolescent or adult patient. 
Young pre-adolescent athletes are considered to 
have underdeveloped coordination, skills, and per-
ception [23]. Hutchinson et al. found that all grade 
school-aged children (6–13 years old) performed 
more poorly on both a single-leg balance test and 
modified drop-jump tests on stable and unstable 
surfaces compared with collegiate aged athletes 

[24]. They noted that the differences between the 
12- and 13-year-old patients and the collegiate 
athletes were not significant. Holden et al. found 
that healthy female athletes with a mean age of 13 
demonstrated less knee flexion during landing, as 
well as less knee varus displacement, compared 
with male athletes of the same age [25].

Moksnes et  al. described several key differ-
ences between pediatric and adult patients [26]. 
These included slower progression to running and 
jumping to decrease strain across the physis, less 
use of external loads, home-based functional exer-
cises, and later return to sports (RTS) than adults.

In October 2017, the International Olympic 
Committee comprised of 21 experts convened 
to provide a comprehensive list of recommenda-
tions specific to the pediatric ACL patient [8]. 
Although there is limited information on pediat-
ric and prepubescent specific rehabilitation pro-
tocols, most advocated a rehabilitation program 
should be based on functional milestones that 
are designed to be achieved prior to advancing 
to the next phase (Table 26.1) [27]. The authors 

Table 26.1 Recommended functional tests and return- to- sport criteria for the child and adolescent with ACL injury

For patients who choose ACL reconstruction
Prehabilitation • Full active extension and at least 125° of active knee flexion.

• Little to no effusion
• Ability to hold terminal knee extension during single-leg standing
• For adolescents: 90% limb symmetry on muscle strength tests

For patients who choose ACL reconstruction OR nonsurgical treatment
Phase 1 to phase 2 • Full active knee extension and 120° of active knee flexion

• Little to no effusion
• Ability to hold terminal knee extension during single-leg standing

Phase 2 to phase 3 • Full knee range of motion
• 80% limb symmetry on single-leg hop tests with adequate landing strategies
• Ability to jog for 10 min with good form and no subsequent effusion
• For adolescents: 80% limb symmetry on muscle strength tests

Phase 3 to phase 4: 
Sport participation 
(return-to-sport criteria) 
and continued injury 
prevention

•  Single-leg hop tests >90% of the contralateral limb (with adequate strategy and 
movement quality)

• Gradual increase in sport-specific training without pain and effusion
• Confidence in knee function
•  Knowledge of high-injury risk knee positioning and ability to maintain low-risk knee 

positioning in advanced sport-specific actions
• Mentally ready to return to sport
• For adolescents: 90% limb symmetry on muscle strength tests

From Ardern et al. [8]
Muscle strength testing should be performed with isokinetic dynamometry or handheld dynamometry/1- repetition 
maximum. The type of test and experience of the tester are highly likely to influence the results. If using handheld 
dynamometry/1-repetition maximum, consider increasing the limb symmetry criterion cutoff by 10% (i.e., 90% limb 
symmetry becomes 100% limb symmetry). Clinicians who do not have access to appropriate strength assessment equip-
ment should consider referring the patient elsewhere for strength evaluation
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provided a list of five important considerations 
unique to the prepubescent patient with ACL 
injury [8].

 1. Develop a home-based program designed to 
prevent boredom, but a variety of playful 
exercises.

 2. Recognize that a set of neuromuscular and 
functional tests, including single-leg hop test 
and isokinetic strength tests, have larger mea-
surement errors in this patient population.

 3. Leg symmetry index is less important to note 
during single-leg hop testing compared to the 
overall quality of the movements.

 4. Experience in assessing qualitative move-
ments is invaluable, as validated tests have yet 
to be studied.

 5. RTS criteria have yet to be validated in the 
prepubescent patient population.

Considerations involving graft-specific reha-
bilitation protocols should be evaluated. Studies 
have demonstrated that adolescent patients who 
received B-PT-B had significant deficits in the 
anterior reach, single hop, triple hops, and cross-
over hops. The hamstring autograft patients dem-
onstrated deficits in single hop, triple hop, and 
crossover hops. Patients receiving ITB demon-
strated decreased triple hops and 6-m timed hop 
deficits [28].

26.5  Return-to-Sport Functional 
Testing

There are several factors to consider when 
performing RTS functional testing in the pre- 
adolescent athlete. Yellin et  al. performed a 
systematic review of current literature on rehabil-
itation following ACL tears. They found that sev-
eral protocols were based on time frames, with 
newer protocols involving more milestone- based 
progression and included incorporating formal 
prevention programs [29]. A recent retrospective 
study was done comparing the isokinetic strength 
testing of both quadriceps and hamstrings, as 
well as a functional hop test battery (single hop 
for distance, triple hop for distance, unilateral 

vertical jump, and unilateral timed lateral hop) 
at different postoperative time points for patients 
of 7–15 years old [30]. This study found that at 
7 months, patients demonstrated persistent quad-
riceps strength weakness, with only 56% dem-
onstrating an acceptable limb symmetry index 
(LSI). Similarly, at 15  months, only 25% of 
subjects were able to achieve an LSI >90% on 
all testing parameters. This data suggests that 
pre-adolescent patients continue to demonstrate 
persistent functional deficits for over a year fol-
lowing surgery, while 73% of adults were able to 
achieve >90% performance on similar functional 
measures by 12 months [31].

Additionally, patients with both symmetrical 
and asymmetrical strength hop a shorter distance 
on their contralateral side, meaning that absolute 
hop distance symmetry alone may not be an ade-
quate test of single-limb function and RTS readi-
ness [32]. A study by Graziano et al. evaluated the 
clearance of 42 skeletally immature patients aged 
10–15 years who underwent ACL reconstruction. 
They used a combination of quantitative mea-
sures, including the LSI, KT-1000 arthrometry, 
isokinetic strength testing, and sport-specific 
exercises. These authors also described a Quality 
of Movement Assessment that was used to clear 
patients who demonstrated optimal form when 
changing direction and performing cutting/agil-
ity at 100% speed as well as sports-specific drills. 
The average RTS was 12 months; however, 21% 
of patients who returned before 12 months sus-
tained a second injury. These investigators con-
cluded that none of the patients were ready to 
RTS before 9 months secondary to compensatory 
movement patterns [33].

26.6  Functional Knee Bracing

There is a paucity of literature to recommend 
either for or against empiric use of functional 
knee bracing following ACL injuries in the pre- 
adolescent patient population. A previous study 
by Sterett et  al. in the adult population found 
that skiers with ACL reconstructed knees were 
at 2.74 times more likely of sustaining a knee 
injury and 3.9 times more likely to sustain a knee 
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injury requiring surgery compared with their 
unbraced cohorts [34]. Dai et  al. performed a 
controlled laboratory study that evaluated ado-
lescent patients who performed a side-cutting 
task both with and without a functional knee 
extension- resistant brace. They found that use of 
the brace did not decrease the limb asymmetries 
[35]. Birmingham et al. reported that a functional 
knee brace did not result in an improved outcome 
compared with a neoprene sleeve following ACL 
reconstruction in patients aged 14–45; how-
ever, the patients did express higher confidence 
at 12 months and increased help in allowing to 
RTS compared to those in the sleeve group [36]. 
Albright and Crepeau suggested that there may 
be some mental benefit to the adolescent patient 
population by the functional brace which pro-
vides an unquantifiable sense of security and 
serves as a visual reminder to the players around 
them [37].

Even with the lack of recommendations sup-
ported by evidence-based medicine, a major-
ity of surgeons treating this patient population 
continue to prescribe functional ACL braces. 
Patel et  al. surveyed 88 surgeons attending the 
annual PRiSM meeting and asked participants 
to indicate whether they prescribed functional 
knee braces after ACL reconstruction in patients 
8–15  years old, and if so, for how long. They 
found that nearly 75% of respondents recom-
mended functional bracing after ACL recon-
struction for some period of time, regardless of 
surgical technique (Table 26.2). In fact, surgeons 
recommended functional knee brace for at least 
24 months following ACL reconstruction in 40% 
of hybrid technique, 39% of all-epiphyseal tech-
niques, and 52% when using modified McIntosh 

techniques, respectively, regardless of sport [6]. 
As such, given the lack of convincing evidence, 
functional bracing following ACL reconstruction 
remains controversial.

26.7  Psychological Readiness

There has been a recent surge of interest on poten-
tially modifiable variables that can be addressed 
when preparing athletes to RTS. Previous studies 
have primarily focused on performance on func-
tional tests and time since surgery. Several studies 
have demonstrated that perhaps the psychologi-
cal impact of injury could influence outcomes. 
Padaki et  al. demonstrated that of all patients 
between the ages of 10 and 21, 61.5% described 
avoiding thinking about the injury itself, 37.5% 
had feelings of numbness regarding their injury, 
and 37.5% avoided discussing the injury. They 
found that older patients aged 15–21 years had 
more psychological trauma, with higher severity 
of PTSD based on the Horowitz Impact of Event 
Scale compared with their younger counterparts 
<14 years old [38]. In a prospective cohort study, 
Paterno et al. compared patients aged 10–25 and 
found that patients with increased fear based on 
a Tampa Scale of Kinesiophobia (TSK-11) score 
of 19 or higher (indicating greater fear) were 13 
times more likely to suffer a second ACL tear 
within the first 24 months after RTS [39]. They 
also noted patients with increased fear were 
seven times more likely to have <95% limb sym-
metry performance on a hop test and six times 
more likely to have <90% quadriceps strength 
symmetry. They suggested that residual fear 
could lead to altered high-risk movement patterns 

Table 26.2 Postoperative functional bracing protocol∗

Modified MacIntosh All-epiphyseal Hybrid Transphyseal
Do not recommend brace 21% (16) 29% (29) 28% (17) 32% (28)
Recommend brace 79% (61) 71% (67) 72% (43) 68% (60)
 <12 months
 12–17 months
 18–23 months
 >24 months

16% (10)
13% (8)
18% (11)
52% (32)

21% (14)
25% (27)
15% (10)
39% (26)

16% (7)
21% (9)
23% (10)
40% (17)

23% (14)
18% (11)
23% (14)
35% (21)

From Patel et al. [6]
Data are reported as % (n) of respondents. Any discrepancies in percentages totaling to 100% due to rounding
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and that this fear should be considered in the RTS 
algorithm. DiSanti surveyed high school-aged 
patients who had undergone ACL reconstruction 
and found that patients reported psychosocial bar-
riers, including sport-based activities associated 
with the injury, persistent sense of uncertainty 
regarding full recovery, and social comparison to 
others with ACL surgery by coaches and parents. 
These psychosocial concerns were reported with 
greater frequency than physical barriers or con-
cerns regarding RTS [40]. Coronado et  al. per-
formed a systematic review to identify the role of 
psychosocial interventions in improving patient-
reported clinical outcomes. They found that use 
of guided imagery, relaxation, coping modeling, 
and visual imagery were used with limited evi-
dence of improving postoperative quality of life, 
anxiety, or fear of reinjury [41].

Studies have been conducted evaluating the 
different roles of various people involved in a 
child’s psychosocial support system. Hallquist 
et al. surveyed coaches, parents, and physiothera-
pists to evaluate the perceived psychosocial needs 
of patients of 12–16 years of age who sustained 
a serious sports injury [42]. They uniformly 
agreed that there was a lack of communication 
between all participating parties and lack of a 
coordinator to ensure the child’s every need was 
met. Coaches felt they did not have the proper 
education or time to address some of these con-
cerns. Parents demonstrated disappointment for 
caregivers and personality changes in the child. 
Physiotherapists believed they interacted with the 
athlete significantly, but were also not trained to 
provide psychosocial support.

Along with the personality changes noted 
by parents, Trentacosta found that of patients 
younger than 18, almost 40% of those who under-
went ligamentous reconstruction failed a test in 
school after never having done so previously after 
a reconstruction was performed during the school 
year [43]. They found that a majority of patients 
who had surgery during the school year felt their 
grades were negatively affected by their injury 
compared to their counterparts who had surgery 
over a holiday or summer break [43]. Further 
studies needs to be conducted to evaluate the effi-
cacy of psychosocial intervention and improving 

functional recovery or influencing RTS following 
ACL reconstruction in the child or pre-adolescent 
patient population.

26.8  Factors Affecting Rate 
of Reinjury

There has been a wide range of reported reinjury 
rates. One study reported a retear rate as high as 
32% in the pediatric patient population [44]. Kay 
et  al. described a combined rate of reinjury of 
27%, with 13% of patients sustaining graft failures 
and 14% of patients sustaining contralateral ACL 
injuries [45]. A French study compared patients 
with open physes to those with closed physes and 
found that the open physes cohort demonstrated 
return to running at 10.4 months and return to piv-
oting/contact sports at 13.8 months. They found 
9% sustained graft tears and 6% sustained con-
tralateral tears. Thus, these authors suggested that 
return to pivoting/contact sports should not be 
allowed until 14 months after surgery in skeletally 
immature patients [46]. This is slightly longer than 
the typically used time duration following ACL 
reconstruction in the USA, where most surgeons 
allowed skeletally immature patients to RTS by 
12  months regardless of surgical technique [6]. 
Specifically regarding the return to cutting and 
pivoting sports, the risk of graft failure increased 
by a factor of 3.9 with the risk of contralateral 
ACL rupture increasing by a factor of 5 [47].

26.9  Outcomes

The most common question encountered during a 
preoperative visit of a pre-adolescent patient with 
an ACL tear is likelihood of returning to play. Kay 
et al. conducted a meta-analysis combining a total 
of 20 studies and 1156 patients undergoing ACL 
reconstructions. The cumulative return to any 
sport participation was 92%. Return to pre- injury 
level of sport was 78.6%, and return to competi-
tive level of sport was 81% [45]. Chicorelli et al. 
found that 96% of skeletally immature athletes of 
14 years old or younger were able to return to the 
same pre-injury skill level. Median time to RTS 
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was 9  months postoperatively, with 85% return 
by 12  months [48]. Common reasons cited for 
not returning to previous level of sport included 
physical limitation, loss of interest, and fear of 
reinjury [48].

Christino et  al. reviewed all revisions per-
formed in patients younger than 18  years and 
demonstrated a 20% graft reinjury rate, with 
15.5% requiring additional surgical procedure 
after the revision. These patients demonstrated 
a lower RTS compared to those undergoing pri-
maries. Only 69% of patients RTS, with 55.2% 
being able to return to the same level of play [49].

26.10  Complications 
in the Pre- Adolescent 
Patient

26.10.1  Growth Disturbance

Shea et al. conducted a biomechanical study dem-
onstrating that careful drilling of <5% of the total 
volume of the physis of either the femur or tibia was 
associated with minimal risk of growth disturbance 
[50]. Chotel et al. described two cases of skeletal 
overgrowth averaging 15 mm in a 7- and 10-year-old 
patient treated with autologous ITB autograft [51]. 
Frosch et al. performed a meta-analysis and found 
an overall risk of leg length difference or mechani-
cal axis deviation to be 2.1% [52]. They also found 
that transphyseal reconstructions were associated 
with lower risk of growth disturbances compared 
to physeal-sparing techniques (1.9% vs. 5.8%). 
These authors also reported that hamstring grafts 
were associated with less growth disturbances com-
pared with B–PT–B grafts (2.0% vs. 3.6%). Kocher 
et al. found that 11% of surgeons in the Herodicus 
Society had seen a growth disturbance in a skele-
tally immature patient, 80% of which occurred on 
the femoral side [7]. These included distal femoral 
valgus deformity associated with bony bar second-
ary to a B–PT–B graft, genu valgum without asso-
ciated bony bar, and leg length discrepancy (both 
shortening and overgrowth). Because of these risks, 
current recommendations are to obtain annual long-
leg alignment radiographs until the patient reaches 
skeletal maturity [8].

26.10.2  Arthrofibrosis

The risk of arthrofibrosis is uncommon in pediatric 
and adolescent patient population. Nwachukwu 
et al. performed a retrospective case series evalu-
ating patients from 7 to 18 years old. They found 
an overall incidence rate of arthrofibrosis after 
ACL reconstruction in children and adolescents 
to be 8.3%. At the time of final follow-up, almost 
90% of the surgically treated patients had full 
range of motion, 60% were asymptomatic, and 
20% complained of some persistent knee pain. 
Risk factors in this patient population were older 
adolescents, concurrent meniscal repair, patellar 
tendon autograft, and female gender. Similarly, 
Huleatt et al. found an overall rate of manipula-
tion under anesthesia and/or lysis for arthrofibro-
sis to be 4.5% [53]. They found age <18 years to 
have an increased relative risk of 2.39.

A recent study evaluated the use of continuous 
passive motion (CPM) machines following ACL 
reconstruction in patients younger than 20 years 
old [54]. They found that 7.4% of patients who 
did not use a CPM in the immediate postoperative 
period required MUA within 6 months of surgery 
while no patients in the CPM cohort required 
a manipulation. The CPM protocol used in the 
study was 2 h three times a day for 3 weeks. They 
concluded that CPM use in the pediatric popula-
tion was associated with a reduced rate of MUA 
secondary to arthrofibrosis.

Fabricant et al. found that children and adoles-
cents requiring lysis of adhesions and manipula-
tion under anesthesia resulted in significant knee 
ROM improvement with 90% revision-free suc-
cess rate [55]. They also found that preoperative 
dynamic or static progressive splinting improved 
preoperative flexion but did not affect final post-
operative range of motion.

A known complication of manipulation under 
anesthesia for arthrofibrosis is iatrogenic femur 
fracture. This is especially a concern in the pedi-
atric population as a distal femur fracture could 
cause premature physeal arrest. Vander Have 
et  al. evaluated outcomes in pediatric patients 
who underwent manipulation for arthrofibrosis 
following surgical fixation after tibial eminence 
fractures. The authors noted that three of eight 

J. L. Traver and M. S. Kocher



603

patients managed with manipulation under anes-
thesia alone sustained distal femur fractures, 
with two resulting in physeal growth arrest. This 
was compared with no fractures occurring in a 
cohort of patients who had arthroscopic lysis 
of adhesions followed by manipulation under 
anesthesia. Therefore, the authors recommended 
that pediatric patients with knee stiffness should 
only undergo MUA if done in conjunction with 
arthroscopic lysis of adhesions [56].

