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Clinical Risk Profile for a Second Anterior Cruciate Ligament Injury
in Female Soccer Players after Anterior Cruciate Ligament

Reconstruction

Background: The risk of a second anterior cruciate ligament (ACL) injury when

participating in pivoting sports after ACL reconstruction is high. Risk factors associated with

a second ACL injury are complex.
Purpose: To investigate the combinations of various clinical risk factors associated with

secondary ACL injury in female soccer players with a primary unilateral ACL reconstruction,

using Classification and Regression Tree (CART) analysis.

Study Design: Cohort study.

Methods: A total of 117 active female soccer players (mean age+SD, 20+2 years) were

included. Athletes enrolled were 1949 months after ACL reconstruction and prospectively
followed for 2 years. At baseline, all players underwent assessment of knee and ankle joint
range of motion (ROM), functional tests (postural control, hop performance, and movement
asymmetries in the lower limbs and trunk), and answered questionnaires (patient-reported
knee function, knee-related quality of life, psychological and personality factors). A clinical
prediction model utilizing CART was developed.

Results: Twenty-eight players (24%) sustained a second ACL injury (21 ipsilateral and 7

contralateral ruptures) while playing soccer. CART analysis selected 9 of 19 independent
variables associated with secondary ACL injury: the 5-jump test, knee collapse on the non-
ACL reconstructed leg in a drop vertical jump, tuck jump, Limb Symmetry Index on side hop
and the single hop for distance, side difference in ankle dorsiflexion ROM, and scores for the

questionnaires ACL-Return to Sport after Injury and the Swedish Universities Scales of



Personality traits, stress susceptibility and adventure seeking. The accuracy of the model was
89% with 100% sensitivity and 76% specificity. CART analysis indicated that the interaction
of longer jumps in the 5-jump test (>916 cm) with more side difference in ankle dorsiflexion
ROM (>2.5°) and more knee valgus collapse in the non-reconstructed knee (>—1.4 cm)
(relative risk, 4.03; 95% confidence interval, 2.21-7.36) best predicted an increased

likelihood of a second ACL injury.
Conclusions: The risk profiles selected by CART could accurately identify female soccer

players at high risk for a second ACL injury. There was an interaction between functional
performance, clinical assessment, and psychological factors, and it is reasonable to include

these factors in return-to-sport decisions and in athletes screening after ACL injury.

What is known about the subject

Anterior cruciate ligament (ACL) injury is a severe and common injury in female soccer
players. Return to sport is an important clinical outcome after ACL reconstruction (ACLR).
However, the risk of sustaining a second ACL injury is increased with a return to cutting and
pivoting sports after ACLR. Different risk factors such as young age, early return to sport,
knee valgus motion, and impaired postural control have been associated with sustaining a
second ACL injury. Previous studies evaluating risk factors to sustain a second ACL injury
have used typical statistics tools, such as logistic or Cox proportional hazard regression
analysis. Typical statistic tools cannot reveal complex interaction among various risk factors.
Risk factors associated with sustaining a second ACL injury are probably of a more complex

nature and need further investigation.



What this study adds to existing knowledge

The risk profiles selected by classification and regression tree (CART) analysis can
accurately identify female soccer players at high risk for a second ACL injury with a total
accuracy of 89%. The CART analysis showed that a second ACL injury was predicted only
through interactions between functional performance, clinical assessment, and psychological
factors. Therefore, it is reasonable to include these factors in return-to-sport decisions to
improve safe return. Moreover, continuous follow-up assessments should be performed in

female soccer players after ACLR.

INTRODUCTION

Anterior cruciate ligament (ACL) injuries are common in female soccer players, and
women have a 2- to 3-fold higher injury risk than men.*® Injury prevention exercise programs
in the high-risk group of female soccer players have focused on plyometric exercises, postural
control, lower limb motor control, and lower limb and core strengthening.’? These programs
target proposed intrinsic risk factors, such as biomechanical and neuromuscular deficits, by
training in landing technique, knee control (i.e., avoiding knee valgus motion), postural
control, lower limb and core strengthening.” A summary of a meta-analysis showed a 67%

ACL injury reduction rate for non-contact injuries in females after using such programs.>?

Unfortunately, a high proportion of female soccer players sustain not only a first ACL
injury but also a second ACL injury. The rate of secondary ACL injury is as high as 25%—
35% within 2—10 years after ACL reconstruction (ACLR) in younger athletes.® !7-3%4°
Secondary prevention of ACL injury after ACLR is important because of the negative
consequences of ACL injury both in the short and long term. Thus, risk factors associated

with sustaining a second ACL injury must be investigated.*’
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Proposed risk factors for a second ACL injury include young age at first injury,® 16254851,

54 return to cutting and pivoting sports,>® 17-3% 51,54

early return to sport after primary
ACLR,% 118 impaired postural control,* and reduced hip and knee control during landing
measured with three-dimensional analysis.*’ The association between athletes’ functional
performance, evaluated with different clinical test batteries, and the risk of sustaining a
second ACL injury need further validation.’® 3> Most of the previous studies investigating risk
factors for a second ACL injury have typically used statistical tools such as logistic or Cox
proportional hazard regression analysis, however the risk factors associated with ACL injury
are more complex, and injuries do not arise from a linear combination of isolated predictive
factors.” Many different factors such as age, sex, functional performance, psychological
factors, social/contextual factors, and surgical factors probably affect the outcome.” To
uncover this complex nature of risk factors, a complex systems approach is necessary.
Classification and regression tree (CART) analysis allows the identification of non-linear
interactions among predictors and makes clinical use of these interactions. To our knowledge,

CART analysis has previously been used only in one study investigating risk factors for a

second ACL injury.?’

