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Background: Anterior cruciate ligament (ACL) injuries represent a significant burden to rugby players. Improving our
understanding of the patterns and biomechanics that result in ACL injury may aid in the design of effective prevention programs.

Purpose: To describe, using video analysis, the mechanisms, situational patterns, and biomechanics of ACL injuries in profes-
sional rugby matches. Further aims were to document injuries according to pitch location and timing within the match.

Study Design: Case series; Level of evidence, 4.

Methods: A total of 62 ACL injuries were identified in players of the 4 most important rugby leagues across 4 consecutive seasons.
We analyzed 57 (92%) injury videos for injury mechanism and situational patterns; biomechanical analysis was performed on
indirect and noncontact ACL injuries only (38 cases available). Three reviewers independently evaluated each video.

Results: More injuries occurred while attacking than defending (41 [72%] vs 16 [28%]; P < .01). Regarding mechanism, 18 (32%)
injuries were direct contact; 15 (26%), indirect contact; and 24 (42%), noncontact. Most direct contact injuries involved being
tackled directly to the knee (n = 10). Three situational patterns were identified for players who had a noncontact or indirect contact
injury: offensive change of direction (COD) (n = 18), being tackled (n = 10), and pressing/tackling (n = 8). Injuries generally involved
a knee-loading strategy in the sagittal plane, which was accompanied by knee valgus loading in most cases (94%). Overall, 73% of
injuries occurred during the first 40 minutes of effective playing time.

Conclusion: Most ACL injuries in professional male rugby players happened through a noncontact or indirect contact mechanism
(68%). Three situational patterns were described, including offensive change of direction, being tackled, and pressing/tackling.
Biomechanical analysis confirmed a multiplanar mechanism, with a knee-loading pattern in the sagittal plane accompanied by
dynamic valgus. As most injuries occurred in the first 40 minutes, accumulated fatigue appears not to be a major risk factor for ACL
injury.
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Anterior cruciate ligament (ACL) injury is a severe and
concerning health issue for the professional rugby player,
causing long layoff time.'? Knee injuries constitute the
highest injury burden within professional rugby,'? with
ACL injuries accounting for 29% of days missed.'? Although
most players (~90%) return to play after ACL reconstruc-
tion,®® the high injury burden and the risk of subsequent
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injury®® are serious concerns, emphasizing the importance
of reducing ACL injury incidence.

Understanding the mechanisms and situations that lead
to ACL injuries is essential for the effective design of specific
exercise programs to reduce ACL injury incidence.?*
Although many approaches are available to support an
increased understanding of ACL injury mechanisms (ie,
cadaveric studies, laboratory investigations, mathematical
modeling studies),® video analysis can offer a valid tool to
investigate playing situations preceding and during injuries.
Several video analysis studies have been undertaken across
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different sports.’ Regarding rugby, just one study has been
published to date.2” Despite a well-designed study, there is a
need to reproduce these findings in a larger cohort of injured
players. Furthermore, there are inconsistencies concerning
the timing of ACL injuries, in which the higher incidence
late in the match is contrary to existing evidence for ACL
injuries.>713:15:18:38 Aqditionally, there is a need to describe
the situational patterns that lead to ACL injuries in a larger
cohort and a greater need to clarify the biomechanics with
consistent methodology during these situational patterns.

The purpose of this study was to describe, in a larger
cohort of professional rugby players, the mechanisms, sit-
uational patterns, and biomechanics related to ACL
injury. An additional purpose was to document the distri-
bution of ACL injuries across the match and pitch
location.?”

METHODS
Injury Identification

A systematic search of online database resources was per-
formed across 4 seasons (between 2015-2016 and 2018-2019
[until December 2018]) to identify ACL injuries occurring
during matches in players of Super Rugby, Premiership,
Top 14, and Pro 12/14. A total of 2163 matches were played
in the considered time frame. To identify ACL injuries, each
season and team roster were extracted from online data-
bases and single-team websites, according to a previously
adopted methodology?” in the other existing study on rugby
players. Second, the same systematic single-player
approach was used for additional data sources, including
national and local media, to look for injuries that may have
been missed. Finally, an injury was included only when we
were able to track an official communication of the medical
staff of the team stating the nature of the ACL injury
incurred by the player.