26.11  Prevention

There has been increasing interest in developing 
and implementing ACL injury prevention pro-
grams. Mandelbaum et al. reported a series con-
sisting of 1041 female soccer players who received 
sports-specific training intervention and 1905 
patients who participated in a traditional warm-up 
[57]. They found an 88% decrease in ACL injury 
after the first year, and a 74% reduction in ACL 
injuries during the second year. These patients 
were between the ages of 14 and 18. Recently, 
the FIFA 11+ for kids program was developed as 
a child-friendly version of the well- established 
FIFA 11+ injury prevention program. A European 
multicenter study recently published that children 
aged 7–13 demonstrated a significant preven-
tive effect on severe injuries after participating 
in the FIFA 11+ for kids prevention program for 
15–20 min [58]. Similarly, Rossler et al. described 
a series of nearly 4000 players aged 13 or younger, 
and found that athletes who participated in the 
FIFA 11+ for kids once per week demonstrated a 
decreased overall injury rate of 48% [59]. This is 
encouraging in the pre- adolescent and adolescent 
age groups because there have been several studies 
which demonstrate patient age <19 is a significant 
risk factor for revision [60, 61].

26.12  Summary

In conclusion, various factors need to be consid-
ered when developing a rehabilitation program 
for a pre-adolescent athlete as they prepare to 
RTS. Children and pre-adolescent patients have 

different emotional, mental, and physical char-
acteristics and should not be treated the same as 
adults. It is important for the patient and families 
to be appropriately counseled on the possibility 
of a longer time to RTS and an increased rate of 
reinjury compared to adults. It is the responsibil-
ity of the physician, parents, coaches, and phys-
iotherapists to communicate and work toward 
a safe RTS while considering the overall well-
being of the child as they progress through the 
various phases of their functional rehabilitation 
program.
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Return to Sport After Meniscus 
Operations: Meniscectomy, Repair, 
and Transplantation

Frank R. Noyes and Sue Barber-Westin

27.1  Introduction

27.1.1  Functions of the Menisci 
and the Importance 
of Preservation

The crucial roles of the menisci in the human 
knee are well understood and include load- 
bearing, load transmission, shock absorption, and 
lubrication and nutrition of articular cartilage 
[1–5]. The menisci act as spacers between the 
femoral condyles and tibial plateaus and when 
there are no compressive weight-bearing loads 
across the joint, limit contact between the articu-
lar surfaces. Underweight bearing conditions, the 
menisci assume a significant load-bearing func-
tion in the tibiofemoral joint [6–8]. At least 50% 
of the compressive load of the knee joint is trans-
mitted through the menisci in 0° of extension, 
and approximately 85% of the load is transmitted 
at 90° of flexion [6, 9]. Loss of either meniscus 
leads to instability, symptoms of pain and swell-
ing, reduction of tibiofemoral joint space, and 
articular cartilage degeneration [10–16].

The menisci remain in constant congruity 
with the tibial and femoral articular surfaces 

throughout knee flexion and extension [17, 18] 
and contribute to knee joint stability [19, 20]. The 
presence of intact menisci increases the contact 
area to 2.5 times the size compared  with a men-
iscectomized joint [21]. The larger contact area 
provided by the menisci reduces the average con-
tact stress acting between the joint surfaces. 
Removal of as little as 15–34% of a meniscus 
increases contact pressures by more than 300% 
[8, 22]. After total meniscectomy, the tibiofemo-
ral contact area decreases by approximately 50% 
and the contact forces increase two- to threefold 
[3, 6, 9, 21, 23–29].

The lateral meniscus provides concavity to the 
lateral tibiofemoral joint due to the normal poste-
rior convexity of the lateral tibial condyle, allow-
ing the stabilizing effect of joint weight-bearing 
forces to reduce lateral compartment anterior and 
posterior translations [30]. Total lateral menis-
cectomy results in a 50% decrease in the total 
contact area and a 235–335% increase in peak 
local contact pressure [9]. Loss of the medial 
meniscus results in a smaller, more medial dis-
placement of the center of pressure. The load is 
subsequently transmitted through the articular 
cartilage and subchondral bone to the underlying 
cancellous bone through this more central route.

The deleterious effects of meniscectomy on 
tibiofemoral compartment articular cartilage 
have been demonstrated in multiple experimen-
tal studies [8, 21, 31–34]. In addition, poor 
long- term clinical results have been reported by 
many investigators following partial and total 
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meniscectomy [11, 14, 35–43]. Meniscus tears 
frequently occur simultaneously with anterior 
cruciate ligament (ACL) ruptures [44–47]. 
Clinical studies report a higher incidence of lat-
eral meniscus tears than medial meniscus tears 
in acute ACL-injured knees [46]. However, if 
the ACL injury is treated conservatively, a 
higher incidence of secondary medial meniscus 
tears has been noted [46, 48–50]. Studies have 
shown that, regardless of the outcome of ACL 
reconstruction in terms of restoration of knee 
stability, meniscectomy accelerates degenera-
tive joint changes (Fig.  27.1) [52–59]. Nearly 
every long- term study has reported a statisti-
cally significant correlation between meniscec-
tomy performed either concurrently or after the 
ACL reconstruction and moderate-to-severe 
radiographic evidence of OA.

Many types of meniscus tears may be suc-
cessfully repaired (Fig.  27.2) [51], with well- 
recognized published success rates that warrant 
the procedure whenever possible [60–63]. 
Meniscus tears in the periphery or outer red-red 
(R/R) region have very high healing rates of 
≥95% [64–67] and tears that extend into the cen-

tral avascular region have acceptable clinical 
success rates of ≥80% [60, 64, 68]. There are 
certain tear patterns, such as radial, that have 
lower success rates due to the lack of vascular 
supply. We previously described in detail the 
importance of the operative technique required 
to obtain a stable and reduced meniscus tear 
[51]. We prefer an inside-out technique that uses 
an accessory posteromedial or posterolateral 
incision and multiple vertical divergent sutures 
(Fig. 27.3). Biomechanical studies in large ani-
mal models demonstrate healing rates ranging 
from 85% to 93% of meniscus tears repaired 
with an inside- out technique [70–73]. In cadaver 
models, suture repair successfully restores joint 
biomechanics to within normal conditions for 
posterior root tears [74] and bucket-handle tears 
[75]. There are certain meniscus tears in which 
placement of accurate sutures for meniscus 
repairs can be achieved with modern commercial 
suture instrumentation (flexible all-inside 
devices), such as longitudinal tears in the R/R 
region [76]. We recommend avoiding the use of 
only 2–3 sutures for all-inside repairs because of 
the uncertain tensile strength that is required to 

Fig. 27.1 Standing 
radiographs of a patient 
14 years after a right 
ACL reconstruction and 
subsequent medial 
meniscectomy. The 
pivot-shift test was 
negative, indicating a 
stable reconstruction. 
However, narrowing to 
the medial tibiofemoral 
compartment is evident 
and the patient 
demonstrated 2° of varus 
alignment (Reprinted 
from Noyes and 
Barber-Westin [51])
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provide stability during early postoperative reha-
bilitation. Studies reporting cyclic loading of 
suture repairs compared with all-inside devices 
report that suture repairs have the higher load-to-
failure force and strength properties [77]. We 
first reported in 1987 that early knee motion and 
partial weight-bearing was safe and did not dis-
rupt healing meniscus repairs [78]. Subsequent 
multiple clinical studies from our center [62, 68, 
79] and other investigators [80–83] provide clear 
evidence that these basic rehabilitation proce-
dures are not deleterious and are effective in pre-
venting arthrofibrosis postoperatively.

27.1.2  Options for Treatment 
of Meniscus Tears in Athletes

The optimal treatment of symptomatic meniscus 
tears in high-demand athletes is controversial. 
Although systematic reviews have demonstrated 
that meniscal repair provides superior results 
compared with meniscectomy in terms of func-
tion with daily activities and radiologic osteo-
arthritis scores [84, 85], few investigations have 
focused on return to sport (RTS) activities. 
One  review compared RTS outcomes between 
partial meniscectomy and meniscus repair in 

Single longitudinal Double longitudinal

Flap Radial

Fig. 27.2 Common 
complex and avascular 
meniscus tear patterns. 
Single longitudinal and 
radial tears occur in a 
single plane, while 
double longitudinal and 
flap tears occur in 
multiple planes 
(Reprinted from Noyes 
and Barber-Westin [51])
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elite athletes (predominately male), defined as 
 professional or amateur competing on an interna-
tional level [86]. Six meniscectomy studies (184 
patients) and three meniscal repair studies (111 
patients) were included and 33% underwent an 
associated ACL reconstruction. Short-term fol-
low- up (<5  years) was reported in six studies 
and mid-term results (6–8 years) was provided 
in three. Overall, 86% of athletes who had 
meniscal repair RTS at the preinjury level com-
pared with 80% of athletes who had meniscec-
tomy. Data for isolated meniscal surgeries 
showed 93% RTS after repair and 84% RTS 
after meniscectomy. Time to RTS was only pro-
vided in two meniscal repair studies and varied 
from 1.1 to 8.5 months. There was no analysis 
of progression of radiographic knee joint osteo-
arthritis (OA) or reoperations.

Stein et al. [43] conducted a long-term com-
parison of outcomes between 42 athletes who 
underwent isolated meniscus repair and 39 who 
underwent meniscectomy. Patients were placed 
into either an athlete or non-athlete subgroup; 
however, sports activity levels were not detailed. 
At a mean of 8.8 years postoperatively, 94% in 
the repair group had returned to the preinjury 
sports activities compared with 44% in the men-
iscectomy group (P  =  0.001). Progression of 
knee OA was found in 60% in the meniscectomy 
group compared with 19% of the repair group 
(P = 0.005). The authors also reported a protective 
effect against progression of knee OA after menis-
cal repair in patients ≤30 years of age (P = 0.01), 
whereas no such effect was found for patients 
>30 years of age. The conclusion was reached that 
meniscal repair resulted in significant benefits for 

Fig. 27.3 Meniscus repair instead of meniscectomy to 
preserve knee joint function. A longitudinal meniscal tear 
site demonstrates some fragmentation inferiorly. This tear 

required multiple superior and inferior vertical divergent 
sutures to achieve anatomic reduction (Reprinted from 
Noyes and Barber-Westin [69])
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prophylaxis from knee OA and resumption of 
previous sports activity levels compared with 
partial meniscectomy.

For certain athletes such as collegiate schol-
arship candidates and professionals, the deci-
sion of whether to undergo meniscus repair and 
the associated longer rehabilitation period 
compared with meniscectomy may be difficult. 
Although meniscectomy would be assumed to 
allow a faster RTS, the well-known knee joint 
OA that may occur years later is to be consid-
ered. While meniscus repair is theoretically 
preferred to salvage meniscus tissue, the return 
to high-loading activities may place these 
repairs at high risk for failure. At the time of 
writing, few systematic reviews were available 
that focused on meniscus repair outcomes in 
elite athletes. Eberbach et al. [87] assessed iso-
lated meniscus repair RTS outcomes in six 
studies; two of which involved 21 professional 
athletes and four that focused on 71 recre-
ational athletes. The investigators reported 
RTS rates of 86% and 90%, respectively and 
failure rates of 9% and 22%, respectively. The 
decision of whether to repair a (correctly indi-
cated) meniscus tear in elite athletes become 
less complicated when an associated ACL 
reconstruction is performed because the recov-
ery period will not be impacted by repair of 
either a simple or complex tear. The same situ-
ation exists when the injury occurs very late in 
the season if the decision is made to forgo the 
remaining games. The longer recovery period 
before the next season allows for meniscus 
repair to be considered.

Recreational athletes with symptomatic 
meniscus tears must carefully weigh the poten-
tial advantages and disadvantages of repair ver-
sus meniscectomy. Factors such as age, type, 
and frequency of sport participation, and asso-
ciated or pre-existing conditions play important 
roles in surgical decision-making. It is espe-
cially important to preserve meniscal function 
through repair when associated operative pro-
cedures are performed, including ACL recon-
struction, articular cartilage restoration, and 
osteotomy (Fig. 27.4).

Optimal treatment of symptomatic meniscus 
tears in children and adolescent athletes should 
take concerns for the development of future knee 
joint OA as the primary consideration for the 
appropriate treatment option. The loss of substan-
tial meniscus tissue in very young athletes may 
lead to devastating consequences and the need for 
meniscus transplantation often, in our experience, 
before the age of 30. Studies of repair of complex 
tears that extend into the avascular region have 
success rates that validate this operation in young 
individuals. Mosich et al. [88] recently reviewed 
literature on the treatment of isolated meniscus 
tears in adolescents and reported a shift toward 
meniscus repair instead of meniscectomy. In 
2002, we reported the initial results of a prospec-
tive study of the results of repair of meniscus tears 
that extended into the red/white (R/W) region in 
patients ≤19  years of age [69]. At a mean of 
4.2 years postoperatively, 75% of the repairs were 
considered clinically successful and 87% of the 
patients rated their knee as normal or very good.

Meniscus transplantation is an acceptable 
procedure in younger patients (<50  years of 
age) in whom the previous meniscectomy has 
been done and in whom symptoms occur with 
daily or recreational activities (Fig. 27.5) [89, 

Fig. 27.4 T2 MRI of a 37-year old male 17 years post- 
ACL reconstruction and lateral meniscus repair. The 
patient was asymptomatic with light sports activities. The 
lateral meniscus repair healed and the ACL reconstruction 
restored normal stability. Prolongation of T2 values is 
noted over the posterior margin with adjacent subchondral 
sclerosis (arrow) (Reprinted from Noyes et al. [62])
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90]. The majority of studies support the return 
to an active lifestyle after surgery, but recom-
mend low- impact activities only and not con-
tact sports or those that require extensive 
twisting, turning, pivoting, and cutting [91]. 
Rehabilitation requires a minimum of 9 months 
to prepare for sport- specific training and most 
authors recommend waiting at least 1  year 
before participation in athletics [90, 92]. This 
procedure provides the ability for patients to 
resume an active lifestyle, including bicycling, 
swimming, low-impact aerobics, and fitness 
training.

27.2  Return to Sport After 
Meniscectomy

Our review of the modern literature found 15 rel-
evant meniscectomy studies (Table  27.1): 6 
focused solely on elite and professional athletes 
[93–98]; 1 included elite, competitive, and recre-
ational athletes [99]; and 8 contained athletes of 
varying levels (mixed) or in whom activity levels 
were not defined [35, 40, 43, 100–104] (Tables 
27.2 and 27.3). All but two studies (in profes-
sional athletes) included only patients with iso-
lated meniscectomy (partial or total). There were 
323 professional/elite athletes and 432 other ath-
letes/patients; some studies included both seden-
tary patients and athletes but did not provide the 
numbers according to activity levels (Table 27.3). 
Postoperative follow-up was ≤2 years in 5 stud-
ies, 3–5 years in 3 studies, and 6–14 years in 5 
studies.

a

b

Fig. 27.5 (a) Visual inspection of a meniscus transplant 
before implantation. (b) Illustration of medial meniscus 
transplant with anterior and posterior tunnel fixation and 
vertical divergent sutures used to secure the meniscus to 
the capsular attachments (Reprinted from Noyes and 
Barber-Westin [89])

Table 27.1 Summary of studies reviewed

All studies 
reviewed

RTS incidence 
rate

Tegner scores 
only Failure data Knee OA data

No. of 
studies

No. of 
patients

No of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

Meniscectomy 15 755 9 463 6 292 NA NA 9 396
Meniscus repair 25 948 12 395 13 538 25 948 4 258
Meniscus 
transplantation

18 1052 7 285 11 767 16 892 7 324

NA not available, OA osteoarthritis, RTS return to sport
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27.2.1  RTS Rates and Influential 
Factors

The percent of patients who RTS after meniscec-
tomy, reported in six studies, ranged widely from 
44% to 100% (Fig. 27.6). In two studies [94, 99], 
patients were only included if they returned to 
preinjury level of sport. Brophy et  al. [94] 
reported on 94 National Football League players 
who underwent either isolated meniscectomy 
(57%), meniscectomy and ACL reconstruction 
(12%), or isolated ACL reconstruction (31%). 
Patients who underwent isolated meniscectomy 
had shorter average career lengths compared with 
controls (5.6 and 7.9  years, respectively; 
P < 0.05) and played in fewer games (62 and 85, 
respectively; P < 0.05). Athletes who underwent 
ACL reconstruction combined with meniscec-
tomy also had a shorter career in terms of years 
and games played compared with controls, but 
the difference was not significant in the small 
cohort of 11 players. Kim et al. [99] reported on 
a group of 56 athletes classified as either elite 
(21%), competitive (41%), or recreational (38%). 
The effect of age and side of meniscectomy on 
time to RTS was assessed. Patients <30 years of 

age RTS earlier than those ≥30 (1.8 and 
2.9 months, respectively; P = 0.001) and patients 
who had lateral meniscectomy returned earlier 
than those who had medial meniscectomy (2.0 
and 2.6 months, respectively, P = 0.02). Pain and/
or joint effusion were experienced upon RTS in 
53% after lateral meniscectomy and 22% after 
medial meniscectomy.

Nawabi et al. [97] reported in 90 professional 
soccer players that the cumulative probability of 
returning to soccer was nearly six times greater 
after isolated partial medial meniscectomy com-
pared with lateral meniscectomy (P  <  0.001). 
Athletes who underwent lateral meniscectomy 
experienced more adverse events related to pain 
and swelling (69% versus 8%, P < 0.001). The 
actual rate of players that returned to preinjury 
soccer was not provided.

The mean time to RTS was reported in five 
studies and varied from 1 to 8.5 months postop-
eratively. In the professional athlete studies, 
many patients did not return to league competi-
tion until the season after the injury, which most 
likely negatively biased these results. Six studies 
provided mean Tegner activity level ratings, but 
no other sport-related data (Table 27.3).
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27.2.2  Rehabilitation Criteria for RTS

None of the 15 studies mentioned objective mea-
sures in the rehabilitation program to determine 
when athletic activities could be resumed postop-
eratively. One investigation [99] allowed running 
to begin 4 weeks postoperatively and resumption 
of full sports when possible. Two studies [43, 
103] only provided a time postoperative of when 
sports resumption was allowed, which ranged 
from 4 weeks to 3 months.