The aim of this study was to investigate the combinations of various clinical risk factors, by
means of CART analysis, that are associated with secondary ACL injury in female soccer

players after a primary unilateral ACLR.

MATERIALS AND METHODS

Design

This is a prospective cohort study on different interactions between factors associated with

a second ACL injury in female soccer players with a previous ACLR.



Participants

Those meeting inclusion criteria were active female soccer players, aged 16-25 years at the
time of selection, who had undergone one primary ACLR between 6 and 36 months before
the onset of the study and had returned to soccer at any level. A total of 117 female soccer
players (mean age+standard deviation [SD], 20+2 years, 19+9 months after ACLR) were
included. The players were recruited from the Swedish National Knee Ligament Register
(SNKLR)?” and via local soccer leagues to capture players with ACLR who were not
registered in the SNKLR (Figure 1). All players were included in the study at the same time
point in the soccer pre-season (January—April 2013, 2014, and 2015). Players who had already
sustained a second ACL injury, had surgically treated injuries to either the medial or lateral
collateral ligament, and/or with an associated posterior cruciate ligament injury were
excluded. All players received written and oral information about the study. The study was
approved by the Swedish Ethical Review Authority (Dnr 2012/24-31 and 2013/75-32) and the
SNKLR board. For a detailed description of the inclusion procedure, see previously published

data 15,17

Total of 550 players approached;
534 players registered in the
Swedish National Knee Ligament
Register and 16 players recruited
from soccer clubs

Excluded
No response, n = 175
Declined, n =13

\ 4

\4

362 answered the questionnaires

(response rate 66%)
Excluded

Not currently playing soccer, n = 168
Not soccer players, n = 22
Re-rupture or revision ACLR, n =20
Bilateral ACL injury, n = 20

v

\4

Lost to follow-up
Declined,n=15
Being abroad, n =1
No response, n =9

Currently playing soccer
n=132

A 4

\4

Included
Female soccer
players with ACL-
reconstruction,
n=117




Figure 1. Study flowchart. ACL, anterior cruciate ligament; ACLR, anterior cruciate ligament

reconstruction.

Procedure

At baseline, all players completed questionnaires, were assessed by clinical measurement,
and performed functional performance tests. All questionnaires and tests are summarized in
the Supplemental Appendix described in detail in previously published data.'>!7 Surgical data
were collected from SNKLR. Player-reported data were obtained through a battery of
questionnaires evaluating knee function, knee-related quality of life and psychological
readiness; the Knee injury and Osteoarthritis Outcome score (KOOS),* International Knee
Documentation Committee Subjective Knee Evaluation Form (IKDC),?2* ACL-Quality of
Life (ACL-QoL),*! and ACL-Return to Sport after Injury (ACL-RSI).?% 3 Personality was

assessed with the Swedish Universities Scales of Personality (SSP),%

which comprises 91
questions that highlight 13 stable personality traits (somatic anxiety, psychic anxiety, stress
susceptibility, lack of assertiveness, impulsiveness, adventure seeking, detachment, social
desirability, embitterment, trait irritability, mistrust, verbal trait aggression, and physical trait
aggression). The score is summarized for each personality trait and computed into a
normative standard T score. The T score is constructed to have a mean of 50 and an SD of 10,
and values >50 indicate higher levels of the personality traits. Perfectionism in sports
(considered an enduring personality trait)?! was assessed with the Sport Multidimensional
Perfectionism Scale (SMPS).!! It consists of 30 statements, divided into 4 dimensions of
"perfectionism" in sport. Each statement has 5 possible answers from 1 = strongly disagree to

5 = absolutely agree. Sub-statements give an average value (1-5) with higher scores

indicating a high degree of perfectionism.



All measurements of anthropometrics and functional performance tests were conducted in a
single test session, supervised by the same experienced test leader (A.F.), and according to a
test protocol following a standard order: (1) height; (2) weight; (3) ankle range of motion
(ROM) in a weight-bearing position using a goniometer;? (4) knee ROM measured in the
supine position using a goniometer; (4) the Star Excursion Balance Test (SEBT);** (5) the
single hop for distance;'” (6) the 5-jump test;’ (7) the drop vertical jump (DVI);**3¢ (8) the
tuck jump;>* and (9) the side hop.!” A detailed description of the tests and test procedures

have been published previously.'®

A Limb Symmetry Index (LSI) was calculated ([ACL — reconstructed limb/uninvolved
limb] % 100) and used as a variable for the SEBT, single hop for distance, and side hop. The
DV], tuck jump, and side hop were filmed using 2 video cameras (Panasonic HC-V500M) in
the sagittal and frontal planes. Knee motion (medial/valgus or lateral/varus knee
displacement) was measured with motion analysis software Dartfish ProSuite (Dartfish Ltd,
Fribourg, Switzerland) from the captured video films. Knee motion was calculated in
centimeters as the frontal plane displacement of the knee from the initial contact (when the
feet just touched the ground) to the end of the deceleration phase (deepest knee flexion

position) of the DVJ 3436

Factors Included in CART Analysis

First, all authors independently rated which factors (from a total of 119 variables available
from the baseline evaluation; Supplemental Appendix) they considered most important and
clinically relevant to be included in the analysis based on literature review and clinical
experience. The ratings were then discussed several times by the authors to achieve
consensus, and 24 preliminary factors were included in the analysis. Before running the

CART, a correlation matrix was performed within the questionnaires, and it was identified



that KOOS and IKDC were strongly correlated (r = .74, P <.0001). To avoid too many
questionnaires being included in the model and to prevent splits that could overlap each other,
the IKDC was kept in the CART analysis and the KOOS sub-scales were removed. With
regard to the SEBT, the range of distribution was identified to be around 100, meaning that
this sample did not have limb asymmetry (mean, 100; range, 92—-106). Therefore, the SEBT
was taken out of the model, and we ended up with 19 of the 24 factors included in the CART

analyses (Table 1 and Supplemental Appendix).