Video Extraction and Processing

Match videos were obtained from an online digital platform
(Stats Perform). Videos were then downloaded and cut
using Windows Movie Maker (Microsoft Corp). Each ACL
injury video was cut to approximately 12 to 15 seconds
before and 3 to 5 seconds after the estimated injury frame
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to accurately evaluate the playing situation that preceded
the injury and injury mechanism.

Video Evaluation

Videos were reviewed and evaluated independently by
3 reviewers: 1 orthopaedic surgeon (A.G.) and 2 sports med-
icine physicians (F.D.V. and R.F.). Evaluation was per-
formed according to 2 predetermined checklists (see
Supplemental Tables S1 and S2). Each ACL injury video
was downloaded on a personal computer, opened using an
online software (Kinovea; Kinovealnk), and analyzed using
an evaluation flow adapted from another sport.!33® Each
reviewer evaluated the original video to define the injuri-
ous situation, defensive or offensive, which was categorized
by ball possession and specific playing situation.

A series of views was then used to determine the injury
mechanism and situational pattern, which were defined
according to previous work.'® Injury mechanism was used
to define ACL injury causation, referring to the player-to-
player interaction that led to the injury. Three categories of
injury mechanism were used: noncontact, defined as an
injury occurring without any contact before or at the injury
frame; indirect contact, defined as an injury resulting from
an external force applied to the footballer but not directly to
the injured knee; and direct contact, defined as external
force directly applied to the injured knee.2® The player’s
speed was categorized as high, low, and zero on the hori-
zontal and vertical directions, as suggested by Waldén
et al.?® Running and suddenly cutting or decelerating were
categorized as high horizontal speed, whereas landing from
a clear jump was categorized as high vertical speed.

Situational patterns were used to describe the events
that led to the ACL injuries. A pattern can be divided into
a defensive or offensive situation, and this was done in the
case of a noncontact or indirect contact mechanism. A
defensive injury was defined as pressing when a player got
injured during an attempt to tackle an opponent, though a
few steps beforehand and through a purely noncontact
mechanism. Initial contact and injury frame were indepen-
dently assessed, given previous research indicating that
ACL injuries typically occur within 40 milliseconds of ini-
tial contact.'®?122 Time between initial contact and injury
frame in our analysis was 45 + 3 milliseconds (mean + stan-
dard deviation). Among the 3 reviewers, the mean differ-
ence in estimation between initial contact and injury frame
was 3 milliseconds. The intraclass correlation coefficients
among reviewers for initial contact and injury frame
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estimations were 1 and 0.81, respectively, indicating very
good to excellent reliability.

After independent analysis, all 3 reviewers met for a
1-day comprehensive discussion about the main injury
mechanism and situational patterns. In the absence of com-
plete agreement among reviewers, problems were solved by
consensus, as in previous research.?”%®

Biomechanical Analysis

Biomechanical analysis (referring to kinematic or interseg-
mental relationships) was performed on noncontact and
indirect contact injuries if good-quality views of the frontal
and/or sagittal planes were available. Biomechanical anal-
ysis was performed at initial contact and injury frame.
When >1 view was available, composite videos were cre-
ated via manual synchronization using visual clues (eg,
initial ground contact).2” One video had 4 camera views, 6
had 3 views, 23 had 2 views, and 27 had 1 view.

Sagittal and frontal plane (trunk tilt) angles were esti-
mated using a custom-made software program (GPEM
Screen Editor; GPEM srl) to the nearest 5° at initial con-
tact and estimated injury frame. The remaining esti-
mated joint positions for the frontal and coronal planes
were recorded according to the appearance at initial con-
tact and injury frame. Foot strike at or after contact with
the ground at initial contact and injury frame was eval-
uated according to previous methodology.'®2 A checklist
of items that were evaluated is available in Supplemental
Table S2.