27.2.3  Progression of Knee 
Osteoarthritis

Radiographic knee joint OA progression was 
reported in nine investigations in 396 patients. 
Bonneux and Vandekerckhove [100] reported 
Fairbank changes in 93% of 31 patients evaluated 
a mean of 8 years after partial lateral meniscec-
tomy. Andersson-Molina et  al. [35] followed 36 
male patients a mean of 14 years following men-
iscectomy. Fairbank changes and joint narrowing 
were present in 33% after partial meniscectomy 
and 72% after total meniscectomy. Stein et  al. 
[43] detected OA progression in 60% of 20 
patients who underwent meniscectomy a mean of 
9 years previously, which was significantly greater 
compared with 19% of OA noted in 26 patients 
who had meniscal repair a mean of 8.6 years pre-
viously (P = 0.005). Rockborn and Messner [40] 
followed 30 patients who underwent meniscec-
tomy for 13 years and reported radiographic OA 
changes in 50%. Hulet et  al. [102] conducted a 
long-term investigation of 74 partial medial men-
iscectomies in 57 patients with stable knees. At a 
mean of 12 years postoperatively, joint space nar-
rowing was found in 21%. In patients with a nor-
mal contralateral knee, joint space narrowing was 
noted in 16% of the operated knees. Sonnery-
Cottet et al. [98] followed nine cases complicated 
by the development of rapid chondrolysis after 
partial lateral meniscectomy for a mean of 
6.8  years and reported 90% had Kellgren-
Lawrence (K-L) grade III or IV narrowing.

27.3  Return to Sport After 
Meniscus Repair

Our review of the modern literature found 25 rel-
evant meniscus repair studies involving 948 
patients (Table 27.1). Twelve studies [43, 62, 63, 
69, 79, 82, 106–112] provided RTS percentage 
rates (Table  27.4) and 13 others [63, 113–124] 
reported only mean Tegner scores before and 
after surgery (Table 27.5). Most studies followed 
athletes of varying activity levels, although one 
focused on professional athletes, one on elite ath-
letes (professional, semiprofessional, or amateurs 
competing at state, national, or international 
level), and one on high-level soccer players 
(Tegner levels 9–10). The mean age in 17 studies 
that included athletes of all ages was approxi-
mately 29 years (range, 13–63), and the mean age 
of eight studies of children and adolescents was 
approximately 15  years (range, 4–19). Short- 
term follow-up (<5  years) was provided in 17 
studies, mid-term (6–8.5  years) in four studies, 
and long-term (8.8–16.8 years) in four studies.

27.3.1  RTS Rates and Influential 
Factors

The percentage of patients who returned to pre-
injury sports levels, determined in seven studies, 
ranged from 28% to 95% (Fig.  27.7). Alvarez- 
Diaz et  al. [106] followed 29 male high-level 
soccer players (Tegner levels 9–10) who under-
went all-inside repair of longitudinal meniscus 
tears; concomitant ACL-reconstruction was per-
formed in 52%. After recovery from surgery, 
90% returned to the same level of competitive 
soccer. At final follow-up, a mean of 6  years 
postoperatively, 45% were still participating in 
soccer, although only 28% at the preinjury level. 
Patients had decreased their level of activity due 
to occupational or personal reasons and not 
because of knee-related symptoms. Stein et  al. 
[43] reported that 94% of 42 patients who under-
went isolated meniscal repair returned to prein-
jury activity levels at long-term follow-up 
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(5–8 years), compared with 44% of 39 patients 
who underwent meniscectomy (P = 0.001).

The percentage of patients that returned to any 
sports activity, reported in 12 studies, ranged 
from 45% to 100%. At least 80% of athletes 
returned to some type of athletic activity in ten 
studies. There was no significant effect (positive 
or negative) of a concomitant ACL reconstruction 
on the outcome in regard to RTS [62, 69, 79, 82, 
106, 108, 109, 111, 112], with the exception of an 
expected longer time for release to unrestricted 
activities [82, 109]. No other factors that could 
have affected RTS, such as age, gender, or prein-
jury activity level, were routinely examined.

Seven studies focused on the outcome of 
meniscal repair in children and adolescent ath-
letes [82, 108]. Four were short-term investiga-
tions (1.8–4.2  years postoperative), 1 mid-term 
(6.1 years), and 2 long-term (8 and 16.8 years). 
Only three studies determined return to previous 
activity levels, which ranged from 56% to 88%. 
Five studies reported that ≥80% of patients 
returned to some type of athletic activity.

27.3.2  Rehabilitation Criteria for RTS

Few investigations provided rehabilitation crite-
ria for RTS after meniscus repair performed 
either in isolation or with an ACL reconstruction 
(Table  27.6). Postoperative time periods were 

cited as the only criteria in 11 studies and were 
provided along with ambiguous criteria such as 
“based on clinical progress” in three other stud-
ies. Our three investigations [62, 69, 79] detailed 
the program and added the criteria of squatting, 
deep flexion activities, running, jumping, cutting 
and twisting restricted for 6 months. In addition, 
we previously described our postoperative pro-
gram in detail, including criteria for RTS 
(Table 27.7) [92].

27.3.3  Failure Rates of Meniscus 
Repairs

All 25 studies reported meniscus repair failure 
rates; failures were documented in 23 studies and 
ranged from 4% to 39%. Eight studies cited both 
reinjuries (usually sustained during sports) and 
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Fig. 27.7 The percent of patients who returned to either 
preinjury sports activities and/or any sport after meniscus 
repair

Table 27.6 Rehabilitation criteria for RTS after menis-
cus repair

Criteria

No. of studies

Isolated 
repair

Associated 
ACL-R

Either 
isolated 
or with 
ACL-R

9 months 1
>6 months 1
6 months 4 1
6–9 months 1
4–6 months 1
5 months 1
4 months 1
4 months based on 
clinical progress

1

6 months based on 
clinical progress

1

6–9 months and 
regained functional 
stability

1

Squatting, deep- 
flexion activities, 
running, jumping, 
cutting, twisting 
restricted for 
6 months

3

No inflammation, 
full knee motion, 
adequate muscle 
strength

1

ACL-R anterior cruciate ligament reconstruction, RTS 
return to sport
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atraumatic reasons for failed meniscus repairs, 
with the rate of atraumatic failures reported the 
most frequently (Fig.  27.8). In 15 studies that 
reported no reinjuries, 13 cited atraumatic failure 
rates that ranged from 7% to 39%. These failures 
typically represented persistent symptoms such 
as pain and locking related to the meniscus repair 
or were designated according to radiographic or 
magnetic resonance imaging (MRI) criteria. For 
instance, we conducted a long-term study (mean, 
16.8  years) of single longitudinal meniscus 
repairs that extended into the central region in 
patients ≤20  years of age [62]. We found that 
62% of the meniscus repairs had normal or nearly 
normal characteristics, 21% required arthroscopic 
resection, and 17% had atraumatic failure criteria 

(loss of joint space on radiographs or MRI crite-
ria). The majority of patients (82%) were partici-
pating in sports without problems.

The overall rates of failure of eight studies of 
children/adolescents compared with those of 
studies of athletes of all ages are shown in 
Fig.  27.9. The largest series of patients aged 
≤18 years published to date (99 patients) reported 
an overall clinical success rate of 74% for all 
meniscus repairs a mean of 8  years postopera-
tively [119]. All patients underwent concomitant 
ACL autogenous reconstruction. Sports involving 
cutting or pivoting were allowed at 6–9 months if 
the patient had regained functional stability. 
Eighteen of 25 patients who reinjured the repair 
meniscus did to while playing a high- demand 

Table 27.7 Authors’ Rehabilitation Criteria for RTS for Meniscus Repairs and Transplants

Activity Approximate postoperative time period Criteria to begin
Running program 16–20 weeks peripheral meniscus repairs

30 weeks complex meniscus repairs 
extending into avascular region
12 months meniscus transplants

Isokinetic test: ≤30% deficit peak torque 
deficit quadriceps and hamstrings
No pain or swelling

Cutting, agility program >20 weeks peripheral meniscus repairs
>35 weeks complex meniscus repairs
>12 months meniscus transplants

Successful completion of the running 
program
No pain or swelling

Beginning plyometrics Usually 6 months peripheral and complex 
meniscus repairs
9 months radial repairs
>1 year meniscus transplants

Successful completion of the running and 
cutting/agility programs
No pain or swelling

Advanced plyometrics
(for patients wishing to 
resume sports involving 
extensive jumping, cutting, 
pivoting)

>6 months peripheral and complex 
meniscus repairs
>9 months radial repairs

Successful completion of the beginning 
plyometrics program
No pain or swelling
Usually not done in meniscus transplant 
patients
Isokinetic test: ≤10% deficit peak torque 
deficit quadriceps and hamstrings

Return to sports, no 
ACL-R

>6 months peripheral and complex 
meniscus repairs
>9 months radial repairs
>1 year meniscus transplants (low-impact 
sports only recommended)

After successful completion of plyometric 
training and sports-specific functional 
training
No pain or swelling

Return to sports, associated 
ACL-R

>6 months peripheral and complex 
meniscus repairs
>9 months radial repairs
>1 year meniscus transplants (low-impact 
sports only recommended)

Isokinetic test: ≤10% deficit peak torque 
deficit quadriceps and hamstrings
No pain, swelling, patellofemoral crepitus
Lachman, knee arthrometer test: ≤ 3 mm 
increase opposite side
Single-leg hop: ≤15% deficit
Video drop-jump test: ≥60% normalized 
knee separation distance
Single-leg squat test: no valgus knee 
motion or medial-lateral movement of 
knee on

ACL-R anterior cruciate ligament reconstruction, RTS return to sport
From Heckmann et al. [92]

F. R. Noyes and S. Barber-Westin



623

sport. Higher failure rates were noted in complex 
and bucket-handle repairs compared with simple 
(P = 0.005 and 0.006, respectively).

27.3.4  Progression of Knee 
Osteoarthritis

Few studies provided data related to progression 
of radiographic knee OA after meniscus repair. 
Stein et al. [43] reported Fairbanks grades of OA 
in a subgroup of 26 patients (mean age, 31) at 

midterm (mean, 3.4 years) and long-term (mean, 
8.8  years) evaluations. No OA changes were 
found at midterm and only grade 1 changes were 
noted in five patients (19%) at long-term. 
Majewski et al. [122] followed a subgroup of 20 
patients (mean age, 30) for 15–17 years postop-
eratively and reported Fairbanks grade 0 in 25%, 
grade 1 in 60%, grade 2 in 10%, and grade 3 in 
5%. There was no significant difference in the 
incidence of knee OA compared with that 
observed at 5–9 years and 10–14 years postoper-
atively. Two studies determined knee OA in pop-
ulations of children/adolescents. Krych et  al. 
[119] reported no changes in knee OA in 30 
knees (ages 9–18) observed a mean of 4.4 years 
postoperatively. In our long-term study of 29 
knees (mean, 16.8 years), no or only mild joint 
space narrowing was reported in 89% and severe 
loss of joint space was found in 11%.

27.4  Return to Sport After 
Meniscus Transplantation

Our review of the modern literature found 18 rel-
evant meniscus transplantation studies involving 
1052 patients. Seven studies [125–130] provided 
RTS percentage rates (Table 27.8) and 11 others 
[131–142] reported only mean Tegner scores 
(Table 27.9). One investigation focused on pro-
fessional soccer players (n  =  13), one on com-
petitive soccer players (from low divisions in 
Spain, n = 15), and one on athletes participating 
in Tegner levels ≥8. The mean age was approxi-
mately 33 (range, 6–73). Short-term follow-up 
(<5 years) was provided in 11 studies, mid-term 
(5–6 years) in three studies, and long-term (8.6–
11.9 years) in four studies.

27.4.1  RTS Rates and Influential 
Factors

Data from the seven studies that provided RTS 
percentage rates demonstrated that 71–92% of 
the patients returned to any sport after meniscus 
transplantation (Fig.  27.10). Only four studies 
reported return to preinjury sport rates (in 129 
patients) and these varied from 49% to 80%. The 
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Table 27.9 Studies reporting mean Tegner sports scores only after meniscus transplantation

Study

Cohort

Operative details, 
associated procedures

RTS data

Failures

No. of 
men, 
women

Mean 
age 
(range)

Mean 
follow-up 
year

Rehab 
criteria

Mean 
time 
RTS

Tegner 
preop 
mean

Tegner 
FU 
mean

Vundelinckx 
et al. [139]

18, 16 33 
(14–
47)

8.8 Cryopreserved, no 
bone. Isolated (30), 
osteotomy (3), 
microfracture (2)

NP NP 3.6 3.2 14%

Mahmoud 
et al. [136]

Total 
30

34.9 
(NP)

9.8 Bone fixation. Isolated 
(15), ACL-R (5), 
PCL-R (2), osteotomy 
(6), chondral repair 
(2)

≥ 1 year, 
advised no 
return 
high-impact 
sports

NP 3.0 3.6 18%

Stone et al. 
[138]

83, 32 46.9 
(14–
73)

5.8 FF or cryopreserved, 
bone fixation LM, soft 
tissue 
MM. Osteotomy (15), 
microfracture (69), 
cartilage paste graft 
(67), ACL-R (17)

NP NP 0.4 3.9 20%

Kempshall 
et al. [134]

71, 28 NP 
(16–
49)

2.9 Soft tissue fixation. 
Osteotomy (21), 
ACL-R (6), 
microfracture (2)

NP NP 2 4 20%

Zaffagnini 
et al. [142]

117, 30 40.9 
(16–
68)

4.0 FF, soft tissue 
fixation. Isolated (77), 
variety concomitant 
ops (48)

No high 
demanding 
sports 
activities 
before 
8 months

NP 2 4 16%

Yoon et al. 
[140]

71, 20 32 
(18–
51)

3.3 FF, bone fixation. 
Isolated (33), variety 
concomitant ops (58)

NP NP 2.4 4.2 NP

Yoon et al. 
[141]

23, 13 35 
(NP)

3.2 FF, bone fixation. All 
isolated.

NP NP 3.0 4.3 5%

Lee et al. 
[135]

28, 21 24.7 
(6–49)

3 FF, bone fixation. All 
isolated

Advised no 
return 
high-impact 
sports

NP 4.7 4.4 NP

Marcacci 
et al. [137]

23, 9 35 
(15–
55)

3.3 FF, soft tissue 
fixation. Isolated (22), 
ACL-R (4), osteotomy 
(6)

Advised no 
return 
contact 
sports until 
8 months

NP 3 5 6%

Gonzalez- 
Lucena 
et al. [133]

24, 9 38 
(21–
54)

6.5 FF, soft tissue 
fixation. ACL-R (8), 
microfracture (8)

Running by 
sixth 
months 
based on 
patient 
compliance

NP 3.1 5.5 9%

Abat et al. 
[132]

56, 32 37 
(15–
51)

5 FF, bone fixation (55), 
soft tissue fixation 
(33). ACL-R (18), 
microfracture (15)

NP NP 3 6 8%

ACL-R anterior cruciate ligament reconstruction, FF fresh-frozen, FU follow-up, LM lateral meniscus, MM medial 
meniscus, NP not provided, PCL-R posterior cruciate ligament reconstruction, RTS return to sport
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largest series was reported by Zaffagnini et  al. 
[130] who followed 89 patients (mean age, 
38.5 years) who were all active athletes, with the 
level of preinjury activity designated as competi-
tive in 28% and recreational in 72%. The patients 
were followed a mean of 4.2  years postopera-
tively, at which time 49% had returned to their 
preinjury level and 74% had returned to some 
type of sport. The mean time to RTS was 
8.6  months; nearly one-third of the patients 
returned after 1 year postoperatively. There was 
no effect of age, gender, side of transplant, time 
from meniscectomy, body mass index, or con-
comitant procedures on RTS incidence rates. We 
reported long-term survivorship rates in 69 
meniscus transplants a mean of 11.9 years post-
operatively and the functional outcome in 58 of 
these patients in whom the transplant had sur-
vived [129]. Seventy percent were participating 
in mostly low-impact sports activities without 
problems and 7% were participating with symp-
toms. Stone et al. [131] followed 49 competitive 
athletes with a minimum Tegner score of 8 for a 
mean of 8.6 years after surgery and reported that 
73% returned to some type of sport. There was no 
effect of age, time from injury to surgery, or side 
of transplant on RTS.  Mean follow-up Tegner 
scores in the 11 studies shown in Table 27.9 were 
low, ranging from 3.2 to 6.

27.4.2  Rehabilitation Criteria for RTS

No study provided specific criteria for RTS; how-
ever, four investigations advised the return to 
low-impact activities only [127, 129, 135, 136]. 
Two other studies [137, 142] advised against 
returning to high-demand or contact sports until 
at least 8 months postoperatively. We previously 
described our postoperative program in detail, 
including criteria for RTS (Table 27.7) [92].

27.4.3  Failure Rates of Meniscus 
Transplants

Failure rates of transplants were given or calculated 
by us for 16 studies (Fig. 27.11). Short-term data 
(<5 years) was provided in ten investigations, mid-
term in 6, and long-term (>10 years) in 1. Our long-
term investigation estimated the probability of 
survival rates of 69 meniscus transplants was 85% 
at 2 years, 77% at 5 years, 69% at 7 years, and 45% 
at 10 years [129]. In Stone et al.’s series [131] of 49 
competitive athletes, 22% failed an average of 
5.2 years postoperatively. There appeared to be no 
effect of the highest postoperative Tegner score on 
the failure rate. Chalmers et al. [126] followed 13 
patients who participated in either high school, col-
legiate, or professional athletics before their injury 
a mean of 3.3  years post-transplantation. The 
patients all expressed the desire to return to their 
preinjury activity level and 77% did so a mean of 
16.5 months (range, 8–24) postoperatively. Three 
(23%) failed and required further surgery.
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27.4.4  Progression of Knee 
Osteoarthritis

Only seven studies [126, 127, 129, 132, 133, 
135, 139] determined radiographic progression 
of knee OA and the results varied widely. Abat 
et  al. [132] followed 88 patients a mean of 
5  years postoperatively and Gonzalez-Lucena 
et  al. [133] followed 33 patients a mean of 
6.5  years postoperatively and both studies 
reported no increase in knee OA (joint space nar-
rowing, Fairbanks changes). The series of 
Vundelinckx et al. [139] of 34 patients reported 
that 42% had increased knee joint space narrow-
ing (K-L grades 1–2) a mean of 8.8 years postop-
eratively. In Chalmers et al. [126] small cohort 
of 13 patients, 50% deteriorated by ≥1  K-L 
grades a mean of 3.3  years after surgery. We 
reported that 57% of 69 patients had a radio-
graphic progression of joint narrowing a mean of 
11.9 years postoperatively. Patients who undergo 
meniscus transplantation typically have pre-
existing articular cartilage deterioration and mild 
to moderate radiographic OA before surgery and 
it is therefore not feasible to determine the effect 
of RTS on progression of joint space narrowing 
after surgery.