Follow-Up of Second ACL Injury

The players answered web-based questions on 3 occasions annually (pre-season, in-season,
and post-season) and were followed up for 2 years from baseline inclusion. Players were
asked to register any new knee injuries from playing soccer using a physical complaint
definition: “any physical complaint sustained by a player irrespective of the need for medical

attention or time-loss from soccer activities.”!?

If a player reported a new knee injury she was
contacted by telephone for further information and to confirm if it was a new ACL injury
whether it was a re-rupture or contralateral rupture. Confirmation of the diagnosis was

retrieved from medical records. Detailed descriptions of registered new knee injuries and

other injuries have been published previously for the cohort.!’

Statistical Methods

All statistical analyses were performed with IBM SPSS Statistics for Windows (v 24.0;
IBM) and OpenEpi software. Mean+SD or median and interquartile range (IQR)/range were
calculated to characterize the sample. Between-group comparisons were made with the
Student ¢ test, Mann-Whitney U test or the chi-square test as appropriate. The significance
level was set at P <.05. CART analysis was used to determine which interactions between
factors were associated with secondary ACL injury. Throughout binary recursive divisions of
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the initial set of data, CART selects the predictors and their respective cut-off points to
achieve the best classification regarding individuals in each category (with and without
secondary ACL injury). The predictors are selected hierarchically based on the strength of
association with the outcome variable (secondary ACL injury). For each partition, CART
analysis considers all variables to decide which one would be the best to split the parent node
in two. The CART model begins with the total sample (n=117; node 0), and it is divided in to
2 groups according to the specific variable and cut-off value. This process is applied again
(recursively) until the sub-groups reach a minimum size or no improvement can be done.
Therefore, all splits and predictors selection were done by CART, based on the analysis

criteria, and it is free from authors’ bias.

The following criteria were used to produce the partitions and, consequently, model
growth: a minimum of 8§ participants in each node to make a division, a minimum of 4
participants to generate a node,*? and a Gini index of .0001 to maximize the node’s

homogeneity. tors: We used 5-fold

cross-validation to estimate a better accuracy and improve the level of fit of the model. The
cross-validation is a resampling procedure used to evaluate machine-learning models on a
limited data sample.>? Cross-validation is a powerful preventative measure against overfitting.
The classification cost was considered symmetric between categories, and secondary ACL
injury probability was established as equal between groups. A receiver operating
characteristic (ROC) curve was created to verify the accuracy of the model and, finally,
relative risks (RR) were calculated for each terminal node of the CART model to investigate
the strength of associations. The cross-validation procedure is about estimating the accuracy,
not improving the accuracy. Meaning that with cross-validation you can improve the accuracy

of the measurement (robust analyses), but not improve the accuracy of the model.



RESULTS

Twenty-nine players (25%) sustained a second ACL injury (22 ipsilateral and 7
contralateral ruptures). All ACL injuries occurred while playing soccer except one re-rupture
of the ACL graft, which occurred during skiing and was therefore not included in the
analyses. Thus, in the final CART analysis, 28 players were included in the secondary ACL
injury group and 89 players in the group without secondary ACL injury. The reported data of
new ACL injuries during the 2-year follow-up were complete. Descriptive statistics for
demographic characteristics and the 19 predictors for the study sample are presented in Table

1.
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TABLE 1

Descriptive Demographic and 24 Independent Factors with 19 Included in the Classification
and Regression Tree (CART) Analysis of the Entire Sample, Separated into Those With and

Without Secondary ACL Injury”

Variables Total Total Sample Players with Players
Sample (n=117), Secondary ACL without
(n=117), Mean = SD Injury (n=28) Secondary P
Range or Median ACL Injury
(IQR, Range) (n=89)

Age, years 1626 202 20+3 202 .613

Height, cm 153-180 168 +5 167+5 168 +5 .641

Body mass index, kg/m? 18.2-30.9 23.0+2.6 22.7+2.5 23.1+2.7 465

Graft: all autografts 135
Hamstrings 26 (93) 88 (99)

Patellar tendon 1(4) 1(1)
Quadriceps 1(4)

Graft diameter, mm 6.0-10.0 8.0+0.6 8.1+£0.7 8.0+0.6 458
<8.0 9(32) 33(37) .635
>8.0 19 (68) 56 (63)

Fixation in tibia 122
Cortical 15 (54) 33(37)
Intratunnel fixation 13 (46) 56 (63)

Fixation in femur 336
Cortical 28 (100) 84 (94)
Intratunnel fixation 0(0) 5(6)

Presence of concomitant injuries at ACLR
Meniscus injury (medial/lateral) 15 (54) 34 (38) 151
Articular cartilage injury 3(11) 8(9) 723
Meniscus- and/or cartilage injury 15 (54) 36 (40) 222