Injuries Distributed by Match Time and Field
Location

For each available injury video, a list of data regarding the
match time and field distribution was gathered via system-
atic web revision and video analysis (eg, pitch location of
injury). The following ACL injury information was consid-
ered: time when the ACL injury occurred (minute of the
match and match half), number of minutes played by the
ACL-injured athlete, and field location. The field location
was determined by zones with dimension calculated
(square meters) per the rugby field dimensions stated in
the official regulation (https:/laws.worldrugby.org). The
pitch was divided into 12 zones (see Supplemental Table
S4 and Figure S1).

Statistical Analysis

Continuous variables are presented as mean and standard
deviation or median (range) as appropriate according to
distribution. Discrete variables are presented as absolute
number and percentage of the total observations. The pro-
portion test was used to explore differences in the distribu-
tion of ACL injuries between match halves, and an a priori
statistically significant level of P < .05 was used. Microsoft
Excel 2016 and Stata 12 (StataCorp) were used for these
analyses.
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Total ACL injuries included
n=062

Video not available/identified
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f——————

Frontal and sagittal plane available n = 26

Only sagittal plane available n = 2

Only frontal plane available n = 10

Figure 1. Flowchart of the study. ACL, anterior cruciate
ligament.

RESULTS

A total of 62 ACL injuries were tracked and included during
matches of the Super Rugby (n = 12), Six Nations (n = 9),
Premiership (n = 10), Top 14 (n = 7), Pro12/Prol4 (n = 12),
and Champions Cup (n = 8), as well as other international
matches (n = 4). There were 36 (60%) injuries to the right
ACL and 24 (39%) injuries to the left ACL (2 were uniden-
tifiable), with 57 primary and 5 secondary ACL injuries (4
contralateral ACL injuries in previous ACL reconstruction
cases and 1 ipsilateral reinjury). A detailed study flow is
presented in Figure 1.

Injury Mechanism Analysis

Video footage was available and identifiable for injury
mechanism and situational pattern analysis in 57 cases
(92%). More injuries occurred while attacking (n = 41;
72%) than defending (n = 16; 28% [P < .01]). We categorized
18 (32%) direct contact, 15 (26%) indirect contact, and 24
(42%) noncontact injuries (Table 1).

Direct Contact Injuries

Direct contact injuries (n = 18) occurred in defensive (n = 7)
and offensive (n = 11) playing situations, with the pattern
of 10 injuries classified as being tackled, 5 as tackling, and 3
as rucking. Biomechanically, most direct contact ACL inju-
ries resulted from an external force, with valgus loading of
the knee (n = 9). Other injuries occurred because of hyper-
extension (n = 4) or significant posterior tibial force appli-
cation (n = 3) likely resulting in anterior tibial translation
(2 injuries were unclear).
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Situational Pattern of Indirect and Noncontact
Injuries

Indirect and noncontact injuries occurred more in offensive
(n = 30) than defensive (n = 9) situations. We identified 3
main situational patterns for the injuries:

TABLE 1
Analysis of Injury Mechanism (N = 57 injuries)®

Variable Results (No.)

Weather conditions Raining: yes (3), no (54); Sunny:
yes (18), no (16); Night (23)
Playing phase before injury  Offensive (41), defensive (16)
Field location of injury

Long axis of the field Zone: defensive (4), middefensive
(16), midoffensive (27),
offensive (10)
Corridor: left (11), middle (32),
right (14)
Player contact preceding injury No (28), yes (27)
If contact, where? Upper body (16), injured leg (5),
pelvis (4), pelvis + upper body
(3), pelvis + injured leg (1)
Player contact at injury frame Yes (32), no (25)
If indirect contact, where?  Upper body (9), pelvis (3), pelvis +
upper body (1), uninjured leg (1)
Direct contact (18), indirect
contact (15), noncontact (24)
1 foot (35), both feet (4)

Injured leg (39)

Short axis of the field

Injury classification

How many feet on ground
Leg loading at injury frame

Speed
Horizontal Zero (1), low (11), high (27)
Vertical Zero (29), low (7), high (3)

“See Supplemental Table S1 for video evaluation checklist.
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e Offensive change of direction (COD; n = 18) (Figure 2)
e Being tackled (n = 10) (Figure 3)
e Pressing/tackling (n = 8) (Figure 4)

The other 3 injuries did not constitute a situational pattern
and were classified as landing from a jump.

