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17.1	 �Introduction

Returning to sports participation after an anterior 
cruciate ligament (ACL) injury has been contro-
versial in both scientific evidence and clinical 
practice. In this sense, the debate between time-
based and criteria-based return to play (RTP) has 
been extensively scrutinized by the scientific 
community.
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The RTP should be a shared decision, 
including the healthcare professionals, the 
player, and the possibly other stakeholders 
involved (the coach, the manager, and, in some 
cases, the player’s relatives). Still, the health-
care professional is responsible for providing 
objective advice on management options and 
possible clinical and functional outcomes, as 
well as the potential risks, such as reinjury and 
long-term health and performance deterioration 
[6, 19, 25, 52].

Within an average of 12 months, around 80% 
of elite athletes will return to their preinjury 
sports level, compared to 60% return to sports 
among nonelite athletes [45]. When focusing on 
football, 85% of football players return to their 
preinjury sports level, between 6 and 10 months 
[21, 37, 45, 89, 93]. Still, approximately one 
fourth of elite athletes may not return to sports at 
the same level [45], and reasons include mainly 
fear of reinjury [8, 44, 55] and lack of psycho-
logical readiness [7, 9].

Although having relatively high rate of RTP, 
the ACL graft may fail and re-rupture in around 
5% of elite athletes [45]. Moreover, ACL reinjury 
rates may go as far as 15% (7% ipsilateral and 
8% contralateral) or 23% for athletes younger 
than 25 years who return to sport [90]. In addition 
to an adequate rehabilitation process [87], objec-
tive criteria in the decision for allowing the return 

to high-level sports play a crucial role in decreas-
ing the risk of ACL reinjuries [34, 85].

17.2	 �Residual Knee Deficits After 
ACL Reconstruction

Reestablishing the knee biological homeostasis 
(bone bruises, mechanoreceptors and sensory 
afferents, and graft maturation) and normal bio-
mechanical function (mechanical stability, range 
of motion, neuromuscular control, quadriceps 
strength) plays a crucial role in RTP, as they may 
reduce the incidence of secondary ACL injuries 
[62]. These biomechanical deficits may persist 
for years after ACL reconstruction, or even after 
the player returned to competition [1, 17, 18, 31, 
61, 63, 64, 71, 79, 81, 82, 92].

Residual knee laxity may be present 
6–12  months after ACL reconstruction [61, 64, 
69, 76]. Within this line, it has been previously 
shown that ACL-reconstructed knees display 
greater maximal anterior tibial translation during 
gait exercises, even after a 5-year follow-up 
period [79]. Furthermore, the peak ACL strain is 
correlated with anterior tibial translation and 
bipedal simulated landing, i.e., greater knee lax-
ity produces higher levels of peak ACL strain 
during landing exercises. Therefore, higher peak 
ACL strain could place the individual at higher 
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risk of sustaining an ACL injury [34, 48]. 
Additionally, increased dynamic tibial rotation 
that often persists after ACL-reconstruction and 
leads to abnormal knee motion during gait [29, 
30] or running exercises [82]. These findings 
raise some concerns regarding RTP, particularly 
within those who RTP prematurely, adding fur-
ther risk factors for reinjury. In addition, the 
increased rotatory knee laxity may, itself, 
decrease the player’s self-efficacy and perfor-
mance, as well as increase the risk of reinjury. 
Moreover, rotatory knee laxity deficits may con-
tribute to associated meniscal or cartilage lesions 
and early development of long-term knee joint 
degeneration [20, 82, 88] and subsequently to a 
poorer associated quality of life [25, 26]. Thus, 
more strict criteria regarding rotatory knee laxity 
after ACL reconstruction should be employed in 
RTP battery tests.

17.3	 �Importance of Imaging 
and Laxity Measurement

Knee joint residual laxity is considered one of the 
major risk factors for further ACL and meniscus 
injury, as well as one of the reasons for ACL 
reconstruction failure [38, 40, 70, 73, 75, 83, 91].

Measurement of sagittal knee laxity has been 
extensively performed in the follow-up of ACL-
reconstructed patients [2, 32, 39, 74, 86]. 
However, the reliability and diagnostic accuracy 
of KT-1000™ instrumented AP laxity testing has 
been questioned [27, 33]. In this regard, stress 
radiography, mainly through the Telos device 
[10, 72, 77], emerged as a potential noninvasive 
method to measure the tibial anterior translation.

More recently, the objective measure of rota-
tional knee laxity has gained increasing interest 
from the scientific community. This has been 
traditionally accomplished through pivot-shift 
manual test. Reports concerning the lack of 
standardization and objective grading [3, 13, 28, 
58, 59, 78] led to the development of new mechan-

ical testing devices to assess the knee rotational 
laxity including arthrometers [12, 48–51, 57, 60, 
65, 84], electromagnetic sensor systems [4, 35, 36, 
42, 43, 54], inertial sensors [11, 41, 46, 47, 53], 
and stress laxity assessment within magnetic reso-
nance imaging (MRI) evaluation [22, 23, 67, 68].