27.5  Conclusions and Comments

The crucial roles of the menisci in the human 
knee are well understood. The deleterious effects 
of meniscectomy on tibiofemoral compartment 
cartilage and long-term clinical outcomes have 
been reported by multiple studies. Although high 
RTS rates were noted in a few studies in this 
chapter, these were offset by deterioration in 
radiographic OA in 60–90% of patients followed 
>6 years postoperatively. It is our opinion that in 
only select cases would meniscectomy be consid-
ered over meniscus repair (assuming appropriate 
indications exist for repair), such as in profes-
sional athletes who are willing to risk the devel-
opment of early knee OA for their athletic career. 
We have long advocated repair of meniscus tears 
instead of resection, which we first described in 
1987 [78], and then presented in multiple clinical 

studies [62, 64, 68, 69, 79]. The indications, con-
traindications, and technical operative details 
have been discussed in detail elsewhere [51]. We 
stress the importance of obtaining MRI both pre-
operatively and postoperatively to determine 
meniscus healing [62] for repaired radial and 
complex tears for patient education purposes. 
Our published systematic review of 23 investiga-
tions in which meniscus repairs for tears in the 
R/W zone were performed [60] demonstrated 
acceptable healing rates that support repair of 
meniscus tears under the appropriate indications. 
In this chapter, >80% of athletes who underwent 
meniscus repair (either isolated or with ACL 
reconstruction) were able to RTS. In children and 
adolescents, every attempt should be made to 
preserve meniscus tissue and function; otherwise, 
meniscus transplantation will most likely have to 
be considered in the third or fourth decade of life. 
While the majority of patients who undergo 
meniscus transplantation are able to return to 
low-impact activities, most authors do not rec-
ommend strenuous sports involving extensive 
twisting, cutting, jumping, or pivoting.

Rehabilitation Criteria for RTS after meniscus 
procedures were usually not provided. Few other 
publications are available that describe rehabili-
tation after meniscus repair or transplantation 
[143, 144]; we have previously presented our 
programs in detail for both isolated procedures 
and combined with ACL reconstruction [92, 145] 
(see Table 27.7).
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Return to Sport After 
Patellofemoral Realignment 
and Stabilization Procedures

Frank R. Noyes and Sue Barber-Westin

28.1  Introduction

Injuries and disorders of the patellofemoral joint 
are some of the most common causes of knee 
pain and frequently include inflammation of the 
parapatellar soft tissues, damage to the articular 
cartilage of the patella and/or femoral sulcus, and 
instability (subluxation or dislocation) [1]. The 
terminology used to describe patellofemoral dis-
orders can be confusing. Patellar malalignment 
is a translational or rotational deviation of the 
patella relative to any axis caused by an abnormal 
relationship between the patella, the soft tissues 
surrounding the patella, and the femoral and tib-
ial osseous structures. The abnormalities may be 
caused by congenital issues, such as peripatellar 
tissue tightness or laxity, a shallow or convex 
trochlear groove, bony abnormalities of the 
patella, rotational malalignment of the femur and 
tibia, patella alta, or patella baja, and may be 
exacerbated by inflexibility or weakness of the 
lower extremity musculature. Patellar malalign-
ment may also arise from an injury that disrupts 
soft tissue stabilizers, especially the medial tis-
sues restraints, including the medial patellofemo-
ral ligament (MPFL). Patellar dislocations and 

patellofemoral instability are common problems 
in young athletic individuals. In a study that ana-
lyzed factors associated with patellar dislocations 
in 40,544 injured knees in the United States, 
Waterman et al. [2] reported that 52% of the inju-
ries occurred during athletics. The peak incidence 
of dislocations occurred between 15 and 19 years 
of age. Redislocation rates of first-time patella 
dislocations treated conservatively range from 
36% to 71% in pediatric populations [3, 4] and 
from 14% to 57% in adult populations [5, 6].

While many patients who sustain patellar dis-
locations may be successfully treated with con-
servative measures, surgery is required to prevent 
recurrent dislocations and the subsequent patel-
lofemoral cartilage damage that occurs. Patients 
with distinct anatomical abnormalities described 
in detail elsewhere are more likely to undergo 
repetitive dislocations unless there is surgical 
intervention. Many surgical procedures have 
been described for realignment or stabilization of 
the patellofemoral mechanism including proxi-
mal realignment, distal realignment, or a combi-
nation of both (Fig. 28.1). Proximal realignment 
procedures alter the medial-lateral position of the 
patella through balancing of soft tissue restraints 
proximal to its inferior pole and include MPFL 
repair or reconstruction (Fig. 28.2), medial reti-
nacular capsular and medial patellomeniscal pli-
cation, vastus medialis obliquus advancement, 
and lateral retinacular release. Distal realignment 
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Fig. 28.1 Proximal-distal realignment procedure. (a) 
The medial retinaculum and vastus medialis obliquus 
2 cm above the patella are advanced in line of their inser-
tions to restore patellar stability. (b) The millimeters of 
tibial tubercle medial displacement requires are measured 

at surgery. (c) A dovetail tibial tubercle osteotomy has 
been performed, maintaining the distal and medial soft 
tissues. (d) Postoperative radiograph (From Noyes and 
Barber-Westin [1])
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a b

c

d

e

Fig. 28.2 Medial patellofemoral ligament (MPFL) 
reconstruction with quadriceps tendon. (a) A medial full- 
thickness quadriceps tendon graft, 60 mm × 8 mm wide 
(measured to the superior edge of the patella) is harvested 
with the patellar attachment retained. In some knees, a 
partial-thickness autograft provides a suitably sized graft. 
Two to 3 mm of the remaining quadriceps tendon is left 
attached to the vastus medialis obliquus (VMO) for later 
closure. (b) Dissection deep to the medial retinaculum 
and above synovial pouch and MPFL, medial patello-
meniscal ligament (MPML). (c) Puncture of the medial 

retinaculum, posterior to the medial femoral epicondyle at 
the native MPFL attachment just anterior to the adductor 
tendon, with the passage of graft beneath the retinaculum. 
Setting of the normal tension of the medial soft tissues. 
(d) Imbrication of the VMO, medial retinaculum, MPFL, 
and MPML. (e) Suturing of the quadriceps graft to the 
MPFL native femoral attachment, with a backup suture to 
the adductor tendon. The graft and medial tissues are not 
overtensioned and should allow a normal lateral transla-
tion (glide) of 25% patellar width (From Noyes and 
Barber-Westin [1])
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procedures modify the medial-lateral, 
 anterior- posterior, rotations, and proximal-distal 
positions of the patella by transfer of the tibial 
tubercle. Included in this category are anterior 
(Maquet [7]), medial (Elmslie-Trillat [8]), and 
anteromedial (Fulkerson [9]) transfer of the tibial 
tubercle. Literally, hundreds of articles have been 
written on these operative procedures regarding 
their indications, technique, and clinical 
 outcomes [4, 10–20]. However, information 
regarding the ability of patients to return to sports 
(RTS) and previous activity levels after these 
operations is more difficult to determine and, as 
of the time of writing, no formal systematic 
review had been conducted on this topic.

Few detailed postoperative rehabilitation 
guidelines specific for RTS after patellofemoral 
realignment operations are available. In 2018, 
Zaman et  al. [21] reviewed 53 studies to deter-
mine criteria for RTS after MPFL reconstruction. 
The authors reported that although 35 studies 
(66%) provided an expected timeline for RTS, 
only eight included objective criteria in the reha-
bilitation protocol, such as sufficient quadriceps 
or general muscle strength, range of motion 
(ROM), and patellar stability. However, none of 
the eight studies provided numerical values for 
these criteria. Fisher et al. [18] reviewed the litera-
ture to determine the ability of an MPFL recon-
struction to return patients to sports activities. Of 
21 studies included in the investigation, only six 
provided sports activity level ratings (Tegner 
scores) and the authors concluded that there was 
very limited RTS information available.

Menetrey et al. [22] reviewed the literature to 
devise a RTS protocol after patellar dislocation or 

surgery for patellofemoral instability. These 
authors also concluded that available evidence 
regarding the functional capacity of patients, 
including rehabilitation and testing protocols, 
that allowed for a safe RTS was sparse. They pro-
vided the following criteria from a consensus 
meeting from the ISAKOS Sports Medicine 
Committee held in 2013 on RTS after patello-
femoral instability: (1) postoperative complete 
radiographic healing of bone, (2) no knee pain, 
effusion, or instability, (3) full or nearly full 
ROM, (4) completion of neuromuscular training 
and proprioception, (5) satisfactory core strength 
and endurance, (6) acceptable dynamic control 
(Star Excursion Balance Test, SEBT), (7) limb 
symmetry index >85% on hop tests, (8) adequate 
performance with physiotherapist during sport- 
specific drills simulating the intensity and move-
ment patterns of the athlete’s sport, and (9) 
psychological readiness to RTS (Single 
Assessment Numerical Evaluation [SANE] score 
> 80/100). The authors recommended consider-
ation of several videotaped tests to determine 
dynamic control, including the single-leg squat, 
the drop-jump, the side-hop, and the SEBT.

We have published elsewhere a complete 
description of the management of active patients 
with patellofemoral malalignment and instability, 
including a review of the biomechanics of patel-
lofemoral restraints, indications, and contraindi-
cations for surgery, and postoperative 
management [1]. This chapter summarizes data 
from 52 studies regarding RTS after MPFL 
reconstruction and proximal/distal realignment 
procedures that did not involve MPFL recon-
struction (Table  28.1). Data regarding return to 

Table 28.1 Summary of studies reviewed

All studies reviewed RTS incidence rate Tegner scores only
No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

No. of 
studies

No. of 
patients

MPFL reconstruction 36 1408 16 677 20 731
Patellar realignment 
procedures

16 484 5 173 11 311

Total 52 1892 21 850 31 1042

All data are numbers
MPFL medial patellofemoral ligament, RTS return to sports

F. R. Noyes and S. Barber-Westin
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preinjury sport and return to any type of sport, as 
well as Tegner activity scores and failure rates are 
provided. An analysis of the postoperative reha-
bilitation criteria for RTS described by each 
study is presented. Our postoperative rehabilita-
tion protocol is detailed, along with our criteria to 
initiate sports training and for final RTS release.

28.2  Return to Sport After MPFL 
Reconstruction

Our review located 36 studies that provided RTS 
percentages (Table  28.2) and/or Tegner activity 
scores (Table 28.3) after MPFL reconstruction in 
1408 patients [23–58]. The mean age was approx-
imately 22.8 years (range, 10.3–56) and the gen-
der breakdown, provided in 31 studies, was 717 
females and 481 males. The mean follow-up was 
3.2 years (range, 0.3–13 years).

The MPFL was reconstructed in all patients in 
30 studies and hamstring tendon autografts were 
used in the majority (23 studies). MPFL recon-
struction or repair was selected based on indica-
tions in one investigation [38] or in a randomized 
trial design in two studies [46, 52]. MPFL suture 
repair was used in acute ruptures in two studies 
[26, 28] and for chronic recurrent dislocations in 
one [29]. Associated procedures were described 
in 12 studies, with the most common including 
tibial tuberosity transfer, lateral release, and 
trochleoplasty.

Return to preinjury sports activity levels, pro-
vided in 14 studies encompassing 387 patients, 
averaged 70% (range, 22–100%, Fig. 28.3). Data 
regarding return to any sport, found in 15 studies, 
averaged 83% (range, 43–100%). The mean post-
operative Tegner score, calculated from 29 stud-
ies (Fig. 28.4), was 5.2 points.

The mean time patients were usually allowed 
to RTS was found in 21 studies (Table  28.4). 
Almost no criteria were provided to determine 
when patients could be released safely to either 
sports-specific training or unrestricted activities. 
Carnesecchi et al. [23] allowed RTS “depending 
on the analytical and functional recovery” of the 
patient. Drez et al. [25] allowed RTS when full 

ROM and normal quadriceps strength had been 
achieved. Tompkins et al. [38] released patients 
to full sports once they passed a “functional 
assessment”; however, no information regarding 
tests used or passing criteria was provided.

Ambrozic et al. [35] described sports activity 
levels in 29 patients (14 females, 15 males, mean 
age, 26.2 years) who underwent isolated MPFL 
gracilis autograft reconstruction for recurrent dis-
location. RTS was permitted 6 months postopera-
tively. Twenty-six patients were active in sports 
before surgery and three never participated. An 
average of 6.4 years postoperatively, 23 patients 
had RTS, with 16 obtaining their preinjury level. 
The most common sports patients returned to 
were soccer, cycling, and skiing. There were no 
complications or failures.

Lippacher et al. [28] also focused on the abil-
ity of a MPFL reconstruction to return patients to 
sports activities. These authors followed 68 
patients (44 females, 24 males, mean age, 
18.3  years) a mean of 2  years postoperatively. 
Sixty-two patients participated in sports before 
surgery and all were able to return; 53% at the 
same or higher level and 47% at lower levels. 
Common sports patients returned to included 
soccer, volleyball/handball, cycling, and swim-
ming. Recurrent dislocations occurred in two 
patients and five patients had 1–2 episodes of 
subluxation. All of these individuals underwent 
further rehabilitation and none required revision 
surgery.

28.3  Return to Sport After 
Patellar Realignment 
Procedures

We found 16 studies that provided RTS data after 
patellar realignment procedures (that did not 
include MPFL repair or reconstruction) in 484 
patients [39, 58–72]. The mean age was approxi-
mately 22.2 (range, 5–56) and the gender num-
bers, provided in 13 studies, were 264 females 
and 116 males. The mean follow-up was approxi-
mately 7 years (range, 0.5–46 years). The opera-
tive procedures included Elmslie-Trillat in four 

28 Return to Sport After Patellofemoral Realignment and Stabilization Procedures
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studies, Elmslie-Trillat-Roux in two studies, 
Fulkerson in two studies, Roux-Goldthwait in 
one study, Grammont in one study, and a variety 
of procedures offered in six studies. Associated 
procedures were described in nine studies and 
most frequently included lateral release. 
Trochleoplasty was done in two studies in select 
patients.

Return to preinjury sports activity levels was 
provided in only five studies involving 173 
patients (Table  28.5). Percentages ranged from 
22% to 97%. Postoperative Tegner activity scores 
were found in 13 studies (Table 28.6) and aver-
aged 4.1 points (Fig. 28.5).

The mean time patients were usually allowed 
to RTS was provided in seven studies (Table 28.4). 
Criteria for RTS was sparse. Tjoumakaris et  al. 
[71] required “adequate” quadriceps strength and 
ROM. Luhmann et al. [67], in a study involving 
27 children (aged 8.8–18.3 years), cited adequate 
radiographic healing, knee ROM, and near nor-
mal leg strength as criteria. Barber and McGarry 
[59] had similar requirements for RTS.

Liu et al. [66] specifically analyzed RTS after 
a Fulkerson tibial tubercle anteromedialization 
for a primary diagnosis of patellofemoral pain or 
osteoarthritis. A total of 57 patients (48 females, 
9 males, mean age, 29.6 years) were followed a 
mean of 4.6 years postoperatively. Patients were 
typically allowed to RTS between 6 and 8 months 
but had to demonstrate “quality movement strate-
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Fig. 28.3 Percentages of athletes who returned to either 
preinjury sports activities and/or any sport after MPFL 
reconstruction. A mean of 70% returned to preinjury 
activity levels and a mean of 83% returned to any sport
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Fig. 28.4 Mean Tegner scores at follow-up after MPFL 
reconstruction in 29 studies

Table 28.4 Mean times postoperative sports participation allowed

Operation
Months RTS 
postoperatively Qualifications

Number of 
studies

MPFL reconstruction or repair 3 Running, agility training only 1
3 Controlled sports only 1
3 None 5
4 None 5
6 None 7
3–6 None 2
5–6 None 2

Proximal and/or distal realignment, no 
MPFL reconstruction or repair

2–3 None 1
3 None 1
4–5 None 3
6 None 1
6-8 Except contact sports with 

cutting/pivoting
1

9 Contact sports with cutting, 
pivoting

1

28 Return to Sport After Patellofemoral Realignment and Stabilization Procedures
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gies on a sports-specific return-to-play assess-
ment” similar to the authors’ anterior cruciate 
ligament patients. Contact sports involving 
extensive cutting and/or pivoting were prohibited 
until 9  months postoperatively. Overall, 70% 
returned to any sport and 54% returned to prein-
jury levels. The authors noted that 48 patients had 
participated in sports within 3  years of surgery 
and of these, 40 were able to return to at least one 
sport after surgery. Activities most commonly 
resumed included weightlifting, cycling, soccer, 
running, and yoga. There was no correlation 
between age, number of prior surgical proce-
dures, smoking status, patellar Outerbridge 
grade, or the presence of trochlear lesions and the 
ability to RTS. There were no failures, although 
47% had chronic pain and only 58% felt their 
knee was normal during sports.

Tjoumakaris et  al. [71] followed 34 athletes 
(30 females, 4 males, mean age, 20 years) who 
underwent a Fulkerson procedure for a primary 
diagnosis of recurrent patellar instability. There 
were 14 high school, 12 collegiate, and 8 recre-
ational athletes. Patients were allowed to RTS by 
4–5 months after surgery if “adequate quadriceps 
strength and ROM” had been achieved. At follow-
 up, a mean of 3.8 years postoperatively, 97% had 
returned to their preinjury sport. The authors did 
not provide data related to any problems patients 
may have experienced while participating. The 
one patient who failed and had recurrent instabil-
ity tested positive for Ehlers–Danlos syndrome.