Offensive COD was the most common situational pattern
(Figure 2), accounting for nearly half of injuries without
direct knee contact (46%), and was an offensive-type injury.
Being tackled, the second-most common situational pattern
(Figure 3), accounted for nearly a quarter of injuries (26%).
Contact most commonly occurred to the upper body (n = 5),
pelvis (n = 3), or both simultaneously (n = 1). One injury
involved contact to the injured leg to a part other than the
knee.

Pressing/tackling injuries (Figure 4) accounted for just
over one-fifth (21%) of injuries, with 6 pressing-type and 2
tackling-type injuries. These injuries were defensive in
nature. In pressing, the player was injured during noncon-
tact deceleration or cutting (1 injury involved indirect con-
tact to the upper body). In tackling injuries, there was
opponent contact before or at the estimated injury frame.

Biomechanical Analysis

Biomechanical analysis was possible in 38 cases, with 26
having both images of the frontal and sagittal planes, 2
with images in only the sagittal plane, and 10 with images
in just the frontal plane. The most common intersegmental
body positions are shown in Figure 5.

All angle data are reported as median values. All in all, in
the sagittal plane at initial contact, players displayed a
relatively upright trunk (15°), an early flexed hip (40°),
shallow knee flexion (15°), and early plantarflexed ankle
(10°), with heel strike in over half (51%) of cases. In the
frontal plane at initial contact, the trunk was on slightly

Figure 2. Offensive change-of-direction injuries. Anterior and posterior views: (A, E) sidestep to deceive the player, (B, F) wide cut
with initial foot contact to the ground, (C, G) injury frame, and (D, H) loss of balance after injury.
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Figure 3. Injuries while being tackled. Indirect contact with perturbation to the upper body and lower limb: (A, E) player contact
while in possession of the ball, (B, F) initial contact of injured leg to the ground with continued contact, (C, G) injury frame, and (D, H)

loss of balance after injury.

Figure 4. Pressing injuries. Noncontact pressing injury: (A) tracking the player, (B) initial contact with the ground to press the player
with a change-of-direction movement, (C) injury frame, and (D) loss of balance after injury. Indirect contact pressing injury: (E)
tracking the player with opponent contact to the upper body, (F) initial contact of the injured leg to the ground with continued

contact, (G) injury frame, and (H) loss of balance after injury .

tilted ipsilaterally (5°), with most cases having an ipsilat-
eral tilt to the injured side (67%), with a slightly higher
tendency to be rotated toward the uninjured side (39%)
than the injured side (22%). In one-third of cases, initial
contact occurred with the trunk in neutral rotation (39%).
The hip was abducted in most cases (91%) and in neutral
(63%) or valgus (37%) knee appearance.

Regarding the injury frame, in the sagittal plane, the
trunk remained upright (10°) with the hip similarly flexed

(37.5°). The knee was more flexed than at initial contact but
still relatively straight (30°). The ankle remained plantar-
flexed (10°), and the foot was planted flat in all cases
(100%). On the frontal plane at injury frame, the trunk was
slightly more tilted ipsilaterally (10°), with the majority of
cases tilted to the injured leg (80%), and in most cases, the
trunk was rotated toward the uninjured side (78%). The hip
remained abducted in most cases (86%), and in nearly all
cases, we detected a knee valgus appearance (94%). A
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Figure 5. Common intersegmental body relationships at initial contact and injury frame in offensive change-of-direction anterior

cruciate ligament injuries. IC, initial contact; IF, injury frame.