The MRI is an accurate noninvasive tool 
widely used in the evaluation of intra-articular 
knee injuries [56]. The use of MRI in the postop-
erative follow-up enables the clinician to assess 
knee effusion, graft preservation, tunnel preser-
vation, cartilage damage, and meniscal injuries 
[73]. The visualization of non-healed bone 
bruises may also be followed by MRI and has a 
crucial role during the rehabilitation phases and 
RTP decision [15]. Moreover, graft biological 
integrity (“ligamentization”) is an important pro-
cess in the RTP decision, which MRI plays a fun-
damental role in the evaluation [14, 24].

The examination of partial ACL tears with 
MRI is important as physical examination may 
be unclear when assessing isolated bundle rup-
tures [94], and partial tears can heal on their own, 
which can be carefully followed using MRI [5].

Despite the MRI accuracy in evaluating and 
following ACL injuries, it has been highlighted 
that both instrumented laxity and MRI examina-
tion are needed in combination with clinical eval-
uation in order to obtain the greatest accuracy 
[16]. Thus, the ideal tool to measure the ACL lax-
ity should be able to assess both “anatomy” and 
“function” on the same examination [23].

17.4	 �Porto-Knee Testing Device

The Porto-Knee Testing Device (PKTD) is an MRI-
compatible knee laxity testing device that is capable 
of measuring multiplanar knee laxity, i.e., the sagit-
tal tibiofemoral translations and tibial internal and 
external rotation (Fig.  17.1). The assessment of 
knee laxity in combination with MRI allows the 
correlation of both the ligament “anatomy” and 
“functionality” within the same exam [66].

17  MRI-Based Laxity Measurement for Return to Play
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The PKTD is made of polyurethane composite 
material, which allows to be used within the MRI 
and computerized tomography examination. The 
PKTD is capable to stress the knee at different 
degrees of knee flexion (from−10° to 50°) and 
combined with different degrees of internal/
external rotation (0–90°). The tibial posteroante-
rior (PA) translation may be assessed alone or in 
combination with tibial rotation. In order to stress 
the ACL, a standardized pressure of 4 bar is 
applied to the proximal posterior calf (Fig. 17.2).

The PKTD measurements are determined 
through two sets of 1 mm spacing MRI slices. The 
first examination is made without any pressure, 
and a second examination is made with the appli-
cation of pressure. On the obtained images, mea-
surements (in mm) are then calculated by drawing 
a perpendicular line to the tibial slope, crossing 
the most posterior point of the tibial plateau, and 
a parallel line, crossing the most posterior point of 

the femoral condyle. This procedure is repeated 
for the medial and lateral tibial plateaus [80].

The laxity measurement is made by calculating 
the distance between the two lines, in each of the two 
sets of MRI slices, i.e., without and with pressure, 
obtaining the anterior displacement of the medial 
and lateral tibial plateau (Fig.  17.3). Comparison 
with the healthy contralateral knee can be made.

The PKTD is a reliable tool for assessment of 
the PA translation with a moderate-to-strong cor-
relation with side-to-side KT-1000 measures for 
medial (correlation coefficient = 0.73; p < 0.05) 
and lateral (correlation coefficient  =  0.5; 
p  <  0.05) tibial plateaus displacement. The 
assessment of the rotatory knee laxity has a 
strong positive correlation with the pivot-shift 
test under anesthesia (correlation coeffi-
cient = 0.8; p < 0.05) and with side-to-side differ-
ences (correlation coefficient  =  0.83; p  <  0.05) 
[23]. More recently, two additional PKTD mea-

Fig. 17.1  Porto-Knee 
Testing Device (PKTD), 
developed at the Clínica 
do Dragão, Espregueira-
Mendes Sports 
Centre - FIFA Medical 
Centre of Excellence

a b c

Fig. 17.2  Demonstration of PKTD sequences: without 
pressure (a), with PA pressure (b), and with external rota-
tion pressure (c). Arrow indicates the tibial PA translation 

induced by the pressure applied in the posterior proximal 
calf region through the plunger pressurizing (part b)

R. Andrade et al.
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sures were investigated—the anterior global 
translation and the global rotation. These mea-
surements showed high sensitivity and specific-
ity in identifying complete ACL ruptures. The 
anterior global translation (PA translation of both 
medial and lateral tibial plateaus) has high speci-
ficity (94%), with a cutoff point of 11.1 mm. The 
global rotation (internal rotation at the lateral 
tibial plateau plus external rotation at the medial 

tibial plateau) is highly sensitive (93%) with a 
cutoff point of 15.1 mm [56].

The main purpose of the PKTD is distin-
guishing functional from nonfunctional ACLs 
or ACL grafts. Partial ACL ruptures may also 
be identified. By combining the sagittal and 
rotational laxity measurements, the PKTD is 
able to correlate the ligament anatomy with the 
functional competence of the remnant bundle 

a b

c d

Fig. 17.3  Representation 
of the measurements  
of medial knee 
compartment tibial 
positioning without  
(a) and with pressure  
(b) and of the lateral 
knee compartment tibial 
positioning without  
(c) and with pressure 
(d), obtained from MRI 
slices using the PKTD
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[55]. This may play an important role in the 
follow-up of ACL-reconstructed patients as par-
tial ACL graft ruptures or reconstruction failure 
may occur in case of surgical errors and compli-
cations, inadequate rehabilitation or anticipated 
RTP.