28.4  Failure Rates

Twenty-three studies of MPFL reconstruction or 
repair reported no failures or recurrent disloca-
tions resulting in the need for further surgery 
(Fig.  28.6). Hopper et  al. [37] reported that all 
seven patients who had severe trochlear dysplasia 
(Dejour classification C and D) failed, suffering 
recurrent dislocations, compared with 7.4% of 54 
patients with mild dysplasia. Xie et al. [40] found 
that patients in whom a semitendinosus MPFL 
reconstruction was augmented with polyester 
suture (n = 42) had a recurrent dislocation rate of 
just 2.4% compared with 23.3% of patients who 
did not have suture augmentation (n = 43). Zhao 
et al. [46] in a level 2 randomized study reported 
postoperative rates of redislocation and/or multi-
ple episodes of instability of 9% after MPFL 
reconstruction (n = 45, mean age 25.0 ± 6.6) and 
26% after medial retinaculum plication (n = 43, 
mean age 23.9 ± 5.8). At the 5-year follow-up, 
patients in the MPFL-reconstructed group had a 
significantly higher mean Tegner score (5.7 ± 1.7 
and 4.0 ± 1.4, respectively; P < 0.001).

Four studies involving other proximal and/or 
distal procedures reported no failures or recur-
rent dislocations resulting in the need for further 
surgery. Sillanpaa et al. [5] reported that 14% of 
21 knees failed after a Roux-Goldthwait proce-
dure. Vivod et  al. [72] followed 54 patients a 
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mean of 22.5 years postoperatively and reported 
failures (recurrent dislocations) in 36% after iso-
lated proximal realignment, 32% after proximal-
distal realignment, and 20% after isolated distal 
realignment. Kreuz et  al. [65] followed three 
surgical groups in a nonrandomized study an 
average of 6.3 years postoperatively and found 
recurrent dislocations in 31% after isolated 
Green proximal realignment, in 29% after Green 
proximal and Roux-Goldthwait distal realign-
ment, and in 12.5% after a combined proximal 
realignment and tubercle transfer (P < 0.05).

28.5  Advances in Operative 
Techniques for RTS

The RTS data summarized in this chapter reflect, 
for the most part, studies that failed to include 
modern objective testing of knee function, 
including strength and agility, as well as postop-
erative advanced neuromuscular retraining that is 
now recognized as vitally important after ACL 
surgery. Recent literature has demonstrated 
changes in surgical procedures recommended to 
correct patellofemoral instability that allows ear-
lier restoration of ROM and muscle strength. 
These continued advances in both surgery and 
rehabilitation should, we believe, result in 
improved RTS data and lower failure rates. These 
include the following:

 1. A better appreciation of the role of trochlear 
dysplasia which, when present, indicates a lack 
of a normal trochlear groove to provide patella 
stability and control patellar kinematics. 
Patients with trochlear dysplasia have a higher 
failure rate and rely to a greater extent on soft 
tissue ligament restraints and muscle control 
mechanisms. This also applies to patella alta 
cases, in which tibial tubercle distalization is 
required to position the patella within a normal 
patellar-trochlear relationship.

 2. An understanding of the role of the MPFL in 
conjunction with other medial retinacular 
restraints (medial patellar meniscal and tibia 
restraints). MPFL surgery must restore a 
checkrein for abnormal lateral patellar trans-

lation, particularly from 0° to 20° of knee 
motion. The femoral attachment of the MPFL 
graft requires careful positioning from a 
proximal- to-distal direction to function at low 
knee flexion angles and avoid overtightening 
with knee flexion.

 3. The indications for distal tibial tubercle medi-
alization or elevation are now highly select 
and many knees do not require these 
procedures.

 4. Proximal realignment procedures require 
early knee motion exercises to prevent abnor-
mal scarring and disuse effects. For example, 
we reported that immediate ROM from 0° to 
90° and full weight-bearing in extension is 
possible and encouraged immediately after 
surgery [73]. Previous rehabilitation protocols 
may have been overprotective regarding the 
allowance of immediate motion and 
weight-bearing.

 5. Proximal MPFL grafts placed into the patella 
through drills holes risk patellar fracture. 
Docking of the graft at adjacent patella soft 
tissues avoids this complication. In the MPFL 
quadriceps turndown procedure advocated by 
the authors (Fig. 28.2) [1], the attachment of 
the quadriceps graft is performed entirely by 
soft tissue sutures at both the patella and fem-
oral anatomic attachment sites, thereby avoid-
ing the necessity for rigid fixation implants 
and their potential complications.

28.6  Postoperative Rehabilitation 
Concepts

Our postoperative rehabilitation protocol is sum-
marized in Table 28.7. This protocol is used in 
patients undergoing proximal and distal extensor 
mechanism realignment procedures, with or 
without MPFL reconstruction. Patients are placed 
into a postoperative long-leg brace for the first 
4 weeks. ROM exercises and patellar mobiliza-
tion in superior-inferior and medial-lateral direc-
tions are begun immediately after surgery to 
prevent parapatellar contractures. The goal for 
the first week is to obtain 0–90° of motion. Knee 
flexion is gradually increased to 110° by the 
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Table 28.7 Noyes Knee Institute rehabilitation protocol for proximal-distal patellar realignment with and without 
MPFL reconstruction

1–4 weeks 5–8 weeks 9–12 weeks 4–6 months 7–12 months
Brace
Soft postoperative motion X
Patellar (optional, symptoms) X X X X
Range of motion minimum goals
0–90° (week 1–2) X
0–110° (week 3–4) X
0–135° X
Weight-bearing
Isolated MPFL reconstruction, 100%, crutch 
support as needed

X

Concurrent tibial tubercle procedure 50% (weeks 
1–2)

X

Concurrent tibial tubercle procedure 100% (weeks 
3–4)

X

Patella mobilization X X
Modalities
Electrical muscle stimulation X X
Biofeedback X X
Pain/edema management (cryotherapy) X X X X X
Stretching
Hamstring, gastrocnemius-soleus, iliotibial band, 
quadriceps

X X X X X

Strengthening
Quadriceps isometrics X X
Straight leg raises (isolated MPFL reconstruction) X
Straight leg raises (concurrent tibial tubercle 
procedure)

X

Active knee extension (with secure internal 
fixation tubercle)

X X X

Closed-chain: toe raises, wall sits, mini-squats X X X X
Knee flexion hamstring curls (90°) X X X X X
Knee extension quadriceps (90–30°) X X X X X
Hip abduction-adduction, multi-hip X X X X
Leg press (70–10°) X X X X
Balance/gait/proprioceptive training
Weight-shifting, cup walking X X
Mini-trampoline, BAPS, BBS (concurrent tibial 
tubercle procedure delay 4–6 weeks)

X X X X X

Conditioning
Upper body weight training, core training X X X X X
Upper body conditioner X
Stationary bicycling (high seat, low resistance) X X
Water walking X X X X
Swimming (kicking) X X X
Walking X X X X
Ski machine (short stride, level, low resistance) X X X X
Running: straight Xa X X
Cutting: lateral carioca, figure eights Xa X
Plyometric training, full sports Xa X

BAPS Biomechanical Ankle Platform System (Camp, Jackson, MI), BBS Biodex Balance System (Biodex Medical 
Systems, Inc., Shirley, NY), MPFL medial patellofemoral ligament
aOnly for patients with normal articular cartilage in the patellofemoral joint
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fourth week and then a full motion of at least 
135° is allowed by the eighth week. This limita-
tion of flexion in the first 4 weeks is designed to 
protect the suture lines and the repair when a 
proximal realignment procedure is performed. 
The therapist should be aware of the potential for 
a knee motion complication and, if 0–110° is not 
obtained by the end of the fourth week, the 
patient should undergo a local anesthetic nerve 
block or a gentle ranging of motion under anes-
thesia as previously discussed. The early treat-
ment and avoidance of an arthrofibrotic response 
to surgery are critical in these cases.

After isolated MPFL reconstruction, patients 
are allowed to bear 100% of their body weight 
with the knee at full extension using crutches for 
support. For patients who undergo a concurrent 
tibial tubercle medialization procedure, 50% 
weight-bearing is used for 2 weeks for protection 
and full weight-bearing is allowed by the fourth 
week.

Radiographs are taken the first and the fourth 
postoperative weeks to ensure adequate position 
and healing of the osteotomy. Weight-bearing 
may be delayed if problems are detected in bony 
healing or in quadriceps control. Flexibility exer-
cises including stretching of hamstrings, 
gastrocnemius- soleus, quadriceps and iliotibial 
band are started the first week. The strengthening 
program for the quadriceps mechanism is begun 
during the first week and gradually progressed. 
Straight leg raises are allowed immediately after 
isolated MPFL reconstruction and at the fourth 
week after concurrent tibial tubercle procedures. 
Open kinetic chain exercises are begun immedi-
ately after isolated MPFL reconstruction but are 
delayed until the fourth to sixth week after con-
current tibial tubercle procedures at which time 
the osteotomy is usually healed.

Unfortunately, the majority of patients that 
undergo the operative procedures described in 
this chapter have marked joint deterioration from 
chronic patellofemoral malalignment or recur-

rent dislocation/subluxation episodes. In these 
patients, the goal of surgery is to return to light, 
low-impact activities only. In select patients 
(without articular cartilage damage) wishing to 
resume more strenuous activities, sports training 
is begun with a running program when the patient 
demonstrates at least 70% of the strength of the 
noninvolved limb for quadriceps and hamstrings 
on isometric testing, is at least 3 months postop-
erative, has normal patellar stability and tracking, 
and has no pain or joint effusion. Our running 
program is described in detail in Chap. 14. The 
program includes agility drills, cutting, and sharp 
directional change movement patterns. In select 
patients wishing to resume sports involving piv-
oting and cutting, a basic plyometric training pro-
gram may be initiated upon completion of the 
running and agility program (see also Chap. 14). 
Final release to unrestricted sports is based on 
successful completion of training and achieve-
ment of normal indices shown in Table  28.8. 
Testing includes quadriceps and hamstrings iso-
kinetic [78–88], isometric [89–91], or 1-repeti-
tion maximum bench press and leg press [92, 93]; 
two single-leg hops [74, 78, 80, 81, 94–97]; video 
drop-jump [75, 98–100], single-leg squat [101–
104], and plant and cut [77, 105–107] tests. Other 
tests to consider before the patient is released to 
unrestricted athletic activities include the multi-
stage fitness test to estimate VO2max [108] and 
the 60-s sit-up test or other core strength mea-
sures [109].

A trial of function is encouraged in which the 
patient is monitored for knee swelling, pain, 
overuse symptoms, and instability episodes. 
Upon successful return to activity, the patient is 
encouraged to continue with a maintenance pro-
gram. During the in-season, a conditioning pro-
gram of two workouts a week is recommended. 
In the off-season or preseason, this program 
should be performed three times a week to maxi-
mize gains in flexibility, strength, and cardiovas-
cular endurance.
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29.1  Introduction

There are an estimated 30,000–100,000 cartilage 
restoration procedures performed annually in the 
USA, a number that is growing 5% annually 
[1, 2]. Focal cartilage defects have been identi-
fied in about 60% of those undergoing arthros-
copy in the general population [3, 4]. As these 
defects can be symptomatic and interfere with 
both athletics and basic activities of daily living, 
a variety of cartilage restoration procedures can 
be performed to treat symptoms. The current sur-
gical treatment options for focal chondral defects 
include arthroscopic debridement, marrow stim-
ulation techniques such as microfracture (with or 
without adjuncts), restorative procedures such as 
matrix-induced autologous chondrocyte implan-
tation (MACI), osteochondral allografts (OCA), 
and osteochondral autograft transplant (OAT) 
with the possibility of adjunct orthobiologics 
such as platelet-rich plasma (PRP) or bone mar-
row aspirate concentrate [5–7].

Athletic sports participation is a major 
 contributor of microtrauma to the articular 
 surface of the knee due to the significant load-
bearing stress that occurs during play [8, 9]. 
Focal chondral defects have been reported in up 
to 89% of high- level athletes, with full-thickness 
defects being reported in 36% of patients [10, 
11]. Focal defects have also been noted in up to 
50% of athletes undergoing anterior cruciate lig-
ament reconstruction [12, 13]. Athletes are not 
limited to lesions of this origin; however, as other 
etiologies include osteochondritis dissecans and 
early degenerative changes. Over time these 
lesions may progress in size and depth, becoming 
more symptomatic, and eventually progressing to 
osteoarthritis [14–20]. In athletes specifically, it 
has been noted that there is a 12-fold increase in 
the risk for developing knee osteoarthritis 
 [21–24]. The rise in cartilage restoration proce-
dures is suggested to stem not only from increased 
treatment options but also from an increased 
prevalence of lesions in patients as athletic sports 
participation has been on the rise [12, 25]. 
Additionally, in this subset of patients, an impor-
tant priority is a timely and safe return to sport 
(RTS). Therefore, RTS expectations after carti-
lage restoration procedures should be a critical 
point of emphasis between the physician and the 
athlete.

In the athletic population, it is essential to 
acknowledge the importance of RTS at preinjury 
levels in a timely fashion while minimizing the 
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risk of reinjury or the need for future surgery. 
This involves choosing the appropriate treatment 
option for the lesion characteristics and the 
patient’s postoperative goals and rehabilitation 
timeline. For each procedure, it is recommended 
that after formal physical therapy, patients 
undergo sport-specific rehabilitation in order to 
reduce the risk of reinjury and ensure patients are 
able to complete all of the necessary movements 
required for safe return to their specific sport. 
Della Villa et  al. found that after undergoing 
autologous chondrocyte implantation (ACI), ath-
letes who trained with an on-field sport-specific 
rehabilitation program showed a quicker RTS as 
well as a quicker return to preinjury level of play 
compared with controls [26]. Ultimately, RTS 
after cartilage restoration is a multifactorial deci-
sion individualized for each patient. Previous 
studies have shown promising outcomes in regard 
to RTS.  For example, Messner et  al. evaluated 
athletes with isolated, severe chondral damage 
and found that 75% initially RTS after undergo-
ing a cartilage restoration procedure. The study 
reported that although there was a significant 
decrease in sport involvement 14 years after sur-
gery, the majority of patients continued to live an 
active lifestyle [27].

In the authors’ (BJC) practice, the preferred 
algorithm for determining the definitive operative 
treatment for chondral defects is shown in 
Fig. 29.1 [28]. Debridement of the lesion regard-
less of size is always an acceptable option as a 
starting approach because it allows for a better 
understanding of the defect characteristics and 

the overall status of the knee joint with a mini-
mally invasive approach, while also allowing 
some patients to achieve temporary symptom 
relief [29]. In lesions that are <2 cm2 in patients 
with a low-demand lifestyle, the treatment 
options are debridement alone or debridement 
with marrow stimulation. In the same size lesion 
in a high-demand patient, the treatment options 
include OAT in addition to debridement and mar-
row stimulation. Similarly, in patients with 
lesions >2 cm2 with a low-demand lifestyle, the 
treatment options include MACI as well as the 
previously mentioned techniques. In high- 
demand patients with large lesions, OCA and 
MACI are the optimal treatments. MACI requires 
the subchondral bone to be otherwise intact with-
out overt pathology.

29.2  Microfracture

Marrow stimulation techniques such as micro-
fracture (Fig. 29.2) violate the subchondral bone 
in order to stimulate fibrocartilage fill in the 
defect [30]. After debridement of the defect to 
achieve stable vertical edges, microfracture holes 
are created along the periphery of the defect 
prior  to moving more centrally. Historically, 
 microfracture has been done using an arthroscopic 
awl to create microfracture pores [31]. More 
recently, mechanical drills have been used to cre-
ate  microfracture holes, such as in Fig.  29.2. 
Microfracture can also be augmented with scaf-
folds or dehydrated cartilage allograft with plate-
let-rich plasma or bone marrow aspirate 
concentrate [32, 33]. Microfracture is primarily 
recommended for patients with chondral lesions 
<2 cm2 with low to moderate levels of physical 
demand and minimal to no bone involvement 
[28]. The postoperative rehabilitation protocol is 
summarized in Table 29.1. Functional activities 
can begin around 6 months postoperatively with 
RTS and impact after about 8 months.

In a systematic review of 821 athletes who 
underwent microfracture, Mithoefer et  al. 
reported that RTS was achieved in 66% ±6% 
(range, 44–100%) at an average of 8 ±1 months 
(range, 2–16  months), with 67% ±5% (range, 

SYMPTOMATIC TIBIOFEMORAL CHONDRAL DEFECT

MALALIGNMENT MENISCUS DEF

DEFECT SIZE

TransplantOsteotomy

<2cm2 >2cm2

Marrow
Stimulation

Plus

OAT OCA
Resurfacing
Procedure

Deeper
Revision
Bipolar

Shallow
Oblong

Fig. 29.1 The authors’ (BJC) treatment algorithm for 
treating focal chondral defects. DEF deficient, OAT osteo-
chondral autograft transplantation, OCA osteochondral 
allograft transplantation
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50–100%) of patients returning to preinjury lev-
els. Furthermore, 2–5 years after microfracture, 
the same study found that 49%  ±  9% (range, 
18–71%) of patients continued sports participa-
tion at the preinjury level. The authors noted 
that after the initial improvement in activity 
scores, 42% of the studies showed decreasing 
activity scores in 47–80% of patients after 
2–5  years, suggesting that microfracture can 
return a moderate percentage of athletes to 

sport, but this number declines after 2  years 
postoperatively [24].

In order to maximize safe RTS after micro-
fracture, it is important to use careful patient 
selection for the procedure. For example, in a 
prospective evaluation of athletes undergoing 
microfracture, Mithoefer et al. found that while 
65% of patients under the age of 40 were able to 
RTS, only 20% of those over the age of 40 were 
able to RTS [34]. Furthermore, multiple studies 

a b

c d

Fig. 29.2 Microfracture of a lateral tibial plateau (LTP) 
focal chondral lesion. (a) LTP focal chondral defect pre-
pared with vertical stable borders (as seen from the 
anteromedial portal). (b) The defect is microdrilled using 

a mechanical drill for microfracture of the LTP defect. (c) 
LTP chondral defect after microfracture. (d) LTP defect 
after microfracture-stimulated bleeding (tourniquet was 
released)

29 Return to Sport After Cartilage Procedures



662

have reported that lesion size >2 cm2 correlates 
with lower RTS rates and worse outcomes than 
those defects <2 cm2 [34, 35]. The authors also 
reported that symptom duration longer than 
1 year prior to microfracture allowed a RTS rate 
of only 14%, whereas those with symptoms less 
than 1 year returned to sport at a rate of 67% [34]. 
Additionally, microfracture as a first-line proce-
dure showed higher RTS rates than in patients 
who had undergone previous surgery [34, 36]. 
BMI less than 30 was also associated with better 
outcomes [37]. On an encouraging note for ath-
letes, those who have higher preoperative activity 
level scores were found to return to higher activ-
ity levels postoperatively [34, 38, 39].