TABLE 2
Sagittal Plane Metrics of Indirect and Noncontact Anterior Cruciate Ligament Injuries (n = 28)“

Being Tackled Pressing/Tackling Other

17.5 (20 to 5) 27.5 (50 to 5)

Variable Total Offensive COD
Flexion angle, deg®
Trunk at IC 15 (50 to —25) 15 (20 to —5)
Trunk at IF 10 (95 to —20) 10 (25 to 0)
Hip at IC 40 (65 to 20) 45 (55 to 20)
Hip at IF 37.5 (70 to 5) 45 (55 to 15)
Knee at IC 15 (50 to 0) 15 (35 to 0)
Knee at IF 30 (65 to —20) 35 (55 to 15)
Ankle at IC —10 (10 to —40) -10 (0 to —40)
Ankle at IF —10 (15 to -50) -5 (15 to —30)
Foot strike at IC
Heel 18 (51) 8 (53)
Flat 15 (43) 7 (47)
Toe 2 (6) 0 (0)
Foot strike at IF
Heel 0(0) 0(0)
Flat 34 (100) 15 (100)
Toe 0(0) 0(0)

20 (30 to —25)
17.5 (40 to —20)
37.5 (50 to 5)

25 (60 to 20)

7.5 (50 to 0)

7.5 (60 to —20)
—10 (10 to —25)

—-32.5 (15 to —-50)

4 (40)
5 (50)
1(10)

0(0)
10 (100)
0(0)

10 (10 to 5)
55 (65 to 40)
45 (70 to 20)
20 (30 to 0)

32.5 (65 to 5)
—12.5 (0 to —15)
—-15 (-10 to —25)

5(71)
2(29)
0(0)

0(0)
6 (100)
0(0)

52.5 (95 to 10)
35 (40 to 30)
27.5 (50 to 5)
15 (20 to 10)
10 (40 to —20)
—22.5 (=15 to —-30)
—-15 (0 to —30)

1(33)
1(33)
1(33)

0(0)
9 (100)
0(0)

“Data are reported as median (range) or n (%). COD, change of direction; IC, initial contact; IF, injury frame.
bPositive values indicate flexion; negative values indicate extension.

significant increase in hip internal rotation and/or adduc-
tion from initial contact to injury frame was seen in the
majority of cases (83%). A complete knee valgus collapse
occurred in 12 (34%) cases, with no collapse in 23 cases
(66%). Additional details are presented in Tables 2 and 3.

Match and Field Distribution

There was no significant difference in the number of inju-
ries that occurred during the first half of a match (n = 32;
57%) and second half (n = 24; 43%) (Figure 6A). Regarding

effective minutes played, there was a general trend for a
decrease in ACL injuries for number of minutes played dur-
ing the match. The mean time when ACL injuries occurred
was 37 minutes into the game. For the minutes effectively
played (correcting for substitutions), 73% of ACL injuries
(n = 41) occurred within the first 40 minutes of effective
time (P < .05) (Figure 6B). The mean length of time played
before the ACL injury was 28 + 21 minutes (median, 23 min-
utes). Finally, it should be noted that as many as 36% of
ACL injuries (n = 20) happened within the first 15 minutes
of gameplay. A further specification of the distribution of
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TABLE 3
Frontal and Transverse Plane Metrics of Noncontact or Indirect Contact Anterior Cruciate Ligament Injuries, Stratified by
Situational Patterns (Data on 35 Cases)®

Variable Total Offensive COD Being Tackled Pressing/Tackling Other
Trunk tilt at IC

Angle, deg? 5 (30 to —-15) 5 (30 to 0) 5 (15 to —10) 5 (20 to —15) 0 (10 to -5)

Toward injured 20 (67) 9 (69) 4(57) 6 (86) 1(33)

Neutral 6 (20) 4(31) 1(14) 0 (0) 1(33)

Toward uninjured 4 (13) 0(0) 2 (29) 1(14) 1(33)
Trunk tilt at IF

Angle, deg® 10 (25 to —20) 10 (15 to 0) 15 (25 to —10) 10 (25 to —20) 10 (25 to -5)

Toward injured 24 (80) 10 (77) 6 (86) 6 (86) 2 (67)

Neutral 3 (10) 3(23) 0(0) 0 (0) 0 (0)