The PKTD may be used in the RTP decision 
by examining the functional competence of the 
ACL graft (Figs. 17.4 and 17.5). Residual knee 
laxity may indicate the need for further rehabili-
tation or, in case of failure, evaluate the need for 
new surgical intervention before allowing the 
player to return to competition.

a b c

c d e

Fig. 17.4  Follow-up of PKTD-MRI; a case of an ACL-
reconstructed knee with significant residual laxity in his 
right knee precluding return to sports. (a) Medial tibial 
plateau, no stress (−1 mm); (b) medial tibial plateau, pos-
teroanterior stress (3 mm); (c) medial tibial plateau, exter-

nal rotation stress (5  mm); (d) lateral tibial plateau, no 
stress (0  mm); (e) lateral tibial plateau, posteroanterior 
stress (13 mm); (f) lateral tibial plateau, internal rotation 
stress (4 mm)

Fact Box 2

Suggested additional return-to-play 
objective criteria based on PKTD-MRI 
measurements:

•	 Anterior global translation after PA 
stress <11.0 mm

•	 Global rotation combined measure 
<15.0 mm

Fact Box 1

The PKTD has several clinical and preven-
tive applications within sports, including:

•	 Assessment of partial or total ACL 
ruptures

•	 Follow-up of ACL-reconstructed knees
•	 Additional objective criteria for RTP
•	 Planning of secondary prevention 

programs

R. Andrade et al.
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Take Home Message
Instrumented assessment of knee laxity in combi-
nation with MRI enables the correlation of the 
ligament’s “anatomy” and “function.” In our 
hands, the PKTD is a helpful tool in the follow-
up of football players with ACL-reconstructed 
knees, RTP decision-making, and planning of 
secondary prevention programs.

Top Five Evidence-Based References

Espregueira-Mendes J, Andrade R, Leal A, Pereira H, 
Skaf A, Rodrigues-Gomes S et al (2016) Global rota-
tion has high sensitivity in ACL lesions within stress 
MRI.  Knee Surg Sports Traumatol Arthrosc. https://
doi.org/10.1007/s00167-016-4281-0

Espregueira-Mendes J, Pereira H, Sevivas N, Passos C, 
Vasconcelos JC, Monteiro A et al (2012) Assessment 
of rotatory laxity in anterior cruciate ligament-
deficient knees using magnetic resonance imaging 

with Porto-knee testing device. Knee Surg Sports 
Traumatol Arthrosc 20:671–678

Musahl V, Griffith C, Irrgang JJ, Hoshino Y, Kuroda R, 
Lopomo N et  al (2016) Validation of quantitative 
measures of rotatory knee laxity. Am J Sports Med 
44:2393–2398

Rohman EM, Macalena JA (2016) Anterior cruciate liga-
ment assessment using arthrometry and stress imag-
ing. Curr Rev Musculoskelet Med 9:130–138

Sundemo D, Alentorn-Geli E, Hoshino Y, Musahl V, 
Karlsson J, Samuelsson K (2016) Objective measures 
on knee instability: dynamic tests: a review of devices 
for assessment of dynamic knee laxity through utili-
zation of the pivot shift test. Curr Rev Musculoskelet 
Med 9:148–159

References

	1.	 Abourezk MN, Ithurburn MP, McNally MP, Thoma 
LM, Briggs MS, Hewett TE et  al (2017) Hamstring 
strength asymmetry at 3 years after anterior cruciate 

a b c

d e f

Fig. 17.5  Follow-up of PKTD-MRI; a case of an ACL-
reconstructed knee with a stable joint that in presence of 
other achieved return-to-play criteria indicates that the 
player is ready to return to competition. (a) Medial tibial 
plateau, no stress (1 mm); (b) medial tibial plateau, pos-

teroanterior stress (4 mm); (c) medial tibial plateau, exter-
nal rotation stress (2  mm); (d) lateral tibial plateau, no 
stress (2  mm); (e) lateral tibial plateau, posteroanterior 
stress (6 mm); (f) lateral tibial plateau, internal rotation 
stress (3 mm)

17  MRI-Based Laxity Measurement for Return to Play

https://doi.org/10.1007/s00167-016-4281-0
https://doi.org/10.1007/s00167-016-4281-0


212

ligament reconstruction alters knee mechanics during 
gait and jogging. Am J Sports Med 45:97–105

	2.	 Akelman MR, Fadale PD, Hulstyn MJ, Shalvoy RM, 
Garcia A, Chin KE et  al (2016) Effect of matching 
or overconstraining knee laxity during anterior cru-
ciate ligament reconstruction on knee osteoarthri-
tis and clinical outcomes: a randomized controlled 
trial with 84-month follow-up. Am J Sports Med 44: 
1660–1670

	3.	 Anderson AF, Rennirt GW, Standeffer WC Jr (1999) 
Clinical analysis of the pivot shift tests: description of 
the pivot drawer test. Am J Knee Surg 13:19–23