1. Time between injury and ACLR, months 0-23 3(5,0-22) 34, 1-11) 5 (5, 0-23) .051

2. Level of play, n (%) 395

Elite (2 top divisions) 14 (12) 4 (14) 10 (11)
3rd-6th division 91 (78) 23 (82) 68 (76)
Lowest division or youth play 12 (10) 1(4) 11 (12)
3. IKDC (0-100) 53-100 84 +11 8511 8412 .588
4. ACL-RSI (0-10) 2.3-10 6.8+1.8 69+19 6.8+1.8 .898
5. ACL-QoL (0-10) 3.6-9.7 7.6+14 7.7+1.5 7614 .595
6. KOOS — Symptom (0-100) 21-100 84 +13 8610 8314 192
7. KOOS — Pain (0-100) 58-100 91+9 92 +7 90 + 10 .563
8. KOOS — Sport/Recreation (0-100) 10-100 79+ 19 82+ 16 77 +£20 246
9. KOOS - QoL (0-100) 25-100 72+17 70+ 16 72+17 459
10. SMPS - Personal Standards (1-5) 1-5 32+£09 34+0.8 32+1.0 233
11. SSP - Somatic anxiety (0-100) 34-76 52+8 52+8 52+9 774
12. SSP - Psychic anxiety (0-100) 32-77 51+£10 53+9 51+£10 363
13. SSP - Stress susceptibility (0-100) 29-85 52+10 53+9 51+£10 338
14. SSP - Impulsiveness (0—100) 28-75 51+9 51+6 51+£10 .662
15. SSP - Adventure seeking (0-100) 36-75 54+8 53+6 55+9 328
16. Ankle dorsiflexion, side difference ROM, ° —-8to5 0£2.0 0£1.5 1£2.1 .059
17. Knee extension ACLR leg, © —15to 20 -5+6 —7+4 -5+6 .044
18. LSI - single hop for distance, % 76-122 98 £8 99+9 98 £8 .630
19. LSI - side hop, % 0-139 93 +21 97+19 92 +£22 237
20. S-jump test, cm 633-1201 878 £ 98 922+ 116 865 + 88 .007
21. Tuck jumps total points (0-10) 1-9 5+2 5+2 5+2 .286
22. Knee collapse ACLR leg in DVJ, cm =790 10.7 2.7 (2, 2.8 (6, 2.7 (4, .853
-7.9 t0 10.7) —2.6 t0 10.7) —7.9t09.3)

23. Knee collapse non-ACLR leg in DVJ, cm —10 to 10.9 3.7(2, 4.5 (4, 3.5(6, 326
—10.0 to 10.9) -0.9t09) —10.0 to 10.9)

24. Normalized SEBT composite score, LSI, %” 92-106 100+ 3 100+ 2 100+ 3 .642
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“Variables in bold are included in the CART analysis. ACL, anterior cruciate ligament; ACL-QoL, ACL-quality of life;

ACLR, anterior cruciate ligament reconstruction; ACL-RSI, anterior cruciate ligament — return to sport after injury; DVJ,
drop vertical jump; IKDC, International Knee Documentation Committee Subjective Knee Form; KOOS, The Knee injury
and Osteoarthritis Outcome Score; LSI, Limb Symmetry Index; ROM, range of motion; SD, standard deviation; SEBT, Star
Excursion Balance Test; SMPS, Sport Multidimensional Perfectionism Scale; SSP, the Swedish Universities Scales of

Personality.

CART Model and Relative Risk

The classification tree identified 9 of the 19 independent variables associated with
secondary ACL injury (Figure 2). The 5-jump test was the first predictor selected by the
CART model, with a cut-off of 916 cm. In players with shorter jumps in the 5-jump test, SSP-
stress susceptibility was the second predictor (cut-off point of 44), followed by SSP-adventure
seeking (cut-off point of 53), ACL-RSI (cut-off point of 5.8), LSI on side hop (cut-off point of
97%), tuck jump (cut-off point of 7.5) and LSI on single hop for distance (cut-off point of
102%). For players who had a 5-jump test longer than the cut-off point, the model selected
side difference in ankle dorsiflexion ROM as the second predictor (cut-off point of —2.5°),
followed by knee collapse on the non-ACLR leg in DVJ (cut-off point of —1.4 cm) as the third

predictor.

The model indicated that the interactions among predictors of nodes 10, 15, and 18 were
statistically associated with secondary ACL injury in female soccer players. The interaction of
longer jumps in the 5-jump test with more side difference in ankle dorsiflexion ROM and
more knee collapse in the DVJ was best at predicting an increased likelihood of sustaining a
second ACL injury (terminal node 10). There was an interaction between physical (5-jump
test and tuck jump) and psychological factors (SPP-stress susceptibility, SPP-adventure

seeking, and ACL-RSI) in the second risk profile (terminal node 15). The third risk profile
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(terminal node 18) also showed an interaction between physical (5-jump test, LSI in side hop

and 1n single hop for distance) and psychological factors (SPP-stress susceptibility and SPP-

adventure seeking). The interactions representing the risk profiles to sustain a secondary ACL

injury and the relative risk for each terminal node and the strength of the associations of

predictors with the outcome are illustrated in Table 2.

The CART model correctly predicted 28 of the 28 players with secondary ACL injury

(100% sensitivity) and 68 of the 89 players without secondary ACL injury (76% specificity).

Therefore, the risk profiles identified encompass all injured players of the sample, meaning

that the high sensitivity of the model rules out second ACL injury if the athlete is in a

protective profile (nodes 3, 5,9, 11, 13, 16 and 17). The total correct classification was 82%,

and the area under the ROC curve (accuracy) was 0.89 (95% confidence interval, 0.82—0.94;

standard error, 0.03; P <.0001), indicating that the model’s classification was not due to

chance.