Toward uninjured 3 (10) 0 (0) 1(14) 1(14) 1(33)
Trunk rotation at IC

Toward injured 8 (22) 7 (41) 1(11) 0 (0) 0 (0)

Neutral 14 (39) 6 (35) 3(33) 2 (29) 3 (100)

Toward uninjured 14 (39) 4(24) 5 (56) 5(71) 0(0)
Trunk rotation at IF

Toward injured 3(8) 1(6) 2 (22) 0(0) 0 (0)

Neutral 5(14) 3(18) 1(11) 0 (0) 1(33)

Toward uninjured 28 (78) 13 (76) 6 (67) 7 (100) 2 (67)
Frontal plane hip alignment at IC

Abduction 32 (91) 17 (100) 7 (87) 6 (86) 2 (67)

Neutral 3(9) 0 (0) 1(13) 1(14) 1(33)

Adduction 0 (0) 0 (0) 0(0) 0 (0) 0 (0)
Frontal plane hip alignment at IF

Abduction 30 (86) 16 (94) 5(63) 7 (100) 2 (67)

Neutral 5(14) 1(6) 337 0 (0) 1(33)

Adduction 0 (0) 0 (0) 0(0) 0 (0) 0 (0)
Frontal plane knee alignment at IC

Valgus 13 (37) 5(29) 337 4(57) 1(33)

Neutral 22 (63) 12 (71) 5 (63) 3(43) 2 (67)

Varus 0 (0) 0 (0) 0(0) 0 (0) 0(0)
Frontal plane knee alignment at IF

Valgus 33 (94) 17 (100) 7 (87) 7 (100) 2 (67)

Neutral 1(3) 0 (0) 0(0) 0 (0) 1(33)

Varus 1(3) 0(0) 1(13) 0 (0) 0 (0)
Foot position at IC

External 15 (49) 6 (43) 4 (57) 2 (29) 3 (100)

Neutral 11 (35) 5 (36) 2 (29) 4 (57) 0 (0)

Internal 5(16) 3(21) 1(14) 1(14) 0 (0)
Foot position at IF

External 17 (53) 7 (50) 5(63) 3(43) 2 (67)

Neutral 6 (19) 3(21) 2(25) 1(14) 0 (0)

Internal 9 (28) 4 (29) 1(12) 3 (43) 1(33)
Significant hip IR/ADD from IC to IF

Yes 29 (83) 15 (88) 6 (75) 6 (86) 2 (67)

No 6 (17) 2(12) 2(25) 1(14) 1(33)
Valgus collapse

Yes 12 (34) 5(29) 3(38) 3(29) 1(33)

No 23 (66) 12 (71) 5 (62) 4(71) 2 (67)

“Eight injuries had incomplete biomechanical data on the frontal plane. Data are reported as n (%) or median (range). ADD, adduction;
COD, change of direction; IC, initial contact; IF, injury frame; IR, internal rotation.
bPositive values indicate ipsilateral (injured); negative values indicate contralateral.

ACL injuries during the match according to the injury DISCUSSION
mechanism is presented in Supplemental Figures S7 and _ _ _
S8 . Injuries according to pitch location are provided in The most important finding of the present study is that

Supplemental Tables S3 to S4 and Figures S1 to S6. most ACL injuries in elite-level rugby occur without direct



8 Della Villa et al

Number of ACL injuries during matches
~ & o
w o
I
w |§
|, -
e -
wi
°
I
L &
[
= i
I -
-
i ow
I
- i
- b

0
1-5 610 11-15 16-20 21-25 26-30 30-35 36-39 40-45 46-50 50-55 56-60 60-65 66-70 70-75 76-80 >80

Minutes zones inside the game

-
o

Number of ACL injuries during matches

The Orthopaedic Journal of Sports Medicine

10
.
-3 e A
. 4 1
N

1-5 610 11-15 16-20 21-25 26-30 30-35 36-39 40-45 46-50 50-55 56-60 60-65 66-70 70-75 76-80 >80

"
e

o«

e

Minutes of effective game-play

Figure 6. Distribution of ACL injuries through the match for 56 cases (minutes of gameplay were unable to be determined for 1
player). A decrease in the number of ACL injuries was noted as the game progressed. Dotted lines represent the linear tendency.
Distribution of injuries according to (A) match minute/zone and (B) effective playing time (number of minutes of effective gameplay

before ACL injury). ACL, anterior cruciate ligament.

contact mechanism at injury frame (68%) but a large pro-
portion do occur by some form of indirect contact. For indi-
rect and noncontact ACL injuries, 3 main situational
patterns were identified. Furthermore, ACL injuries do not
appear to be due to accumulated fatigue during match play.