Overall, in the appropriately selected patient 
population, microfracture can provide the abil-
ity to RTS; however, this should be weighed 
against newer cartilage restoration procedures 
that may demonstrate improved RTS. In a meta-
analysis of 44 studies evaluating RTS with a 
minimum 2-year follow-up after microfracture, 
OAT, OCA, and ACI, Krych et  al. found that 
microfracture reported the lowest RTS out-
comes, with a rate of 58% [40]. Similarly, 
Mithoefer et al. found that 44% of athletes were 

able to return to high- impact activity, but only 
57% of those were able to return to their prein-
jury level of play [34]. The data on microfrac-
ture suggests that while it can provide immediate 
relief and quick RTS, it is indicated only in a 
specific patient population, has lower RTS rates 
than other cartilage restoration procedures, and 
the positive outcomes may deteriorate after 
2 years. Importantly, in the event that a revision 
surgery is indicated, Minas et  al. found that 
patients who undergo ACI after failed micro-
fracture are 2.5 times more likely to fail ACI 
than those with untreated lesions [41].

29.3  MACI

If a full-thickness, isolated defect is >2 cm2 and 
there is no subchondral involvement, the ACI 
technique may be used (Fig.  29.3). There are 
three different generations of ACI, with the most 
recent utilizing a chondroinductive matrix to cul-
ture the cells. MACI, or third-generation ACI, 
involves a two-step surgical process which 
includes taking a biopsy of cartilage from the 
intercondylar notch and culturing the cells on a 

Table 29.1 Postoperative rehabilitation protocol for cartilage procedures of the tibiofemoral compartment

Weight-bearing
Weeks 0–6 Non-weight-bearing
Weeks 6–8 Advance 25% weekly until full weight-bearing
Week 8 Full weight-bearing
Brace
Weeks 0–2 Locked in full extension at all times, off for CPM and exercise only
Week 2 Discontinue brace
Range of motion
Weeks 0–6 Use CPM for 6 h/day, beginning at 0–40° and advancing 5–10° daily as tolerated
Weeks 6–8 Full ROM
Exercises
Weeks 0–2 Quadriceps sets, single-leg raises, calf pumps, passive leg hangs to 90°
Weeks 2–6 Passive ROM and active ROM to tolerance, quadriceps, hamstring and glut sets, 

side-lying hip, and core exercises
Weeks 6–8 Advance exercises from weeks 2 to 6
Weeks 8–12 Gait training, wall sits, shuttle, mini-squats, toe raises, unilateral stance activities, and 

balance training
Week 12–6 months Maximize core/glutes exercises, pelvic stability, eccentric hamstrings

May advance to pool, elliptical, and bike as tolerated
6–12 months Advance functional activities, return to sport-specific activity, and impact when cleared 

by physician after 8 months

CPM continuous passive motion, ROM range of motion

T. M. Southworth et al.
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Fig. 29.3 MACI procedure to the patella. (a) Sizing of 
the patellar defect. (b) Patellar defect after debridement 
and preparation. (c) Cutting the autologous chondrocyte 

matrix to size to match the patellar defect. (d) Implantation 
of the matrix onto the patellar defect. (e) Sealing the 
matrix on the defect with fibrin glue

a b

c

d
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matrix for at least 4–6 weeks until the time of sur-
gical implantation.

Results following ACI have achieved good 
rates of RTS, although with mixed results in 
high-performing athletes. A number of prospec-
tive studies have demonstrated that 33–96% of 
athletes RTS, with 60–80% returning to preinjury 
level of play [42].

In terms of patient’s expectations for RTS, 
Niemeyer et al. found that of patients scheduled 
to undergo ACI, 70% expected they would RTS 
pain-free and 20% expected they would not have 
any restrictions returning to sports. Niemeyer 
et al. also found that 73.1% of patients were able 
to RTS, although the duration of exercise and 
number of sessions per week significantly 
decreased after surgery [43, 44]. In another study, 
neither location nor size of defect appeared to 
affect rate of RTS because only 31% of patients 
were able to maintain their previous level of 
 competition, and 0.8% of patients were able to 
return to elite sports [45]. Mithöfer et al. found 
that in competitive football and soccer players 
undergoing ACI, over 80% RTS which was main-
tained at 5 years [46, 47].

While Krych et al. reported the highest RTS 
rates after ACI compared with other cartilage 
procedures, this population also had the smallest 
lesion and the youngest age compared to the 
other treatment groups; age has been shown to 
be an independent indicator of return to sport 
[40]. Higher level of competition, lack of previ-
ous procedures, and shorter duration between 
symptom onset and treatment have been docu-
mented in various studies to correlate to a higher 
RTS [41, 46, 47].

While one of the main drawbacks of using 
MACI in athletes has been the prolonged recov-
ery process, Della Villa et al. found greater clini-
cal outcomes as well as a faster recovery and RTS 
in 10.2  months, thus showing that a beneficial 
role for intensive rehabilitation in allowing for a 
faster return to level of competition. The level of 
improvement was also sustained at 5 years [26]. 
Mithöfer et  al. found that the average RTS fol-
lowing ACI ranged from 18 to 25 months [46]. 
While this may be longer than that of a micro-
fracture or OCA, the functional declines starting 
24  months postoperatively have not been seen 
with ACI as with other procedures [42]. Long- 
term outcomes for patients undergoing MACI 
have been documented by Zaffagnini et al. who 
prospectively analyzed competitive athletes who 
underwent MACI with 10-year follow-up. 
Postoperatively, 64.5% of patients were able to 
return to a competitive level, with 58.1% return-
ing to preinjury level of sport. Interestingly, this 
study reported 84% of patients without previous 
surgery returned to prior level of sport, while 
only 33% of patients with a previous surgery 
returned to the prior level of sport. Factors linked 
with a lower rate of RTS included high BMI, gen-
erative etiology, and older age [48].

29.4  Osteochondral Autograft 
Transplantation

Similar to OCAs, OAT also restores the native 
architecture of the knee, but does so by using the 
patient’s native bone-cartilage unit from a non- 
weight- bearing area of the knee to replace the 
bone-cartilage unit (Fig. 29.4). OAT is indicated 

e

Fig. 29.3 (continued)
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Fig. 29.4 Osteochondral autograft (OAT) harvest and 
implantation. (a) OAT harvest. (b) Retrieving the har-
vested autograft. (c) The osteochondral defect remain-
ing in a non-weight-bearing portion of the knee after 

graft harvest. (d) Osteochondral autograft. (e) Focal 
osteochondral defect of the lateral femoral condyle 
(LFC). (f) Implantation of the osteochondral autograft 
in the LFC

a b

c
d

e
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in patients with lesions <2 to 3 cm2 with higher 
activity demands [49].

In a meta-analysis of 44 studies evaluating 
RTS with a minimum 2-year follow-up after 
microfracture, OAT, OCA, and ACI, Krych et al. 
found that the overall RTS for patients undergo-
ing any procedure was 76%. The rate for RTS 
was highest for the patients undergoing OAT, 
with 93% RTS [40].

Minzlaff et  al. evaluated 30 patients for a 
mean of 6.9  years with focal osteochondral 
defects who underwent OAT with valgus high 
tibial osteotomy. Eighty percent of the lesions 
were due to osteochondritis dissecans and 20% 
were post-traumatic. Patients were allowed to 
RTS after radiographic healing of the osteotomy. 
The study found that 1  year preoperatively, 
76.7% of patients were participating in sports on 
a regular basis, while none were at the time of 
surgery due to the injury. At final follow-up, 
76.7% were able to RTS. There was no signifi-
cant difference between the number of patients 
involved in athletics 1 year preoperatively and at 
final follow-up. Of those who returned, 33% 
reported never having pain during sports, 40% 
had occasional pain, and 26.7% had regular pain 
during sports. Similar to studies of other proce-
dures, there was a negative correlation found 
between the number of previous surgeries and the 
postoperative Tegner score [50].

Gudas et al. reported 93% of patients RTS at 
their preinjury level after OAT at an average of 
6.5 months [51]. In a 10-year follow-up study, the 
same authors reported improved Tegner activity 
scores compared to preoperative values. There 
was a decrease, however, in sport activity as com-
pared to 2-year outcomes. This decrease was less 
in the OAT group than it was in the microfracture 
group. Of note, patients less than 25 years old at 
the time of surgery were more likely to maintain 
their preinjury level of play 10 years postopera-
tively [52]. OAT has continued to show high RTS 
rates in the appropriate patient population, sug-
gesting that it is an optimal treatment option for 
young, athletic patients with small osteochondral 
defects.

29.5  Osteochondral Allograft 
Transplantation

If the integrity of the underlying subchondral 
bone is compromised, a restorative procedure 
must address both the articular surface and the 
underlying subchondral bone. OCAs are used to 
restore the native architecture of the knee and do 
so by using a donor bone-cartilage unit to replace 
the damaged host bone and articular cartilage 
(Fig. 29.4). The OCA is harvested from a size- 
matched donor femoral condyle, trochlea, or 
patella and is implanted into the patient’s knee 
after removal of the damaged bone and cartilage 
(Fig. 29.5).

OCA is favorable for its ability to treat the 
subchondral bone and articular cartilage of large 
lesions in a single procedure [53]. OCA is most 
successful in young patients with focal lesions 
that have been symptomatic for less than 1 year 
[53]. Outcomes are also more successful in 
patients with neutral or corrected alignment [53]. 
A systematic review of OCA surgery by De Caro 
et  al. found 89% graft survivorship at 5  years 
postoperative, as well as improvement in clinical 
scores and accelerated RTS [54]. Familiari et al. 
reported good functional outcomes after OCA, 
with a mean 5-year survival rate of 86.7% and 
survival rates of 78.7%, 72.8%, and 67.5% at 10, 
15, and 20 years, respectively [55]. Survival rates 

f

Fig. 29.4 (continued)
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were similar in the patellofemoral joint as 
reported by Chahla et al. of 87.9%, 77.2%, and 
55.8% at 5, 10, and 15 years, respectively [56]. 
Balazs et al. published a case series of 11 profes-
sional and collegiate basketball players undergo-
ing OCA surgery. Of this cohort, 75% of NBA 
players and 83% of college players RTS at 
median times of 20 months and 8 months, respec-
tively. Four patients underwent repeat arthros-
copy, one of which was revision OCA. Three of 
these four players RTS, while the fourth under-
went surgery after the patient was no longer eli-
gible for play [57].

In a case series of 149 knees in 142 patients 
who participated in sport or recreational activity 
and underwent OCA, Nielsen et al. found that at 
a mean follow-up of 6 years, 75.2% had RTS or 
recreational activity. Postoperatively, patients 
were maintained on touchdown weight-bearing 
for 4–6 weeks, after which they progressed to full 
weight-bearing over the following month. 
Patients were allowed to participate in sport and 
recreational activities after 4–6  months if they 
demonstrated adequate functional rehabilitation 
of the affected limb. Of those who did not RTS, 
88% reported they could still participate in 

a b

c

Fig. 29.5 Osteochondral allograft transplantation (OCA) 
of the left knee lateral femoral condyle (LFC). (a) LFC 
defect seen during arthroscopy. (b) Preparation of the LFC 

defect after reaming the bone (5–6 mm recommended to 
avoid immunogenic components of the bone). (c) 
Implantation of the size-matched OCA into the LFC defect

29 Return to Sport After Cartilage Procedures
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 regular exercise. About 25% of patients under-
went additional surgery. The authors found that 
survivorship was 91% at 5  years and 89% at 
10 years. They noted 14 failures, defined as revi-
sion, TKA, or unicompartmental arthroplasty. Of 
these failures, 13 did not RTS, while 1 was able 
to after transplant and converted to TKA after 
11 years [58].

Krych et  al. reported that at an average of 
9.6  months following OCA, 88% of athletes 
returned to partial activity and 79% returned to 
full activity [40, 59]. It can be reasonably con-
cluded from these studies that OCA is successful 
in returning patients to sport, most of whom 
return to their baseline level of play 
postoperatively.

29.6  Rehabilitation Protocol

The rehabilitation protocol for cartilage proce-
dures in the authors’ (BJC) practice is dependent 
on the compartment in which the procedure is 
done. Tables 29.1 and 29.2 detail the postopera-
tive protocol after tibiofemoral compartment and 

patellofemoral cartilage restoration surgery, 
respectively. Concomitant meniscal allograft 
transplantation (MAT) affects the rehabilitation 
protocol. It is key to avoid tibial rotation for 
8 weeks in order to protect the meniscus allograft. 
Weight-bearing is restricted to touch down only 
from 0 to 6  weeks and is advanced 25–100% 
from 6 to 8  weeks. The brace is locked in full 
extension at all times from 0 to 2 weeks, locked 
from 0 to 90° for 2–8 weeks, and discontinued at 
8  weeks. All activities except for high-impact 
activities can be initiated at 6  months, while 
impact activities like running must be cleared by 
a physician, usually between 6 and 9 months.

29.7  Discussion

Symptomatic focal chondral defects in the knee 
can be a limiting factor for athletic play if they 
are not addressed in an appropriate fashion 
 [14–20]. While all of the cartilage restoration 
procedures discussed have been shown to be 
successful in treating focal chondral defects 
when the proper patient and lesion indications 

Table 29.2 Postoperative rehabilitation protocol for cartilage procedures of the patellofemoral compartment

Weight-bearing
Immediate Full weight-bearing
Brace
Weeks 0–1 Locked in full extension at all times, off for CPM and exercise only
Weeks 1–4 Unlocked and worn during the daytime only, discontinue when quadriceps can control a 

single-leg raise without extension lag
Range of motion
Weeks 0–2 Use CPM for 6 h/day, beginning at 0–30°
Weeks 2–4 Use CPM for 6 h/day, 0–60°
Weeks 4–6 Use CPM for 6 h/day, 0–90°
Weeks 6–8 Full ROM
Exercises
Weeks 0 to 2 Quadriceps sets, single-leg raises, calf pumps, passive leg hangs to 45°
Weeks 2–6 Passive ROM and active ROM to tolerance, quadriceps, hamstring and glut sets, 

side-lying hip, and core exercises
Weeks 6–8 Advance exercises from weeks 2 to 6
Weeks 8–12 Gait training, wall sits, shuttle, mini-squats, toe raises, stationary bike, unilateral stance 

activities, and balance training
Week 12–6 months Maximize core/glutes exercises, pelvic stability, eccentric hamstrings

May advance to pool, elliptical, and bike as tolerated
6–12 months Advance functional activities, return to sport-specific activity, and impact when cleared 

by physician after 8 months

CPM continuous passive motion, ROM range of motion
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are followed, treating athletes often involves a 
different definition of success postoperatively. 
Some athletes desire only pain relief and return 
to daily activities, but most are motivated to 
return to their preinjury level of play, while 
avoiding reinjury and the need for consequent 
treatment. Overall, cartilage procedures have 
high rates of RTS. Krych et al. found a return to 
sport rate of 76% across the discussed cartilage 
procedures, suggesting about three-fourth of 
patients who undergo these procedures are able 
to return to play [40]. Similarly, in a systematic 
review of cartilage procedures, Mithoefer et al. 
reported a 73% RTS rate [42]. Both studies, as 
well as a systematic review by Campbell et al., 
found the highest rates of RTS after OAT and 
the lowest after microfracture [60].

In contrast, Mithoefer et al. completed a sys-
tematic review of 20 studies evaluating RTS after 
articular cartilage repair in 1469 soccer players. 
They found 79% of athletes RTS with no signifi-
cant difference between microfracture, ACI, 
OCA, and OAT. The time to RTS varied by pro-
cedure, with the shortest of 7 months after OCA 
and the longest of 17 months after ACI. Of these 
patients, 69% RTS at the preinjury level and 65% 
remained at preinjury level 3  years postopera-
tively. RTS was better for competitive athletes 
than for recreational athletes [61].

It is essential to appropriately manage 
patient’s expectations regarding RTS after carti-
lage procedures. In order to do so, clinical stud-
ies must be completed to evaluate RTS outcomes 
after each procedure and identify patient demo-
graphics or lesion characteristics associated with 
positive outcomes. Makhni et al. found that only 
14% of studies evaluating cartilage procedures 
analyzed reported outcomes related to RTS. Of 
those, only 11% of studies reported activity level 
after RTS and 6.6% of studies reported on time 
to RTS [62].

Factors that have been shown to correlate with 
increased RTS are younger age, shorter time 
between injury and surgery, no prior knee sur-
gery, lower BMI, traumatic etiology, and smaller 
defects [48, 60]. It has been shown that those who 
had surgery within 1  year of surgery were 3–5 
times more likely to RTS than those who did not 

have surgery as quickly, and a negative correla-
tion was found between duration of symptoms 
and percentage of RTS [34, 37, 63].

29.8  Conclusion

RTS at a preinjury level of play after a cartilage 
procedure is possible in athletic patient popula-
tions with the appropriate treatment and indica-
tions. Physicians must approach the treatment 
algorithm with a patient’s goals in mind in order 
to determine which treatment choice fits best to 
safely RTS, prevent reinjury, as well as to prevent 
the progression of the disease. It is also important 
to consider patient age, BMI, duration of symp-
toms, level of activity, future career goals, and 
previous knee interventions in order to identify 
the optimal treatment plan.
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30.1  Introduction

This chapter summarizes return to sport (RTS) 
data from 52 studies involving 10,192 patients 
who underwent either unicompartmental tibio-
femoral knee arthroplasty (UKA), patellofemo-
ral arthroplasty (PFA), or total knee arthroplasty 
(TKA). The majority of these investigations 
focused on medial UKA (Fig.  30.1) and TKA 
(Table  30.1). Studies have shown that patients 
that participate in recreational activities over 
their lifetime may develop knee osteoarthritis 
(OA) and require UKA or TKA at a younger age 
than normally expected [1–3]. Partial and total 
knee replacement procedures are well-accepted 
treatment options for patients with end-stage 
OA and are frequently performed in former ath-
letes, as well as individuals who wish to be 
physically active postoperatively. In 2013, 
Weinstein et al. [4] calculated that 655,800 TKA 

patients (in the USA) were 50–59 years old and 
984,700 patients were 60–69 years old, indicat-
ing a large number of individuals that were 
expected to be active in fitness and recreational 
activities. Former athletes have high expecta-
tions after TKA of resuming recreational 
 activities [5] which correlate strongly with post-
operative patient satisfaction [6–8].