< 916.5 cm

Node 1

ACL - 84.0% (n=68)
ACL + 16.0% (n=13)

<44.4

| Node 3

ACL - 100% (n=20)
ACL + 0.0% (n=0)

< 53.2

SSP - Stress susceptibility

>44.4

ACL - 76.1% (n=89)
ACL + 23.9% (n=28)

5-jump test

<-2.50
Node 4

>916.5cm
Node 2

ACL - 58.3% (n=21)
ACL + 41.7% (n=15)

Node 5

Side difference ankle dorsiflexion ROM
‘ > -2.50

Node 6

ACL - 78.7% (n=48)
ACL + 21.3% (n=13)

ACL - 100% (n=5)
ACL + 0.0% (n=0)

ACL - 51.6% (n=16)
ACL + 48.4% (n=15)

SSP - Adventure seeking

Node 7

ACL - 65.5% (n=19)
ACL + 34.5% (n=10)

>53.2

| Node &

ACL - 90.6% (n=29)
ACL +9.4% (n=3)

Knee collapse non-ACLR leg in DVJ

<-1.4cm
Node 9

ACL - 100% (n=5)
ACL + 0.0% (n=0)

ACL-RSI LSI - side hop
=5.8 >5.8 < 96.9% > 96.9%
Node 11 Node 12 Node 13 Node14
ACL - 100% (n=6) ACL - 56.5% (n=13) ACL - 100% (n=21) ACL - 72.7% (n=8)
ACL + 0.0% (n=0) ACL + 43.5% (n=10) ACL + 0.0% (n=0) ACL +27.3% (n=3)
Tuck jump LSI - single hop
<75 > 7.5 < 102.0% > 102.0%
Node 15 Node 16 Node 17 | Node 18
o R PETTTTTPPPE et
T ACL-44.4% (n=8) & ACL - 100% (n=5) ACL - 100% (n=6) * ACL-40.0% (n=2)
+ ACL+55.6% (n=10) = ACL + 0.0% (n=0) ACL + 0.0% (n=0) = ACL +60.0% (n=3)
Ffesssssssssessssnmnnm Esssssssssennnmnnnl
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‘ Node 10

P OACL-42.3% (n=11) =
! ACL + 57.7% (n=15) :
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Figure 2. Classification and regression tree model for secondary ACL injury. The bold text in
each node (ACL-,[no secondary ACL injury], or ACL+,[secondary ACL injury])
corresponds to the predicted category. The classification profile for increased
likelihood of sustaining a secondary ACL injury (dash boxes) at the terminal node was

as follows:

Node 10; 5JT >916 cm, side difference ankle dorsiflexion ROM >-2.5°, and knee collapse in

the non-ACLR leg in DVJ >-1.4 cm.

Node 15: 5JT <916 cm, SPP-stress susceptibility >44, SPP-adventure seeking <53, ACL-RSI

>5.8 and tuck jump <7.5.

Node 18: 5JT <916 cm, SPP-stress susceptibility >44, SPP-adventure seeking >53, LSI-side

hop >97%, and LSI- single hop for distance >102%.

The classification profile for decreased likelihood of sustaining a secondary ACL injury (bold

boxes) at the terminal node was as follows:

Node 3: 5JT <916 cm and SPP-stress susceptibility <44.

Node 5: 5JT >916 cm, side difference ankle dorsiflexion ROM <-2.5°,

Node 9: 5JT >916 cm, side difference ankle dorsiflexion ROM >-2.5°, and knee collapse

non-ACLR leg in DVJ <-1.4 cm.

Node 11: 5JT <916 cm, SPP-stress susceptibility >44, SPP-adventure seeking <53, and ACL-

RSI<5.8.

Node 13: 5JT <916 cm, SPP-stress susceptibility >44, SPP- adventure seeking >53, and LSI-

side hop <97%.

Node 16: 5JT <916 cm, SPP-stress susceptibility >44, SPP-adventure seeking <53, ACL-RSI

>5.8, and tuck jump >7.5.

14



Node 17: 5JT <916 cm, SPP-stress susceptibility >44, SPP-adventure seeking >53, LSI-side

hop >97%, and LSI-single hop for distance <102%.

ACL-, no second ACL injury; ACL+, second ACL injury; ACLR, anterior cruciate ligament
reconstructed; ACL-RSI, anterior cruciate ligament-return to sport after injury; 5JT, 5-

jump test; LSI, Limb Symmetry Index.
TABLE 2

Risk Profiles (Interactions) With Increased Likelihood of Sustaining a Secondary ACL injury

From the Classification and Regression Tree (CART) model®

Risk profiles with increased likelihood of Relative risk
sustaining a secondary ACL injury (95% Confidence Interval)
Profile 1 (node 10)

S-jump test >916 cm 4.03 (2.21-7.36)

ROM dorsiflexion limb difference >2.5°
Knee collapse non-ACLR leg in DVJ >—1.4°
Profile 2 (nodel5)
5-jump test <916 cm 3.05 (1.69-5.49)
SSP-stress susceptibility >44
SSP-adventure seeking <53
ACL-RSI >5.8
Tuck jump <7.5
Profile 3 (node 18)
5-jump test <916 cm 2.68 (1.21-5.95)
SSP-stress susceptibility >44
SSP-adventure seeking >53
LSI-side hop >97%
LSI-single hop for distance >102%

ACL-RSI, anterior cruciate ligament injury-return to sport after injury; DVJ, drop vertical jump; LSI, limb symmetry index;

ROM, range of motion. SSP, the Swedish Universities Scales of Personality.
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TABLE 3

Profiles (Interactions) for Decreased Likelihood of Sustaining a Secondary ACL Injury from

the Classification and Regression Tree (CART) model”