	4.	 Araki D, Kuroda R, Matsushita T, Matsumoto T, 
Kubo S, Nagamune K et  al (2013) Biomechanical 
analysis of the knee with partial anterior cruciate liga-
ment disruption: quantitative evaluation using an elec-
tromagnetic measurement system. Arthroscopy 29: 
1053–1062

	5.	 Araujo P, van Eck CF, Torabi M, FH F (2013) How to 
optimize the use of MRI in anatomic ACL reconstruction. 
Knee Surg Sports Traumatol Arthrosc 21:1495–1501

	 6.	Ardern CL, Glasgow P, Schneiders A, Witvrouw E, 
Clarsen B, Cools A et al (2016) 2016 Consensus state-
ment on return to sport from the First World Congress 
in Sports Physical Therapy, Bern. Br J Sports Med 
50:853–864

	 7.	Ardern CL, Österberg A, Tagesson S, Gauffin H, 
Webster KE, Kvist J (2014) The impact of psycho-
logical readiness to return to sport and recreational 
activities after anterior cruciate ligament reconstruc-
tion. Br J Sports Med 48:1613–1619

	 8.	Ardern CL, Taylor NF, Feller JA, Webster KE (2012) 
Fear of re-injury in people who have returned to sport 
following anterior cruciate ligament reconstruction 
surgery. J Sci Med Sport 15:488–495

	 9.	Ardern CL, Taylor NF, Feller JA, Whitehead TS, 
Webster KE (2013) Psychological responses matter 
in returning to preinjury level of sport after anterior 
cruciate ligament reconstruction surgery. Am J Sports 
Med 41:1549–1558

	10.	Beldame J, Bertiaux S, Roussignol X, Lefebvre B, 
Adam J-M, Mouilhade F et  al (2011) Laxity mea-
surements using stress radiography to assess anterior 
cruciate ligament tears. Orthop Traumatol Surg Res 
97:34–43

	11.	Berruto M, Uboldi F, Gala L, Marelli B, Albisetti W 
(2013) Is triaxial accelerometer reliable in the evalu-
ation and grading of knee pivot-shift phenomenon? 
Knee Surg Sports Traumatol Arthrosc 21:981–985

	12.	Branch TP, Browne JE, Campbell JD, Siebold R, 
Freedberg H, Arendt EA et al (2010) Rotational laxity 
greater in patients with contralateral anterior cruciate 
ligament injury than healthy volunteers. Knee Surg 
Sports Traumatol Arthrosc 18:1379–1384

	13.	Branch TP, Mayr HO, Browne JE, Campbell JC, 
Stoehr A, Jacobs CA (2010) Instrumented examina-
tion of anterior cruciate ligament injuries: minimizing 
flaws of the manual clinical examination. Arthroscopy 
26:997–1004

	14.	Colombet P, Graveleau N, Jambou S (2016) 
Incorporation of hamstring grafts within the tibial tun-
nel after anterior cruciate ligament reconstruction mag-
netic resonance imaging of suspensory fixation versus 
interference screws. Am J Sports Med 44:2838–2845

	15.	Costa-Paz M, Muscolo DL, Ayerza M, Makino A, 
Aponte-Tinao L (2001) Magnetic resonance imag-
ing follow-up study of bone bruises associated with 
anterior cruciate ligament ruptures. Arthroscopy 
17:445–449

	16.	Dejour D, Ntagiopoulos PG, Saggin PR, Panisset J-C 
(2013) The diagnostic value of clinical tests, magnetic 
resonance imaging, and instrumented laxity in the dif-
ferentiation of complete versus partial anterior cruci-
ate ligament tears. Arthroscopy 29:491–499

	17.	Di Stasi S, Hartigan EH, Snyder-Mackler L (2015) 
Sex-specific gait adaptations prior to and up to 6 
months after anterior cruciate ligament reconstruc-
tion. J Orthop Sports Phys Ther 45:207–214

	18.	Di Stasi SL, Logerstedt D, Gardinier ES, Snyder-
Mackler L (2013) Gait patterns differ between ACL-
reconstructed athletes who pass return-to-sport criteria 
and those who fail. Am J Sports Med 41:1310–1318

	19.	Dijkstra HP, Pollock N, Chakraverty R, Ardern CL 
(2017) Return to play in elite sport: a shared decision-
making process. Br J Sports Med 51:419–420

	20.	Dunn WR, Lyman S, Lincoln AE, Amoroso PJ, 
Wickiewicz T, Marx RG (2004) The effect of anterior 
cruciate ligament reconstruction on the risk of knee 
reinjury. Am J Sports Med 32:1906–1914

	21.	Erickson BJ, Harris JD, Cvetanovich GL, Bach 
BR, Bush-Joseph CA, Abrams GD et  al (2013) 
Performance and return to sport after anterior 
cruciate ligament reconstruction in male Major 
League Soccer players. Orthop J Sports Med 
1:2325967113497189

	22.	Espregueira-Mendes J, Andrade R, Leal A, Pereira H, 
Skaf A, Rodrigues-Gomes S et al (2016) Global rota-
tion has high sensitivity in ACL lesions within stress 
MRI. Knee Surg Sports Traumatol Arthrosc. https://
doi.org/10.1007/s00167-016-4281-0