Several systematic reviews have been recently 
published regarding RTS after TKA [5, 9–14], 
but only a few have focused on UKA [5, 11, 15]. 
Withes et al. [14] reviewed 18 studies and found 
that RTS rates varied from 36% to 89% after 
TKA and from 75% to 100% after UKA. A trend 
toward return to low-impact activities was found 
after both operations. The authors noted a lack of 
evidence with regard to postoperative rehabilita-
tion for individuals desiring to RTS.  Our pub-
lished systematic review regarding RTS after 
TKA noted high variability in return to recre-
ational activities of 34–100% [9] and a complete 
absence of description of rehabilitation programs 
or factors that influenced the ability to 
RTS. Lorenze and Salsbery [16] also noted a lack 
of evidence for required physical therapy param-
eters after TKA in high-functioning patients 
desiring to RTS and proposed a program to 
improve strength, balance, flexibility, and aerobic 
conditioning.

Although many studies and reviews have 
appeared in the literature over the past 15 years 
describing results of PFA, the majority have 
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focused on either short-term outcomes or 
 survivorship [17–19]. Even fewer evidence-
based studies are available regarding outcomes 
in terms of RTS after lateral UKA [20–23]. 

In this chapter, we explored all available litera-
ture regarding RTS after UKA, PFA, and TKA 
published from 2000 to 2018 to provide a com-
prehensive update.

Fig. 30.1 Case of a 52-year-old man with advanced 
medial tibiofemoral compartment arthritis requiring a 
medial unicompartmental knee arthroplasty (UKA). 
(a) Preoperative standing 45° radiograph shows loss of 
the medial tibiofemoral compartmental space. (b–d) 

Preoperative planning for a MAKO medial UKA, with 
correction of the varus angulation to neutral. (e, f) 
Postoperative radiographs show excellent position of 
the implants. (Reprinted from Noyes and Barber-
Westin [53])

a

b

c

d
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30.2  RTS After Unicondylar Knee 
Arthroplasty

30.2.1  Medial UKA

We reviewed RTS data from 21 studies published 
from 2006 to 2018 involving 3628 patients who 
underwent medial UKA (Table  30.2) [24–44]. 
The mean age was approximately 61 (range, 
32–94), and the mean follow-up was approxi-
mately 4  years (range, 3  months to 16  years). 
Sports activity levels were rated with the Tegner 
scale in eight studies, the University of California 
at Los Angeles (UCLA) scale in seven studies, 

the Grimby scale in one study, the High-Activity 
Arthroplasty Score in one study, and with three 
different scales in one study.

RTS incidence rates were given in 12 studies 
(Fig. 30.2) and ranged from 53% to 90%. The most 
common activities patients returned to were swim-
ming, bicycling, walking, hiking, golfing, and 
bowling. The time required to RTS was provided in 
six studies and typically demonstrated that approx-
imately 50–60% of the patients RTS by 3 months. 
Four studies [29, 34, 39, 42] determined if symp-
toms occurred during participation. Naal et al. [34] 
followed 83 patients a mean of 1.5 years postopera-
tively and reported that 88% RTS. However, 45% 

fe

Fig. 30.1 (continued)

Table 30.1 Summary of studies reviewed

All studies 
reviewed RTS incidence rate

Sports scale ratings 
only

Implant failure 
data

Studies Patients Studies Patients Studies Patients Studies Patients
Medial UKA 21 3628 12 1860 9 1768 15 3073
Lateral UKA 4 705 1 45 3 660 4 705
Patellofemoral arthroplasty 6 241 2 70 4 171 6 241
Total knee arthroplasty 21 5618 21 5618 0 0 9 1430

All data are numbers
RTS return to sports, UKA unicompartmental knee arthroplasty

30 Return to Sport After Unicondylar, Patellofemoral, and Total Knee Arthroplasty



676

Ta
bl

e 
30

.2
 

R
T

S 
af

te
r 

m
ed

ia
l U

K
A

St
ud

y

C
oh

or
t

Im
pl

an
t

Sp
or

ts
 s

ca
le

R
T

S 
da

ta

R
ev

is
io

n 
ra

te
N

o.
 o

f 
pa

tie
nt

s

M
ea

n 
ag

e 
(r

an
ge

)

M
ea

n 
fo

llo
w

-u
p 

ye
ar

R
T

S 
%

a , 
m

ea
n 

sc
or

es

M
ea

n 
tim

e 
R

T
S 

(m
on

th
s)

C
om

m
en

ts
, m

os
t c

om
m

on
 s

po
rt

s
H

op
pe

r 
et

 a
l. 

[2
9]

34
61

.3
 

(4
3–

75
)

1.
8

O
xf

or
d

A
ut

ho
rs

’ 
ow

n
85

%
 a

ny
 s

po
rt

; 
73

%
 s

am
e 

sp
or

t
3.

6
27

%
 d

ec
re

as
ed

 s
po

rt
s 

le
ve

l, 
pa

rt
ic

ip
at

io
n.

 6
2%

 a
s 

a 
pr

ec
au

tio
n,

 
13

%
 d

ue
 to

 p
ai

n 
in

 in
vo

lv
ed

 k
ne

e.
 

B
ow

lin
g,

 g
ol

f,
 s

w
im

m
in

g,
 b

ic
yc

lin
g

N
P

Fi
sh

er
 e

t a
l. 

[2
7]

66
64

.0
 

(4
9–

81
)

1.
5

O
xf

or
d

U
C

L
A

59
%

 a
ny

 s
po

rt
; 

54
%

 s
am

e 
sp

or
t; 

pr
eo

p 
4.

2,
 F

U
 

6.
5

N
P

Sw
im

m
in

g,
 g

ol
f,

 b
ow

lin
g,

 b
ic

yc
lin

g
3%

Ja
hn

ke
 e

t a
l. 

[3
1]

15
9

63
.5

 
(3

6–
86

)
2.

1
O

xf
or

d
Te

gn
er

, U
C

L
A

, 
H

ei
de

lb
er

g 
Sp

or
ts

 
A

ct
iv

ity
 S

co
re

84
%

 a
ny

 s
po

rt
; 

pr
e 

Te
gn

er
 4

.1
, 

FU
 3

.9
; p

re
 

U
C

L
A

 6
.1

, F
U

 
6.

3

N
P

M
al

e 
ge

nd
er

, a
ge

 <
65

 m
or

e 
ac

tiv
e.

 
H

ik
in

g,
 b

ic
yc

lin
g,

 s
w

im
m

in
g.

N
P

Pa
rr

at
te

 e
t a

l. 
[4

0]
31

46
 

(4
1–

49
)

9.
7

M
ill

er
-G

al
an

te
A

ut
ho

rs
’ 

ow
n

90
%

 a
ny

 s
po

rt
, 

60
%

 s
am

e 
sp

or
t

N
P

30
%

 d
ec

re
as

ed
 s

po
rt

s 
le

ve
l, 

pa
rt

ic
ip

at
io

n
17

%

Pa
nz

ra
m

 e
t a

l. 
[3

9]
27

62
.5

 
(4

9–
76

)
5.

0
O

xf
or

d
U

C
L

A
, T

eg
ne

r
89

%
 a

ny
 s

po
rt

; 
pr

e 
U

C
L

A
 4

.9
, 

FU
 6

.1
; p

re
 

Te
gn

er
 2

.9
, F

U
 

3.
4

63
%

 b
y 

3
15

%
 p

ai
n 

in
 in

vo
lv

ed
 k

ne
e,

 1
5%

 f
ea

r 
da

m
ag

e 
im

pl
an

t, 
11

%
 li

m
ite

d 
kn

ee
 

m
ot

io
n.

 W
al

ki
ng

, b
ic

yc
lin

g,
 h

ik
in

g

3%

N
aa

l e
t a

l. 
[3

4]
83

65
.5

 
(4

7–
83

)
1.

5
Pr

es
er

va
tio

n
A

ut
ho

rs
’ 

ow
n

88
%

 a
ny

 s
po

rt
46

%
 b

y 
3,

 
23

%
 3

–6
, 

31
%

 >
6

45
%

 li
m

ite
d 

kn
ee

 m
ot

io
n 

or
 n

ot
 fi

t, 
29

%
 p

ai
n 

in
 in

vo
lv

ed
 k

ne
e,

 2
6%

 p
ai

n 
in

 o
th

er
 jo

in
ts

, 1
0%

 f
el

t a
nx

io
us

. 
H

ik
in

g,
 b

ic
yc

lin
g,

 s
w

im
m

in
g,

 
w

al
ki

ng

0%

W
al

to
n 

et
 a

l. 
[4

3]
15

0
71

.5
 

(3
6–

92
)

1
O

xf
or

d
G

ri
m

by
86

%
 a

ny
 s

po
rt

, 
54

%
 s

am
e 

sp
or

t; 
FU

 3
.9

3.
1

63
%

 b
y 

3,
 

26
%

 3
–6

, 
11

%
 >

 6

13
%

 in
cr

ea
se

d 
sp

or
ts

 le
ve

l, 
19

%
 

de
cr

ea
se

d 
sp

or
ts

 le
ve

l. 
W

al
ki

ng
, 

sw
im

m
in

g,
 b

ic
yc

lin
g,

 h
ik

in
g

N
P

W
al

ke
r 

et
 a

l. 
[4

2]
93

55
 

(3
6–

60
)

4.
4

O
xf

or
d

U
C

L
A

86
%

 a
ny

 s
po

rt
; 

pr
eo

p 
3.

3,
 F

U
 

6.
8

56
%

 b
y 

3,
21

%
 3

–6
,

23
%

 >
 6

17
%

 p
ai

n 
in

 in
vo

lv
ed

 k
ne

e,
 2

6%
 p

ai
n 

in
 o

th
er

 jo
in

ts
. B

ic
yc

lin
g,

 w
al

ki
ng

, 
hi

ki
ng

4%

A
li 

et
 a

l. 
[2

4]
10

00
N

P 
(6

1–
17

)
6.

1
O

xf
or

d
Te

gn
er

80
%

 a
ny

 s
po

rt
N

P
Te

gn
er

 s
co

re
 ≤

4 
in

 8
8.

5%
 a

nd
 ≥

5 
in

 
11

.5
%

6%

F. R. Noyes et al.



677

H
o 

et
 a

l. 
[2

8]
36

60
 

(5
3–

64
)

3.
8

N
P

U
C

L
A

72
%

 a
ny

 s
po

rt
; 

pr
e 

8.
1,

 F
U

 7
.4

2
G

ol
f,

 b
ic

yc
lin

g,
 s

w
im

m
in

g,
 h

ik
in

g
N

P

Y
im

 e
t a

l. 
[4

4]
50

60
.3

 
(4

7–
65

)
3.

7
M

ill
er

-G
al

an
te

Te
gn

er
60

%
 a

ny
 s

po
rt

; 
pr

e 
3.

2,
 F

U
 2

.6
N

P
N

on
e

6%

Pi
et

sc
hm

an
n 

et
 a

l. 
[4

1]
13

1
65

.3
 

(4
4–

90
)

4.
2

O
xf

or
d 

II
I

U
C

L
A

53
%

 a
ny

 s
po

rt
; 

FU
 6

N
P

L
ow

-i
m

pa
ct

 s
po

rt
s

3%

Pa
nd

it 
et

 a
l. 

[3
7]

62
64

 
(4

5–
82

)
5.

0
O

xf
or

d 
II

I
Te

gn
er

Pr
e 

1.
9,

 F
U

 2
.6

N
P

N
on

e
0%

Pa
nd

it 
et

 a
l. 

[3
8]

51
2

65
.1

 
(3

5–
94

)
3.

4
O

xf
or

d 
II

I
Te

gn
er

Pr
e 

3,
 F

U
 3

N
P

N
on

e
2%

Pa
nd

it 
et

 a
l. 

[3
6]

54
7

66
 

(3
2–

88
)

5.
6

O
xf

or
d 

II
I

Te
gn

er
Pr

e 
2.

3,
 F

U
 2

.8
N

P
N

on
e

3%

K
ry

ch
 e

t a
l. 

[3
2]

18
3

49
.2

 
(N

P)
5.

6
M

ill
er

-G
al

an
te

Te
gn

er
Pr

e 
2.

6,
 F

U
 4

.5
N

P
N

on
e

6%

B
ar

ke
r 

et
 a

l. 
[2

5]
44

63
 

(4
1–

83
)

2.
0

O
xf

or
d

Te
gn

er
Pr

e 
2.

2,
 F

U
 2

.8
N

P
N

on
e

N
P

L
id

dl
e 

et
 a

l. 
[3

3]
13

2
64

.8
 

(3
5–

87
)

5.
0

O
xf

or
d

Te
gn

er
Pr

e 
2,

 F
U

 3
N

P
N

on
e

N
P

B
is

w
as

 e
t a

l. 
[2

6]
75

49
 

(3
3–

55
)

4.
0

M
ill

er
-G

al
an

te
 

or
 Z

im
m

er
 U

ni
 

kn
ee

U
C

L
A

Pr
e 

N
P,

 F
U

 7
.5

N
P

N
on

e
4%

N
aa

l e
t a

l. 
[3

5]
77

66
 

(4
6–

84
)

2.
0

Pr
es

er
va

tio
n

U
C

L
A

Pr
e 

N
P,

 F
U

 
6.

5–
7.

3
N

P
U

C
L

A
 m

ea
n 

sc
or

es
 a

cc
or

di
ng

 to
 

B
M

I:
 7

.3
 B

M
I 

<
25

; 7
.2

 B
M

I 
25

–2
9.

9;
 6

.5
 B

M
I 
≥

30

4%

H
oo

pe
r 

et
 a

l. 
[3

0]
13

6
63

.6
 

(3
9–

86
)

5.
0

O
xf

or
d

H
ig

h-
A

ct
iv

ity
 

A
rt

hr
op

la
st

y 
Sc

or
e

Pr
e 

4.
3,

 F
U

 1
0.

6
N

P
N

on
e

1%

B
M

I 
bo

dy
 m

as
s 

in
de

x,
 F

U
 f

ol
lo

w
-u

p,
 N

P
 n

ot
 p

ro
vi

de
d,

 p
re

 p
re

op
er

at
iv

e,
 R

T
S 

re
tu

rn
 t

o 
sp

or
ts

, 
U

C
L

A
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

L
os

 A
ng

el
es

, 
U

K
A

 u
ni

co
m

pa
rt

m
en

ta
l 

kn
ee

 
ar

th
ro

pl
as

ty
a R

T
S 

ca
lc

ul
at

ed
 a

s 
pe

rc
en

ta
ge

 o
f 

en
tir

e 
co

ho
rt

30 Return to Sport After Unicondylar, Patellofemoral, and Total Knee Arthroplasty



678

reported feeling limited in their knee motion or not 
physically fit, 29% had pain in their involved knee, 
and 10% felt unsafe or anxious during sports activi-
ties. Panzram et al. [39] reported 5-year outcomes 
in 27 patients, 89% of whom RTS.  Problems 
included pain in 15%, fear of damaging the implant 
in 15%, and limited knee motion in 11%.

No study provided details of the rehabilitation 
program or criteria required for release to sports. 
Revision rates of the prostheses were <5% in 11 
studies, 6% in 3 studies, and 17% in 1 study.

30.2.2  Lateral UKA

Few studies were available regarding RTS after 
lateral UKA.  Only four investigations could be 
located at the time of writing, of which three pro-
vided only sports scale activity ratings (Table 30.3). 
The mean age ranged from 60 to 65 years and the 
mean follow-up ranged from 2.3 to 4.1  years. 
Walker et al. [45] reported in a study involving 45 
patients that 96% RTS, most by 6 months postop-
erative. Factors that influenced UCLA activity lev-
els were male gender and age <62  years. Mean 
Tegner scores provided in the four studies were 
low, ranging from 2.8 to 3.5. There was no men-
tion of rehabilitation criteria required for release to 
activities. Revision rates ranged from 1% to 15%.

30.3  RTS After Patellofemoral 
Arthroplasty

We reviewed RTS data from six studies published 
from 2010 to 2018 involving 241 patients who 
underwent PFA (Table  30.4). The mean age 
ranged from 40 to 61, and the mean follow-up 

Table 30.3 RTS after lateral UKA

Study

Cohort

Implant
Sports 
scale

RTS data

Revision 
rate (%)

No. of 
patients

Mean 
age 
(range)

Mean 
follow-up 
year

RTS %a, 
mean scores

Mean 
time RTS 
(months)

Comments, 
most common 
sports

Walker 
et al. [45]

45 60.1 
(36–81)

3.0 Oxford Tegner, 
UCLA

96% any 
sport; 
Tegner pre 
2.9, FU 3.5; 
UCLA pre 
5.3, FU 6.7

56% by 3
78% by 6

Age 
<62 years, 
male gender 
more active
Biking, 
walking, 
hiking. 
Two-thirds 
UCLA ≥7

4

Walker 
et al. [21]

327 65 
(36–88)

3.1 Oxford Tegner, 
UCLA

Tegner pre 
NP, FU 3.2; 
UCLA pre 
NP, FU 5.7

NP None 15

Weston- 
Simons 
et al. [22]

265 64 
(32–90)

4.1 Oxford Tegner Pre 2.2, FU 
2.9

NP None 8

Pandit 
et al. [64]

68 63 
(42–85)

2.3 Oxford Tegner Pre 2.1, FU 
2.8

NP None 1

FU follow-up, NP not provided, RTS return to sports, UCLA University of California Los Angeles, UKA unicompart-
mental knee arthroplasty
aRTS calculated as percentage of entire cohort

100
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0
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Fig. 30.2 The percent of patients who returned to any 
sport after medial unicompartmental knee arthroplasty
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ranged from 2.2 to 4.0 years. Shubin Stein et al. 
[46] followed 39 patients a mean of 2.2  years 
postoperatively (range, 0.4–4.7  years) and 
reported that 72% RTS. The type of sports activi-
ties were not described and 6% required conver-
sion to TKA. Four other investigations reported 
mean postoperative Tegner scores that ranged 
from 4.0 to 6.6. Conversion to TKA rates ranged 
from 0% to 12%. Postoperative rehabilitation 
was not described in any study.