Most ACL injuries occurred while attacking (72%), a
slightly higher proportion than the 63% reported by Mon-
tgomery et al?” and much higher than that in other
research in soccer, which typically has noted more injuries
while defending than attacking.®1%183° The higher propor-
tion of offensive injuries signifies an increased risk for the
ball carrier, and is also attributed to an increased risk of
contact-type injuries. The proportion of injuries according
to contact mechanism was almost identical to that in the
other existing rugby study.?” One-third (32%) of injuries in
our study were direct contact, one-fourth (26%) were indi-
rect contact, and 42% were noncontact. Montgomery et al%’
cited 56% contact- and 42% noncontact-type injuries, with
the contact type broken down to 29% direct and 23% indi-
rect (with 2 cases unsure). The near identical nature of
injuries implies these data as likely being highly represen-
tative of ACL injury mechanisms in elite male rugby. The
proportion of direct contact ACL injuries in this study (32%)
is similar to that in Australian football (32%)'* but much
higher than that in soccer (12%-15%),'3:3% basketball
(10%),%2 and handball (5%).28 The proportion of these direct
contact ACL injuries likely relates to the level of contact
associated with rugby, classified as a collision sport.

We identified 3 main situational patterns for indirect
contact and noncontact ACL injuries: offensive COD, being
tackled, and pressing/tackling. Montgomery et al>’ noted
only 1 type of noncontact ACL injury, defined as offensive
running, with the other mechanism being a contact-based
mechanism defined as tackled, which was partially aligned
to our findings. The offensive COD pattern that we reported
is in line with Montgomery et al,2” as 8 of 11 (73%) of their
offensive running injuries involved a sidestep cut maneu-
ver. Our proportion of offensive COD injuries (30%) was

also similar to that in their study (28%). As such, it appears
that offensive COD is a high-risk situation for ACL injury
in rugby. This is particularly relevant, as the injuries were
all noncontact in nature and thus potentially preventable.
The COD technique may be effectively trained to reduce
external knee abduction moment,** and screening for the
COD technique was recently proven to be associated to ACL
injury risk in another cohort of athletes.'® As such, an
appropriate COD training technique is warranted in rugby
players, ideally starting at the academy level.

We reported an indirect contact mechanism of being
tackled but without contact to the knee. In this injury sce-
nario, contact occurred predominantly to the upper body
and/or pelvis, while the player was attacking. We identified
a similar mechanism in soccer, accounting for 20% of all
injuries.'® Furthermore, studies in other sports have noted
a perturbation-type injury. For example, in basketball®®
and more recently American football, a “perturbation-like
scenario” accounted for half of ACL injuries.?° This
mechanical perturbation in other sports is typically coupled
with a distraction immediately before injury.

Finally, we identified another situational pattern, press-
ing/tackling, which accounted for one-fifth of noncontact
and indirect injuries. This pressing-type mechanism is
common in soccer'®? and could be seen as being similar
to defensive running as indicated by Montgomery et al.2’
Pressing injuries often involve a neurocognitive perturba-
tion where the player has to change direction to attempt to
tackle a player. Most of these injuries were noncontact or
involved mechanical perturbation and may also be
preventable.