	23.	Espregueira-Mendes J, Pereira H, Sevivas N, 
Passos C, Vasconcelos JC, Monteiro A et  al (2012) 
Assessment of rotatory laxity in anterior cruciate 
ligament-deficient knees using magnetic resonance 
imaging with Porto-knee testing device. Knee Surg 
Sports Traumatol Arthrosc 20:671–678

	24.	Figueroa D, Melean P, Calvo R, Vaisman A, Zilleruelo 
N, Figueroa F et al (2010) Magnetic resonance imag-
ing evaluation of the integration and maturation of 
semitendinosus-gracilis graft in anterior cruciate 
ligament reconstruction using autologous platelet 
concentrate. Arthroscopy 26:1318–1325

	25.	Filbay S, Culvenor A, Ackerman I, Russell T, 
Crossley K (2015) Quality of life in anterior cruciate 
ligament-deficient individuals: a systematic review 
and meta-analysis. Br J Sports Med 49:1033–1041

	26.	Filbay SR, Ackerman IN, Russell TG, Macri EM, 
Crossley KM (2014) Health-related quality of life 

R. Andrade et al.

https://doi.org/10.1007/s00167-016-4281-0
https://doi.org/10.1007/s00167-016-4281-0


213

after anterior cruciate ligament reconstruction: a sys-
tematic review. Am J Sports Med 42:1247–1255

	27.	Forster I, Warren-Smith C, Tew M (1989) Is the 
KT1000 knee ligament arthrometer reliable? J Bone 
Joint Surg Br 71:843–847

	28.	FH F, Herbst E (2016) Editorial commentary: the 
pivot-shift phenomenon is multifactorial. Arthroscopy 
32:1063–1064

	29.	Georgoulis AD, Papadonikolakis A, Papageorgiou 
CD, Mitsou A, Stergiou N (2003) Three-dimensional 
tibiofemoral kinematics of the anterior cruciate 
ligament-deficient and reconstructed knee during 
walking. Am J Sports Med 31:75–79

	30.	Georgoulis AD, Ristanis S, Chouliaras V, Moraiti 
C, Stergiou N (2007) Tibial rotation is not restored 
after ACL reconstruction with a hamstring graft. Clin 
Orthop Relat Res 454:89–94

	31.	Gokeler A, Benjaminse A, Van Eck C, Webster 
K, Schot L, Otten E (2013) Return of normal gait 
as an outcome measurement in acl reconstructed 
patients. A systematic review. Int J Sports Phys Ther 
8:441–451

	32.	Goodwillie AD, Shah SS, McHugh MP, Nicholas SJ 
(2017) The effect of postoperative kt-1000 arthrometer 
score on long-term outcome after anterior cruciate 
ligament reconstruction. Am J Sports Med 45:1522. 
https://doi.org/10.1177/0363546517690525

	33.	Graham G, Johnson S, Dent C, Fairclough J (1991) 
Comparison of clinical tests and the KT1000  in the 
diagnosis of anterior cruciate ligament rupture. Br J 
Sports Med 25:96–97

	34.	Grindem H, Snyder-Mackler L, Moksnes H, 
Engebretsen L, Risberg MA (2016) Simple deci-
sion rules can reduce reinjury risk by 84% after ACL 
reconstruction: the Delaware-Oslo ACL cohort study. 
Br J Sports Med 50:804–808

	35.	Hoshino Y, Kuroda R, Nagamune K, Araki D, Kubo 
S, Yamaguchi M et al (2012) Optimal measurement of 
clinical rotational test for evaluating anterior cruciate 
ligament insufficiency. Knee Surg Sports Traumatol 
Arthrosc 20:1323–1330

	36.	Hoshino Y, Kuroda R, Nagamune K, Yagi M, Mizuno 
K, Yamaguchi M et al (2007) In vivo measurement of 
the pivot-shift test in the anterior cruciate ligament–
deficient knee using an electromagnetic device. Am J 
Sports Med 35:1098–1104

	37.	Howard JS, Lembach ML, Metzler AV, Johnson DL 
(2016) Rates and determinants of return to play after 
anterior cruciate ligament reconstruction in National 
Collegiate Athletic Association Division I soccer ath-
letes: a study of the Southeastern Conference. Am J 
Sports Med 44:433–439

	38.	Keene GC, Bickerstaff D, Rae PJ, Paterson RS (1993) 
The natural history of meniscal tears in anterior 
cruciate ligament insufficiency. Am J Sports Med 
21:672–679

	39.	Kilinc BE, Kara A, Haluk Celik YO, Camur S (2016) 
Evaluation of the accuracy of Lachman and Anterior 
Drawer Tests with KT1000 ın the follow-up of 

anterior cruciate ligament surgery. J Exerc Rehabil  
12:363

	40.	Kim S-J, Kim T-E, Lee D-H, K-S O (2008) Anterior 
cruciate ligament reconstruction in patients who 
have excessive joint laxity. J Bone Joint Surg Am 
90:735–741