We recently reported [47] mid-term outcomes 
(2–7 year postoperative) in 31 knees that under-
went robotic PFA (MAKOplasty, Stryker) for 
degenerative arthritis or osteoarthritis secondary 
to either malalignment or trauma. A total of 96 
prior operative procedures had been done, includ-
ing patellofemoral realignment procedures in ten 
knees and articular cartilage restorative proce-
dures in seven knees that failed to provide relief 
of symptoms. The operative procedure allowed 
precise reshaping of abnormal trochlear geome-
try (Fig. 30.3) with minimal bone resection and 
correction of medial patellofemoral ligament 
deficiency when required. A mean of 4  years 
postoperatively, 87% had returned to mostly light 
recreational activities (Table 30.5). Of those that 
returned, 74% increased their sports level, 15% 
participated in the same level, and 11% had 
symptoms with low-impact activities. There was 
no effect on the outcomes from concomitant 
patellofemoral realignment procedures or comor-
bidities. There were no symptomatic patellar sub-
luxations or dislocations and only 6% required 
conversion to TKA.

30.4  RTS After Total Knee 
Arthroplasty

We reviewed 21 studies published from 2005 to 
2018 in which RTS data was provided for 5618 
TKA recipients (Table  30.6). This represents a 
small increase from our formal systematic review 

[9] that consisted of 19 studies (5169 knees). All 
of the 21 studies reported RTS incidence rates 
and details of athletic activity postoperatively. 
The mean patient age was approximately 67 years 
(actual range, 15–96), and the mean follow-up 
was approximately 5.3 years. The mean follow-
 up was <5 years in 13 studies, 5–9 years in five 
studies, and 10–21 years in three studies.

A mean of 72% of the patients RTS (range, 
34–100%, Fig. 30.4); the calculated mean did not 
include three studies in which only patients who 
RTS were analyzed [48–50]. Nearly all studies 
reported return to low-impact activities such as 
walking for exercise, swimming, bicycling,  hiking, 
bowling, and golf. An exception was the study by 
Mont et  al. [49] that followed 21 men and 10 
women 2–9.3 years postoperatively who all par-
ticipated in high-impact activities such as tennis, 
jogging, and racquetball/squash. All but one 
patient had a successful outcome, with no reported 
problems with sports participation and no change 
in radiographic alignment of the prosthesis. One 
patient who jogged and played racquetball three 
times a week required a revision TKA.

The time to RTS after surgery was provided in 
seven studies. Chatterji et al. [51] followed 144 
patients 1–2  years postoperatively and reported 
mean times to return to specific activities, which 
ranged from 6.9  weeks for water aerobics to 
18.3  weeks for bowling. Jackson et  al. [50] 
reported on 93 patients who returned to golf after 
TKA; 57% were playing at 6  months and 85% 
were playing within 12 months postoperatively. 
Knee-related symptoms were reported in 17%, 
but 94% reported enjoying the activity as much 
or even more after TKA. Only four other studies 
determined if symptoms or limitations occurred 
with sports activities. Hopper et al. [29] reported 
that 26% of 76 patients had pain and/or a feeling 
of instability during low-impact sports such as 
swimming, dancing, bowling, bicycling, and 
golf. Dahm et al. [52] followed 1206 patients a 
mean of 5.7 years postoperatively in whom 59% 

F. R. Noyes et al.
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Fig. 30.3 Case of a 50-year-old woman with advanced 
patellofemoral arthritis and underlying trochlear dysplasia 
who presented with marked symptoms with daily activi-
ties. The preoperative coronal CT segment (a) and axial 
CT segment (b) images show trochlear dysplasia and 
hypoplasia of the medial aspect of the trochlea. (c) 

Intraoperative placement of the trochlear implant and 
resection required of the lateral trochlea for proper place-
ment of the implant. Postoperative anterior (d) and lateral 
(e) radiographs demonstrate correct placement of the 
PFA. (Reprinted from Noyes and Barber-Westin [53], 
pp. 1036–1057)

a b

c

30 Return to Sport After Unicondylar, Patellofemoral, and Total Knee Arthroplasty
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RTS.  Factors associated with higher UCLA 
scores were male gender, age <70  years, BMI 
<30, and unilateral TKA.  Chatterji et  al. [51] 
reported that there was no effect of age or gender 
on postoperative activity level.

Failure rates requiring revision TKA were 
reported in nine studies and ranged from 0% to 
2%. No study provided details of the rehabilita-
tion program or criteria required for release to 
sports.

d e

Fig. 30.3 (continued)

Table 30.5 Sports participation before and after PFA

Type of sport Frequency Preoperative (no)a Follow-up (no)
Low-impact (cycling, swimming, aerobics) 1–3 day/month 0 5

1–3 day/week 3 10
4–7 day/week 3 11

1
High-impact (jumping, pivoting, cutting) 1–3 day/week 1
Not participating in any sports 24 4
Change in sports activities at follow-up
 Increased, no knee problems 20
 Same, no knee problems 4
 Playing with knee symptoms 3
 Did not return because of knee condition 3
 Did not return non-knee-related reasons 1

From Noyes et al. [47]
aAll were participating with symptoms and functional limitations

F. R. Noyes et al.
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30.5  Rehabilitation Principles 
for RTS After Partial or Total 
Knee Arthroplasty

We previously published our rehabilitation pro-
gram for UKA [53] and PFA [54] procedures, 
which is outlined in Table 30.7. In addition, our 
program for TKA is shown in Table 30.8. We use 
robotic technology that allows precise positioning 
of the implants and ligament balancing required 
to achieve stability postoperatively (Fig. 30.5).

All patients begin immediate range of knee 
motion (ROM), patellar mobilization, quadri-

Table 30.7 Noyes Knee Institute rehabilitation for PFA and UKA

Postoperative weeks
1–2 3–4 5–6 7–8 9–12 13–26

Range of motion minimum goals:
  0–110° X
  0–135° X
Weight-bearing after UKA:
  50–75% body weight with assistive devices X
  100% body weight, wean from assistive devices X
Weight-bearing after PFA:
  100% body weight with assistive devices X
  100% body weight, wean from assistive devices X
Patella mobilization X X X X
Modalities:
  Electrical muscle stimulation X X X
  Pain/edema management (cryotherapy) X X X X X X
Stretching:
  Hamstring, gastrocnemius–soleus X X X X X X
  Iliotibial band, quadriceps X X
Strengthening:
  Ankle pumps (plantar flexion with resistance band) X X
  Quadriceps isometrics, straight leg raises X X X X X X
  Knee extension quadriceps, active/active-assisted X
  Closed-chain: toe-raises, wall-sits, mini-squats X X X X X
  Knee flexion hamstring curls (0–90°) X X X X X
  Knee extension quadriceps (90–30°) X X X X X
  Hip abduction–adduction, multi-hip X X X X X X
  Leg press (70–10°) X X X X X
  Upper body weight training X X X X
  Core training X X X X
Balance/gait/proprioceptive training:
  Weight-shifting, balance board (two-legged), 

cup walking, tandem stance
X X X

  Mini-trampoline, balance board (single-legged; 
stable vs. unstable surface), single-leg stance

X X

Conditioning:
  Upper body conditioner X X X X X
  Stationary bicycling (high seat, low resistance) X X X X X
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Fig. 30.4 The percent of patients who returned to any 
sport after TKA
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Table 30.7 (continued)

Postoperative weeks
1–2 3–4 5–6 7–8 9–12 13–26

  Aquatic program (water walking, depth at thigh or 
waist)

X X X X

  Swimming (straight leg kicking) X X X
  Stair-climbing machine (low resistance, low stroke) X X X
  Ski machine (short stride and level, low resistance) X X X
  Elliptical machine X X X
  Walking X X
Fitness center training:
25 min strengthening, 25 min cardiovascular training, 
10 min flexibility; 2–3×/week. Achieve AHA 
guidelines.a Watch for swelling, pain

X

BAPS Biomechanical Ankle Platform System, BBS Biodex Balance System
aAmerican Heart Association guidelines: 30  min 5×/week moderate intensity (brisk walking, elevated heart rate); 
20 min 3×/week vigorous intensity (exercise machine, bicycling)

Table 30.8 Noyes Knee Institute rehabilitation for TKA

Postoperative weeks
1–2 3–4 5–6 7–8 9–12 13–26

Brace: Long-leg postoperative
High-risk patients with concurrent patellar realignment 
or medial collateral ligament repair, or lack of 
quadriceps control, difficulty with balance/coordination

X X

Range of motion minimum goals:
  0–90° X
  0–110° X
  0–120° X
  0–125° X
  0–130° X
Weight-bearing:
  Toe touch to 50% body weight X
  100% body weight, wean from assistive devices X
Patella mobilization X X X X
Modalities:
  Electrical muscle stimulation X X X
  Pain/edema management (cryotherapy) X X X X X X
Stretching:
  Hamstring, gastrocnemius–soleus, gluteal X X X X X X
  Iliotibial band, quadriceps X X
Strengthening:
  Ankle pumps (plantar flexion with resistance band 

week 3)
X X

  Quadriceps isometrics, straight leg raises X X X X X X
  Knee extension quadriceps active-assisted X
  Closed-chain: wall-sits X X X X X
  Closed-chain: toe/heel raises X X
  Closed-chain: lateral step-ups X
  Knee flexion hamstring curls (0–90°) X X X X X
  Knee extension quadriceps (90–0°) X X X X X
  Hip abduction–adduction, multi-hip X X X X X

(continued)
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ceps strengthening, and balance training with 
partial weight-bearing allowed. A continuous 
passive motion machine is not required or rou-
tinely used [55, 56]. Patients perform passive 
and active ROM exercises in a seated position 
for 10 min a session, approximately six times per 
day. Patellar mobilization is performed before 
ROM exercises to restore a normal medial–lat-
eral glide and prevent contracture of soft tissue 
patellar retinacular structures (Fig.  30.6). Full 
passive knee extension must be obtained imme-
diately to avoid excessive scarring. If the patient 
has difficulty regaining at least 0° by the seventh 
postoperative day, he or she begins an overpres-
sure program. The foot and ankle are propped on 
a towel or other device to elevate the hamstrings 
and gastrocnemius that allows the knee to drop 
into full extension (Fig.  30.7). This position is 

maintained for 10 min and repeated four to six 
times per day. A 10- to 20-pound weight may be 
added to the distal thigh and knee to provide 
overpressure to stretch the posterior capsule.

Knee flexion is gradually increased to 110° by 
the second postoperative week and 135° by the 
third to fourth postoperative week. Passive knee 
flexion exercises are performed initially in the 
traditional seated position, using the opposite 
lower extremity to provide overpressure. Other 
methods to assist in achieving flexion greater 
than 90° include chair rolling, wall slides, knee 
flexion devices (Fig.  30.8), and passive quadri-
ceps stretching exercises.

Patients use a walker or crutches with full 
weight-bearing allowed as tolerated. Full weight- 
bearing without crutches is permitted when the 
patient demonstrates a normal gait pattern, 

Table 30.8 (continued)

Postoperative weeks
1–2 3–4 5–6 7–8 9–12 13–26

  Leg press (80–10°) X X X X X
  Upper body weight training X X X X
  Core training X X X X
Balance/gait/proprioceptive training:
  Weight-shifting, cup walking X X X
  Balance board (two-legged), tandem stance X X
  Single-leg stance (ball catch week 7), band walking 

(forward, lateral)
X X X

  Band walking (diagonal, monster walk), star 
excursion balance reaching

X

Conditioning:
  Upper body conditioner X X X X
  Stationary bicycling (high seat, low resistance) X X X X X
  Aquatic program (water walking, depth at thigh or 

waist)
X X X X

  Stair machine (low resistance, low stroke) X X X
  Ski machine (short stride, level, low resistance) X X X
  Elliptical machine X X X
  Swimming (kicking) X X
  Walking X X
Fitness center training:
25 min strengthening, 25 min cardiovascular training, 
10 min flexibility; 2–3×/week. Achieve AHA 
guidelines.a Watch for swelling, pain

X

BAPS Biomechanical Ankle Platform System, BBS Biodex Balance System
aAmerican Heart Association guidelines: 30  min 5×/week moderate intensity (brisk walking, elevated heart rate); 
20 min 3×/week vigorous intensity (exercise machine, bicycling)

F. R. Noyes et al.
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a b

Fig. 30.5 (a) Preoperative and (b) postoperative radiographs of TKA

a b

Fig. 30.6 Patellar mobilization may be performed postoperatively by (a) the therapist or (b) the patient
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which is usually by the third to fourth postopera-
tive week. Balance, proprioception, and strength-
ening exercises are gradually increased as 
supervised by the therapist through approxi-
mately the 12th postoperative week. At that time, 
the patient is encouraged to continue the 
strengthening and aerobic conditioning program 
as desired. If recreational sports are a goal, the 
criteria to begin training and resume these activi-
ties are described next.

a b

c

d

Fig. 30.7 Hanging weight exercise to restore knee 
extension

F. R. Noyes et al.
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30.5.1  Criteria for Return 
to Recreational Sports

As millions of younger patients undergo partial 
and TKA, the return to an active lifestyle is para-
mount. In 2007, the American Heart Association 
(AHA) and the American College of Sports 
Medicine published recommendations regarding 
the types of level of physical activity needed by 
healthy adults aged 18–65 years [57] and adults 
aged >65  years [58, 59]. The recommendations 
for aerobic activity were moderate-intensity activ-
ity for a minimum of 30 min for 5 days each week 
(150 min/week) or vigorous-intensity activity for 
at least 20  min for 3  days each week (60  min/
week). Moderate-intensity activity produces 
increases in heart rate and breathing, whereas 
vigorous-intensity activity produces much larger 
increases. Muscle-strengthening exercises should 
be performed a minimum of 2 days a week and 
should include 8–10 resistance exercises.

After TKA, patients should gradually resume 
high-loading activities with the assistance of the 
therapy team, with caution required because too 

rapid a return may result in chronic joint swelling 
and muscle dysfunction that may require addi-
tional treatment measures. The therapist has the 
important position of monitoring active patients 
throughout the postoperative rehabilitation pro-
cess who have greater demands on their knee 
from either an occupational or recreational activ-
ity standpoint. Studies have noted that many 
TKA patients do not achieve the AHA guidelines 
for physical activity [10] for a variety of reasons. 
We recommend the use of accelerometers 
because they provide data on all types of activity 
(light, moderate, and vigorous) and give feed-
back and motivation to patients. Reducing pro-
longed sitting and increasing daily step count are 
beneficial for even sedentary patients. These 
devices help active patients monitor daily activ-
ity, which may be shared with the medical team if 
problems with joint swelling and pain develop.

At our center, patients who desire to return to 
recreational sports after partial to total knee 
replacement such as golf, tennis, or skiing must 
pass a number of tests prior to the initiation of 
sports training (Table  30.9). There must be no 

Table 30.9 Noyes Knee Institute criteria for return to recreational sports training after partial or total knee 
arthroplasty

Criteria/test Goal
Pain None, ≥6 Cincinnati knee rating pain scale
Swelling None visible and ≥6 Cincinnati knee rating pain scale
Patellar mobility Good
Gait Symmetrical
Muscle strength 
quadriceps, hamstrings

Manual test: 5/5
Isometric max torque on Biodex: <30% deficit opposite side
Isometric handheld dynamometer: <20% deficit opposite side

Muscle strength hip 
abductors

Manual test: 5/5
Isometric handheld dynamometer: <20% deficit opposite side

Single-leg squat test No knee valgus, medial–lateral movement, or pelvic tilt
Stair climbing test 10 steps, up and down, can use rail: <13 s
6-min walk testa Aged 60–69 years: male ≥521 m (0.32 mile), female ≥497 m (0.31 mile)

Aged 70–79 years: male ≥478 m (0.29 mile), female ≥440 m (0.27 mile)
Aged 80–89 years: male ≥356 m (0.22 mile), female ≥345 m (0.21 mile)

Star excursion balance 
test

Anterior, posterolateral, posteromedial directions (normalize each distance by patient’s 
leg length): <10% deficit opposite side

Fitness training Can be performed with no pain or swelling
PT/MD Cleared for initiation of recreational sport training

aAHA guidelines: 30 min 5×/week moderate intensity (brisk walking, elevated heart rate); 20 min 3×/week vigorous 
intensity (exercise machine, bicycling)

Fig. 30.8 Knee flexion may be restored using (a, b) a rolling stool, (c) wall slides, and (d) a passive knee flexion com-
mercial device
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knee joint pain or swelling and gait must be sym-
metrical. Muscle strength testing is done with 
the equipment available for the quadriceps, 
 hamstrings, and hip abductors (Fig. 30.9). Other 
useful tests include the single-leg squat test 
(Fig. 30.10) [60], stair-climbing test, 6-min walk 
test [61], and the Y-balance test (Fig. 30.11) [62, 
63]. Upon satisfactory performance on these 
tests and clearance from the medical team, the 
patient may begin gradual sport-specific training 
(Table 30.10).

30.6  Conclusions and Comments

All available literature regarding UKA, PFA, and 
TKA published from 2000 to 2018 was reviewed 
to provide a comprehensive update regarding 
RTS incidence rates, time postoperatively RTS 
occurred, symptoms and limitations with sports 
participation, failure and revision rates, and reha-
bilitation criteria. Data from 21 studies after 

medial UKA showed an average RTS incidence 
rate of 78% (range, 53–90%), and data from 21 
studies after TKA showed an average RTS inci-
dence rate of 72% (range, 34–100%). There were 
too few studies of lateral UKA and PFA in which 
RTS information was provided to reach a conclu-
sion. Nearly all studies reported return to 
 low- impact activities such as walking for exer-
cise, swimming, bicycling, hiking, bowling, and 
golf. Only 10 of the 52 studies determined if 
symptoms and/or limitations were experienced 
during sports or recreational activities. None of 
the studies provided rehabilitation exercises and 
criteria used to determine when RTS was 
feasible.

Fig. 30.9 Muscle strength testing with the Biodex

Fig. 30.10 Single-leg squat test

F. R. Noyes et al.
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