Profiles for decreased likelihood of sustaining a
secondary ACL injury
Profile 1 (node 3)
S-jump test <916 cm
SPP-stress susceptibility <44
Profile 2 (node 5)
5-jump test >916 cm
Side difference ankle dorsiflexion ROM <-2.5°
Profile 3 (node 9)
5-jump test >916 cm
Side difference ankle dorsiflexion ROM >—2.5°
Knee collapse non-ACLR leg in DVJ <—1.4 cm
Profile 4 (node 11)
5-jump test <916 cm
SPP-stress susceptibility >44
SPP-adventure seeking <53
ACL-RSI<5.8
Profile 5 (node 13)
5-jump test <916 cm
SPP-stress susceptibility >44
SPP- adventure seeking >53
LSI-side hop <97%
Profile 6 (node 16)
5-jump test <916 cm
SPP-stress susceptibility >44
SPP-adventure seeking <53
ACL-RSI >5.8
Tuck jump >7.5
Profile 7 (node 17)
5-jump test <916 cm
SPP-stress susceptibility >44
SPP-adventure seeking >53
LSI-side hop >97%,
LSI-single hop for distance <102%

“In terminal nodes 3, 5,9, 11, 13, 16, and 17, it was not possible to calculate the relative risk because all athletes

(100%) were classified as not having a secondary ACL injury.

DISCUSSION

The main finding was that CART analysis identified 3 different risk profiles for a second
ACL injury in female soccer players with a previous ACLR. The interaction between physical
and psychological factors, with player-reported data and standard clinical measures, identified

players at high risk for second ACL injury after ACLR. Interestingly, the CART model
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revealed that a second ACL injury could not be predicted by an isolated factor, but only

through interactions among them.

It is complex to evaluate and determine whether a soccer player with ACLR has good knee
function and a low risk of sustaining a second ACL injury. The CART analysis selected 9
factors associated with second ACL injury using (a) functional tests: jump length in the 5-
jump test, knee collapse on the non-ACL reconstructed leg in the DVJ, number of flaws in the
tuck jump, LSI on side hop, and the single hop for distance; (b) clinical assessment: side
difference in ankle dorsiflexion ROM; and (c) player-reported data score for: ACL-RSI, SSP-
susceptibility, and SSP-adventure seeking. The first risk profile showed an interaction
between functional performance measured with distance hopped, qualitative assessment of
knee collapse, and side-to-side asymmetry in ankle dorsiflexion ROM. Players who had good
performance (jumped longer) on the 5-jump test (>916 cm), but more than 2.5° of
dorsiflexion ROM deficiency and presence of more knee collapse on the non-ACLR leg, had
a 4-fold risk of sustaining a second ACL injury. No previous study evaluating isolated risk
factors associated with a second ACL injury has, to our knowledge, shown any association
between the 5-jump test and second ACL injury. Ankle dorsiflexion restriction could overload
the knee joint, because a person with less dorsiflexion ROM exhibits a more erect posture
during the drop landing task.?? For an increase of 1° in ankle dorsiflexion ROM, there is a
38% decrease in the probability of sustaining a primary ACL injury in male athletes.* Female
athletes with ACLR who sustain a second ACL injury demonstrated a more rigid pattern of
movement at the ankle,*® which could be due to decreased dorsiflexion ROM. Also knee
collapse measured with DVJ could increase knee demand and the likelihood of sustaining a
second ACL injury.*® Therefore, bilateral performance tests such as the 5-jump test and DVJ

should be assessed together with clinical assessment after an ACLR.
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The other 2 risk profiles showed an interaction between physical and psychological factors.
In the second risk profile, players who had low performance (jumped shorter) on the 5-jump
test (<916 cm), had high stress susceptibility >44, low adventure seeking <53, estimate high
psychological readiness (emotions, risk appraisal, and confidence in knee function and
performance) for return to sport in ACL-RSI >5.8, and performed well in the tuck jump <7.5,
were 3 times more likely to sustain a second ACL injury. In the third risk profile, players with
low performance on the 5-jump test (<916 cm), stress susceptibility >44, high adventure
seeking >53, and performed well in the side hop with LSI >97%, and the single hop for
distance with LSI >102%, had an almost 3 times higher risk of sustaining a second ACL
injury. In agreement with our results and using a CART analysis, Paterno et al*” identified 2
risk profiles for a secondary ACL injury. Both risk profiles included physical and
psychological factors, i.e., functional performance on the triple hop for distance test in both
distances hopped and LSI, and high self-reported knee confidence. However, the only
psychological factor analyzed was self-reported knee confidence from a single question in the
KOOS quality of life sub-scale. In their model, the single most common factor in both profiles
was young age (<19 years old), a factor that we did not include in our analysis because of the
narrow age range in our cohort. In addition, female sex was identified to interact with the
other factors. These analyses show complex risk profiles for a second ACL injury that cannot
be identified with a linear approach of isolated variables as reported in most of the existing
literature evaluating risk factors.5 8 10-18.25.40,42,48,51 Baged on our results, it is reasonable to
include functional performance tests, with qualitative assessment, and psychological factors in
return-to-sport decisions but also in follow-ups after returning. Our data indicate that it is
likely to be important to continue to evaluate the physical and psychological parameters of

female soccer players with ACLR as long as they play soccer.
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The hierarchy of the predictors showed that the 5-jump test with a cut-off value of 916 cm
was the main factor associated with a second ACL injury. The most commonly used hop tests
to evaluate athletes after ACLR are single hop for distance, timed hop, triple hop for distance,
and cross-over hop for distance.>® These hop tests are performed on a single leg and
comparisons between the ACLR leg and non-ACLR leg are done to present an LSI value. The
5-jump test is proposed as a clinical alternative to evaluate lower limb explosive power in
soccer players.’ The 5-jump test does not require any sophisticated equipment, is easy to
perform, and is more similar to a running movement than single hop tests. However, it is not
possible to assess asymmetries with the 5-jump test, and our results showed the combinations
of different tests and how they are complementary. Our results also showed that a longer jump
could possibly increase stress in the knee joint and maybe put the athlete at risk. Non-linearity
and interaction between factors show us that one variable, analyzed in isolation, could not
always help us to understand injury risk. Clinicians should therefore not base their decision
about injury risk solely on single factors. In the future, the 5-jump test may be a suitable test

to include in the test battery when evaluating soccer players with ACLR.