	41.	Kopf S, Kauert R, Halfpaap J, Jung T, Becker R (2012) 
A new quantitative method for pivot shift grading. 
Knee Surg Sports Traumatol Arthrosc 20:718–723

	42.	Kuroda R, Hoshino Y (2016) Electromagnetic track-
ing of the pivot-shift. Curr Rev Musculoskelet Med 
9:164–169

	43.	Kuroda R, Hoshino Y, Araki D, Nishizawa Y, 
Nagamune K, Matsumoto T et al (2012) Quantitative 
measurement of the pivot shift, reliability, and clinical 
applications. Knee Surg Sports Traumatol Arthrosc 
20:686–691

	44.	Kvist J, Ek A, Sporrstedt K, Good L (2005) Fear of 
re-injury: a hindrance for returning to sports after 
anterior cruciate ligament reconstruction. Knee Surg 
Sports Traumatol Arthrosc 13:393–397

	45.	Lai CC, Ardern CL, Feller JA, Webster KE (2017) 
Eighty-three per cent of elite athletes return to prein-
jury sport after anterior cruciate ligament reconstruc-
tion: a systematic review with meta-analysis of return 
to sport rates, graft rupture rates and performance 
outcomes. Br J Sports Med. https://doi.org/10.1136/
bjsports-2016-096836

	46.	Lopomo N, Signorelli C, Bonanzinga T, Muccioli 
GMM, Visani A, Zaffagnini S (2012) Quantitative 
assessment of pivot-shift using inertial sensors. Knee 
Surg Sports Traumatol Arthrosc 20:713–717

	47.	Lopomo N, Zaffagnini S, Signorelli C, Bignozzi S, 
Giordano G, Marcheggiani Muccioli GM et al (2012) 
An original clinical methodology for non-invasive 
assessment of pivot-shift test. Comput Methods 
Biomech Biomed Engin 15:1323–1328

	48.	Lorbach O, Brockmeyer M, Kieb M, Zerbe T, Pape 
D, Seil R (2012) Objective measurement devices 
to assess static rotational knee laxity: focus on the 
Rotameter. Knee Surg Sports Traumatol Arthrosc 
20:639–644

	49.	Lorbach O, Kieb M, Brogard P, Maas S, Pape D, Seil 
R (2012) Static rotational and sagittal knee laxity 
measurements after reconstruction of the anterior cru-
ciate ligament. Knee Surg Sports Traumatol Arthrosc 
20:844–850

	50.	Lorbach O, Wilmes P, Maas S, Zerbe T, Busch 
L, Kohn D et  al (2009) A non-invasive device to 
objectively measure tibial rotation: verification of 
the device. Knee Surg Sports Traumatol Arthrosc 
17:756–762

	51.	Lorbach O, Wilmes P, Theisen D, Brockmeyer M, 
Maas S, Kohn D et  al (2009) Reliability testing of 
a new device to measure tibial rotation. Knee Surg 
Sports Traumatol Arthrosc 17:920–926

	52.	Lynch AD, Logerstedt DS, Grindem H, Eitzen I, 
Hicks GE, Axe MJ et al (2015) Consensus criteria for 
defining ‘successful outcome’ after ACL injury and 

17  MRI-Based Laxity Measurement for Return to Play

https://doi.org/10.1177/0363546517690525
https://doi.org/10.1136/bjsports-2016-096836
https://doi.org/10.1136/bjsports-2016-096836


214

reconstruction: a Delaware-Oslo ACL cohort investi-
gation. Br J Sports Med 49:335–342

	53.	Maeyama A, Hoshino Y, Debandi A, Kato Y, Saeki K, 
Asai S et al (2011) Evaluation of rotational instability 
in the anterior cruciate ligament deficient knee using 
triaxial accelerometer: a biomechanical model in por-
cine knees. Knee Surg Sports Traumatol Arthrosc 
19:1233–1238

	54.	Matsushita T, Oka S, Nagamune K, Matsumoto T, 
Nishizawa Y, Hoshino Y et al (2013) Differences in 
knee kinematics between awake and anesthetized 
patients during the Lachman and pivot-shift tests for 
anterior cruciate ligament deficiency. Orthop J Sports 
Med 1:2325967113487855

	55.	McCullough KA, Phelps KD, Spindler KP, Matava 
MJ, Dunn WR, Parker RD et  al (2012) Return to 
high school–and college-level football after ante-
rior cruciate ligament reconstruction: a Multicenter 
Orthopaedic Outcomes Network (MOON) cohort 
study. Am J Sports Med 40:2523–2529

	56.	Meuffels DE, Poldervaart MT, Diercks RL, Fievez 
AW, Patt TW, CPvd H et  al (2012) Guideline on 
anterior cruciate ligament injury: a multidisciplinary 
review by the Dutch Orthopaedic Association. Acta 
Orthop 83:379–386

	57.	Mouton C, Seil R, Agostinis H, Maas S, Theisen D 
(2012) Influence of individual characteristics on static 
rotational knee laxity using the Rotameter. Knee Surg 
Sports Traumatol Arthrosc 20:645–651

	58.	Musahl V, Griffith C, Irrgang JJ, Hoshino Y, Kuroda 
R, Lopomo N et al (2016) Validation of quantitative 
measures of rotatory knee laxity. Am J Sports Med 
44:2393–2398

	59.	Musahl V, Hoshino Y, Ahlden M, Araujo P, Irrgang 
JJ, Zaffagnini S et al (2012) The pivot shift: a global 
user guide. Knee Surg Sports Traumatol Arthrosc 
20:724–731

	60.	Musahl V, Voos J, O’Loughlin PF, Stueber V, Kendoff 
D, Pearle AD (2010) Mechanized pivot shift test 
achieves greater accuracy than manual pivot shift test. 
Knee Surg Sports Traumatol Arthrosc 18:1208–1213

	61.	Myklebust G, Bahr R, Nilstad A, Steffen K (2017) 
Knee function among elite handball and football play-
ers 1‐6 years after anterior cruciate ligament injury. 
Scand J Med Sci Sports 27:545–553

	62.	Nagelli CV, Hewett TE (2017) Should return to sport 
be delayed until 2 years after anterior cruciate liga-
ment reconstruction? Biological and functional con-
siderations. Sports Med 47:221–232

	63.	Nawasreh Z, Logerstedt D, Cummer K, Axe MJ, 
Risberg MA, Snyder-Mackler L (2016) Do patients 
failing return-to-activity criteria at 6 months after 
anterior cruciate ligament reconstruction continue 
demonstrating deficits at 2 years? Am J Sports Med 
45:1037–1048

	64.	Noojin FK, Barrett GR, Hartzog CW, Nash CR (2000) 
Clinical comparison of intraarticular anterior cruciate 
ligament reconstruction using autogenous semitendi-

nosus and gracilis tendons in men versus women. Am 
J Sports Med 28:783–789

	65.	Park HS, Wilson NA, Zhang LQ (2008) Gender dif-
ferences in passive knee biomechanical properties in 
tibial rotation. J Orthop Res 26:937–944

	66.	Pereira H, Fernandes M, Pereira R, Jones H, 
Vasconcelos J, Oliveira JM et al (2015) Anterior cruci-
ate ligament injuries identifiable for pre-participation 
imagiological analysis: risk factors. In: Doral MN, 
Karlsson J (eds) Sports injuries: prevention, diagno-
sis, treatment and rehabilitation. Springer, New York, 
NY, pp 1–15

	67.	Pereira H, Gomes S, Vasconcelos JC, Soares L, 
Pereira R, Oliveira JM et al (2017) MRI laxity assess-
ment. In: Musahl V, Karlsson J, Kuroda R, Zaffagnini 
S (eds) Rotatory knee instability. Springer, New York, 
NY, pp 49–61

	68.	Pereira H, Sevivas N, Pereira R, Monteiro A, Oliveira 
JM, Reis R et  al (2012) New tools for diagnosis, 
assessment of surgical outcome and follow-up. In: 
Hermoso JAH, Monllau JC (eds) Lesiones ligamen-
tosas de la rodilla. Marge Medica Books, Valencia, 
pp 185–197

	69.	Rahnemai-Azar AA, Naendrup J-H, Soni A, Olsen A, 
Zlotnicki J, Musahl V (2016) Knee instability scores 
for ACL reconstruction. Curr Rev Musculoskelet Med 
9:170–177

	70.	Ramesh R, Von Arx O, Azzopardi T, Schranz P 
(2005) The risk of anterior cruciate ligament rupture 
with generalised joint laxity. J Bone Joint Surg Br 
87:800–803

	71.	Roewer BD, Di Stasi SL, Snyder-Mackler L (2011) 
Quadriceps strength and weight acceptance strategies 
continue to improve two years after anterior cruciate 
ligament reconstruction. J Biomech 44:1948–1953

	72.	Rohman EM, Macalena JA (2016) Anterior cruciate 
ligament assessment using arthrometry and stress 
imaging. Curr Rev Musculoskelet Med 9:130–138

	73.	Samitier G, Marcano AI, Alentorn-Geli E, Cugat R, 
Farmer KW, Moser MW (2015) Failure of anterior 
cruciate ligament reconstruction. Arch Bone Joint 
Surg 3:220

	74.	Sato K, Maeda A, Takano Y, Matsuse H, Ida H, Shiba 
N (2013) Relationship between static anterior laxity 
using the KT-1000 and dynamic tibial rotation during 
motion in patients with anatomical anterior cruciate 
ligament reconstruction. Kurume Med J 60:1–6

	75.	Scerpella TA, Stayer TJ, Makhuli BZ (2005) 
Ligamentous laxity and non-contact anterior cru-
ciate ligament tears: a gender-based comparison. 
Orthopedics 28:656

	76.	Semay B, Rambaud A, Philippot R, Edouard P (2016) 
Evolution of the anteroposterior laxity by GnRB at 6, 
9 and 12 months post-surgical anterior cruciate liga-
ment reconstruction. Ann Phys Rehabil Med 59:e19

	77.	Sørensen OG, Larsen K, Jakobsen B, Kold S, Hansen 
T, Lind M et al (2011) The combination of radioste-
reometric analysis and the telos stress device results 