Psychological factors had a great impact on our risk profiles. Stress susceptibility and
adventure seeking were the second and third strongest predictors in the hierarchy of the
predictors associated with secondary ACL injury. Negative life stress may influence the risk
of sustaining an injury in soccer players.** The SSP personality trait adventure seeking
(avoiding routine and needing change and action) could be associated with risk behavior and
playing style. In addition, high ACL-RSI, which was also included in the risk profile, could
indicate high-risk appraisal. Our results may strengthen the assumption that elite female
soccer players, who are at high risk of sustaining an ACL injury, may have a profile of risk
factors that includes aggressive playing style and anatomic and neuromuscular

characteristics.!? Previous studies have stressed the importance of including psychological
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factors in addition to functional factors in the evaluation of return to sport after ACLR.!*#!
For instance, a higher score on the personality trait adventure seeking is reported to be
associated with return to soccer after ACLR in females.!* The result in this study showed that
it is also important to include psychological factors such as stress susceptibility in the
evaluation of the player with an ACL injury for the association of sustaining a second ACL
injury. Stressors, such as daily hassle, negative-life-event stress, or a high level of life stress

should also be monitored over time.**

Our analyses showed that patient-reported outcomes of knee function and knee-related
quality of life were not included as factors in any risk profile for a secondary ACL injury,
which is in agreement with Paterno et al.’” However, patient-reported outcomes are important
to evaluate clinical progress during rehabilitation, as well as in return-to-sport criteria,

because of its association with return-to sport outcome.?’

Other factors that were not included in a risk profile for a secondary ACL injury in the
CART analysis were level of play and time between injury and ACLR. This is in contrast to
the results of a previous study using Cox proportional hazard regression analysis, which
reported that having ACLR early after the primary injury was predictive of revision and
contralateral ACLR.!'® To our knowledge, no study has reported this as a higher risk for a

second ACL injury depending on playing level.

There were 7 low-risk profiles associated with no second ACL injury. Five of the profiles
had shorter jumps on the 5-jump test with interaction of low or high stress susceptibility, and
low or high adventure seeking. The 2 profiles with longer jumps in the 5-jump test had
interactions with side difference ankle dorsiflexion ROM and less knee collapse on the non-
ACLR leg. There was an interaction between physical and psychological factors, similar to
the identified risk profiles. It is just as important to discuss low-risk players as it is to find
high-risk players. In the future, additional efforts could be on evaluating health factors.
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Our results should be interpreted with awareness that the study included an extremely high-
risk group for a second ACL injury, young female soccer players with ACLR.> 8 16.17.25,39,48,
51,54 Thus, the risk profile may differ in other populations. There are conflicting results on
whether women in general are more prone to sustain a secondary ACL than men.*> However,
Ahldén et al' reported that over a 5-year period after primary ACLR, the total additional
ACLR rate for women who played soccer aged 15—18 years was 22% compared with only
9.8% for men of the same age. The generalizability of our findings to male soccer players, to
athletes in other sports, or to inactive or older persons is unclear. The CART model is sample

dependent, as any other statistics, and external validity is thus an important issue to consider.

In addition, the cut-offs in the identified risk profiles are created by the CART and should
be interpreted with caution in the clinic. However, in clinical practice, it is important to
evaluate the interactions of factors. Our results could help clinicians to decide which factors
are important to assess in their players if the aim is to identify the risk for a second ACL
injury.

The strengths of the present study include the homogeneous cohort of female soccer players
with ACLR, the prospective design with verification of all new ACL injuries from medical
charts, and no missing data. Another strength is the breadth of factors included in the CART
analysis, with extensive questionnaires evaluating injury characteristics, psychological
aspects, player-reported function and quality of life, anthropometrics measurements, and
functional performance tests evaluating postural control, endurance, maximum hop length,
and movement asymmetries. All factors were agreed on by the experienced authors, based on
current evidence and clinical meaningfulness, before inclusion in the CART model. The

model had good accuracy with a total accuracy of 89%.

Some limitations should be acknowledged. This was a relatively small sample with a small
number of second ACL injuries. Therefore, both ipsilateral and contralateral ACL injuries
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were analyzed together, and we could not study specific interactions of predictor variables for
each outcome. A higher sample size could have identified other subgroups and augmented the
external validity of those found in this study. The lack of an a priori sample size calculation is
a limitation, although the high accuracy of the CART model suggests our included sample

was sufficient for the main analyses.

CONCLUSIONS

The risk profiles identified by CART showed that interactions between functional
performance tests, clinical assessment, and psychological factors could accurately classify
female soccer players at high risk of sustaining a second ACL injury. Based on our findings,
the recommendation is to include functional performance tests, with qualitative assessment,
clinical assessment, and psychological factors in return-to-sport decisions, but also include

continuous follow-up assessments as long as the females with ACLR play soccer.
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Supplementary Appendix. All factors collected at baseline and the 24 selected independent factors
(bolded and numbered 1-24) with finally 19 included (KOOS and SEBT were removed) in the
Classification and Regression Tree (CART) analysis.