R. Andrade et al.



215

in poor precision for knee laxity measurements after 
anterior cruciate ligament reconstruction. Knee Surg 
Sports Traumatol Arthrosc 19:355–362

	78.	Sundemo D, Alentorn-Geli E, Hoshino Y, Musahl V, 
Karlsson J, Samuelsson K (2016) Objective measures 
on knee instability: dynamic tests: a review of devices 
for assessment of dynamic knee laxity through utili-
zation of the pivot shift test. Curr Rev Musculoskelet 
Med 9:148–159

	79.	Tagesson S, Öberg B, Kvist J (2015) Static and 
dynamic tibial translation before, 5 weeks after, 
and 5 years after anterior cruciate ligament recon-
struction. Knee Surg Sports Traumatol Arthrosc 23: 
3691–3697

	80.	Tashiro Y, Okazaki K, Miura H, Matsuda S, Yasunaga 
T, Hashizume M et al (2009) Quantitative assessment 
of rotatory instability after anterior cruciate ligament 
reconstruction. Am J Sports Med 37:909–916

	81.	Tashman S, Araki D (2013) Effects of anterior cruci-
ate ligament reconstruction on in vivo, dynamic knee 
function. Clin Sports Med 32:47–59

	82.	Tashman S, Collon D, Anderson K, Kolowich P, 
Anderst W (2004) Abnormal rotational knee motion 
during running after anterior cruciate ligament recon-
struction. Am J Sports Med 32:975–983

	83.	Uhorchak JM, Scoville CR, Williams GN, Arciero 
RA, Pierre PS, Taylor DC (2003) Risk factors asso-
ciated with noncontact injury of the anterior cruciate 
ligament a prospective four-year evaluation of 859 
west point cadets. Am J Sports Med 31:831–842

	84.	van Eck CF, Loopik M, van den Bekerom MP, FH 
F, Kerkhoffs GM (2013) Methods to diagnose acute 
anterior cruciate ligament rupture: a meta-analysis 
of instrumented knee laxity tests. Knee Surg Sports 
Traumatol Arthrosc 21:1989–1997

	85.	Van Grinsven S, Van Cingel R, Holla C, Van Loon 
C (2010) Evidence-based rehabilitation following 
anterior cruciate ligament reconstruction. Knee Surg 
Sports Traumatol Arthrosc 18:1128–1144

	86.	van Meer BL, Oei EH, Bierma-Zeinstra SM, van 
Arkel ER, Verhaar JA, Reijman M et  al (2014) Are 

magnetic resonance imaging recovery and laxity 
improvement possible after anterior cruciate liga-
ment rupture in nonoperative treatment? Arthroscopy 
30:1092–1099

	87.	van Melick N, van Cingel RE, Brooijmans F, Neeter 
C, van Tienen T, Hullegie W et al (2016) Evidence-
based clinical practice update: practice guidelines for 
anterior cruciate ligament rehabilitation based on a 
systematic review and multidisciplinary consensus. 
Br J Sports Med 50:1506–1515

	88.	Waldén M (2013) Return to sports after ACL recon-
struction surgery: a risk for further joint injury? 
In: Sanchis-Alfonso V, Monllau JC (eds) The 
ACL-deficient knee. Springer, New  York, NY,  
pp 183–188

	89.	Waldén M, Hägglund M, Magnusson H, Ekstrand 
J (2011) Anterior cruciate ligament injury in elite 
football: a prospective three-cohort study. Knee Surg 
Sports Traumatol Arthrosc 19:11–19

	90.	Wiggins AJ, Grandhi RK, Schneider DK, Stanfield 
D, Webster KE, Myer GD (2016) Risk of secondary 
injury in younger athletes after anterior cruciate liga-
ment reconstruction: a systematic review and meta-
analysis. Am J Sports Med 44:1861–1876

	91.	Wylie JD, Marchand LS, Burks RT (2017) Etiologic 
Factors That Lead to Failure After Primary Anterior 
Cruciate Ligament Surgery. Clin Sports Med 
36:155–172

	92.	Xergia SA, Pappas E, Zampeli F, Georgiou S, 
Georgoulis AD (2013) Asymmetries in functional 
hop tests, lower extremity kinematics, and isokinetic 
strength persist 6 to 9 months following anterior cru-
ciate ligament reconstruction. J Orthop Sports Phys 
Ther 43:154–162

	93.	Zaffagnini S, Grassi A, Muccioli GM, Tsapralis K, 
Ricci M, Bragonzoni L et  al (2014) Return to sport 
after anterior cruciate ligament reconstruction in pro-
fessional soccer players. Knee 21:731–735

	94.	Zantop T, Brucker PU, Vidal A, Zelle BA, FH F (2007) 
Intraarticular rupture pattern of the ACL. Clin Orthop 
Relat Res 454:48–53

17  MRI-Based Laxity Measurement for Return to Play


	17: MRI-Based Laxity Measurement for Return to Play
	17.1	 Introduction
	17.2	 Residual Knee Deficits After ACL Reconstruction
	17.3	 Importance of Imaging and Laxity Measurement
	17.4	 Porto-Knee Testing Device
	Top Five Evidence-Based References
	References