1. Time between primary injury and surgery (months)

2. Playing level categories; Elite (2 top divisions), 3-6th division, lowest division or youth play

3. IKDC score (0-100)

4. ACL-RSI (0-10)

5. ACL — Quality of Life (0-10)

(6.) KOOS — Symptom (0-100)

(7.) KOOS — Pain (0-100)

(8.) KOOS — Sport/Recreation (0-100)

(9.) KOOS — Quality of Life (0-100)

10. SMPS — Personal Standards (0-5)

11. SSP — Somatic anxiety (T-score 0-100, The normal range is T-score 40-60)

12. SSP — Psychic anxiety (T-score 0-100, The normal range is T-score 40—60)

13. SSP — Stress susceptibility (T-score 0-100, The normal range is T-score 40—60)

14. SSP — Impulsiveness (T-score 0-100, The normal range is T-score 40-60)

15. SSP — Adventure seeking (T-score 0-100, The normal range is T-score 40—60)

16. Ankle dorsiflexion ROM, side difference (°)

17. Knee extension ACLR leg (°)

18. LSI — single hop for distance (%)

19. LSI - side hop (%)

20. 5-jump test (cm)

21. Tuck Jumps total points (0-10)

22. Knee collapse ACLR leg (cm) measured with Drop vertical jump

23. Knee collapse non ACLR leg (cm) measured with Drop Vertical jump

(24.) Normalized SEBT composite score max LSI (ACLR (non ACLR leg)

Other factors collected at inclusion and not included in CART analyses

Anthropometrics

Height

Weight

BMI (at testing occasion)

Profession- Work/student

Smoking- yes/no

Heredity for ACL injury, yes or no

Age at testing (inclusion)

Age at primary injury

Age at primary surgery

Beighton

Alignment, varus, valgus or neutral

Lachman - yes/no (soft/hard)

Pivot shift- negative or positive

Dorsiflexion foot (°) (ACLR leg)

Dorsiflexion foot (°) (non ACLR leg)

Extension knee (°) (ACLR leg)




Extension knee (°) (non ACLR leg)

Flexion knee (°) (ACLR leg)

Flexion knee (°) (non ACLR leg)

Oedema, yes/no

MCL- 0-2, 3-5, >5mm

LCL- 0-2, 3-5, >5mm

Palpation- pain or not

McMurrey 's- pain or not

Tibia length

Leg length

KT1000 20lb

KT1000 Manuel max

Surgical and injury factors

Graft (primary)

ACL diameter (0-15 mm)

Fixation in tibia

Fixation in tibia (type) cortical suspension devices/ intratunnel fixation

Fixation in femur

Fixation in femur (type) cortical suspension devices

Meniscus injury at primary ACLR

Meniscus surgically treated

Repair/suture medial

Repair/suture lateral

Cartilage injury at ACLR

Meniscus- and/or cartilage injury

Cartilage surgically treated

Graft - categories

Primary ACLR in dominant leg

Reconstructed knee (primary)

Injury mechanism, contact/no contact (primary)

Physiotherapy before primary ACLR, yes or no

Physiotherapy treatment preoperative time 4 categories (< 3 months, 3-6 months, 6-9 months, >9
months)

Physiotherapy after primary ACLR, yes or no

Physiotherapy treatment post time 3 categories (0-6 months, 6-9 months, >9 months)

Soccer and activity factors

Playing position

Dominant leg (kicking leg)

Risk appraisal before injury, 1-avoided risks at any price, 4- often took deliberate risks

Risk appraisal current, ranking on a scale 1-4; 1-avoided risks at any price 4- often took deliberate risks

Reason to play football before injury (To win, Have fun, Practice/prepare for competition, Help the
team/health reasons/other reasons)

Current reason to play football (To win, Have fun, Practice/prepare for competition, Help the
team/health reasons/other reasons)

Satisfaction with performance (football) on a scale ranging from 1 (not satisfied at all) to 10 (very
satisfied)




Training sessions per week (football)

Match sessions per week (football)

Other sports, yes or no

Other sports - what sport?

Training/week (other sports)

Satisfaction with current activity level on a scale ranging from 1 (not satisfied at all) to 10 (very
satisfied)

Months to return to full training after ACLR

Months to return to match after ACLR

Time from return to full training with the team at baseline, months

Orthosis during soccer play?

Playing level compared to before ACL injury

Do you feel limited when playing football after the ACLR, yes/no

Can you perform at the same level as before the ACL injury, yes/no

Other injury that causes any inconvenience

Other injury that causes any inconvenience comments

Previous ankle injury, yes/no

Problems/pain after previous ankle injury, yes/no

Previous ankle injury categories yes/no

Questionnaires

Motivation 1. How important was it for you to return to your previous activity level? 1-10

2. Did you think that it was possible for you to return to your previous activity level? 1-10

3. How much were you willing to invest to return to your previous activity level? 1-10

KOOS - ADL

Knee function satisfaction — graded as delighted, pleased, mostly satisfied, mixed, mostly dissatisfied,
unhappy and terrible

SMPS - Concern Over Mistakes (COM)

SMPS - Perceived Parental Pressure (PPP)

SMPS - Perceived Coach Pressure (PCP)

SSP - Lack of assertiveness

SSP - Detachment

SSP - Social desirability

SSP - Embitterment

SSP - Trait irritability

SSP - Mistrust

SSP - Verbal trait aggression

SSP - Physical trait aggression

Functional performance tests

Normalized SEBT Anterior — Side difference (cm) between ACLR-non ACLR leg

The single hop for distance (ACLR and non ACLR leg)

Side hop (ACLR and non ACLR leg )

Probability of High Knee Abduction Moment (ACLR leg)

Probability of High Knee Abduction Moment (non ACLR leg)
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