Our data support the current evidence that ACL injuries
generally occur in early knee flexion.'22:23:27.28,35 Qimilar
to another study in rugby,?” as well as research from other
sports, 13212235 we reported a high knee-loading pattern,
with limited motion at joints other than the knee. From
initial contact to injury frame, there was no change in hip
or ankle flexion but a small change in knee flexion (15°
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increase from 15° to 30°). A 30° knee angle corresponds to
high ACL loading and a vulnerable position.>?® Collec-
tively, the movement strategy in the sagittal plane would
be expected to result in excessive loading via the knee joint
in a compromised position. Tackling-based injuries with an
indirect mechanism involved considerably less knee flex-
ion, with some hyperextension injuries.

Similar to other studies, we showed that this preferential
knee-loading movement strategy that led to ACL injury
was accompanied by altered frontal and transverse plane
motions. This combined triplanar motion is also thought to
lead to ACL injury.?%2° Knee valgus and valgus-type load-
ing from initial contact to injury frame was found, as in
previous research.*®2%%4 Similarly, hip abduction was com-
mon at initial contact,'®?3% with a significant increase in
hip internal rotation and/or adduction (medial thigh
motion) from initial contact to injury frame in most cases
(83%), as in other studies.'®3® ACL injuries are thought to
be multiplanar,?®*® and these findings supports that notion
within this rugby cohort, especially for the offensive COD
situational pattern and pressing.

Similar to previous research, we noted a lateral trunk
lean on the injury frame (10°).131% A lateral trunk lean may
increase ACL loading attributed to a lateral shift of center
mass, achieving a vector line lateral to the knee joint and
causing a knee abduction moment.?? This alteration in
frontal plane motion is likely due to the high external knee
abduction moment determined by hip abduction'*?® on a
laterally oriented and planted foot position outside the base
of support. 143!

Being tackled involved larger lateral trunk excursion
from initial contact to the injury frame, while offensive
COD appeared to involve an initial lateral trunk lean at
initial contact, with a small reduction from initial contact
to the injury frame. This likely indicated an attempt to
deceive the player before COD, highlighting the perfor-
mance injury risk conundrum in noncontact ACL
injuries.'®

We noted that a valgus collapse occurred in one-third of
cases (34%). This is higher than that in elite soccer players
(8%-13%)'335 but less than in female athletes (~50%),2
who are known to have a much higher incidence of knee
valgus collapse than are males.?? Given the similar kine-
matics of rugby ACL injuries reported in this study and
another?’ to those in soccer players during match play,'®°
it is possible that a higher level of absolute loading (poten-
tially attributed to higher body mass) led to a higher rate of
collapse in this rugby cohort. A higher degree of contact in
rugby could also be thought to explain this, but we did note
a similar percentage of valgus collapse-type mechanisms
during noncontact type COD (29%) and indirect contact—
type “tackled” (38%) situational patterns.

Virtually all ACL injuries occurred in dry conditions in
our study (95%), similar to previous findings (94%-
97%).13:18:27:35 1t i5 thought that dry conditions increase the
risk of ACL injury likely because of the increased ground
friction affecting shoe-to-surface interactions.'*”

Regarding the distribution during gameplay, previous
research?’ has reported that nearly half of injuries (47%
of noncontact injuries and 42% of all injuries) occurred
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during the last 20 minutes of the rugby match. Our data
contradict these findings and indicate that accumulating
fatigue throughout the match is not a key risk factor for
injury, in agreement with research from other
sports. 2713151838 Although other authors have discussed
fatigue as a risk factor for ACL within a complex web of
determinants of risk,* it is likely that factors other than
fatigue may be more relevant to ACL injuries.

Montgomery et al?’ described a heel strike pattern as
being important in ACL injury in their cohort, which was
prevalent and appeared to be highly common in later stages
of the match. This heel strike pattern seemed to differenti-
ate between those injured in matches and the same move-
ments not resulting in injury within the laboratory setting,
similar to research in other sports.®

Regarding the minutes of effective gameplay (correcting
for substitutions), we found that over one-third of ACL inju-
ries happened in the first 15 minutes of play, and most ACL
injuries took place after a mean of 28 + 21 minutes of play. A
recent systematic review revealed that the mean playing
time for rugby players was almost 69 minutes,'” much lon-
ger than the mean time frame to ACL injuries in our cohort.
Our data suggest that high-speed actions at the beginning
of match play are the trigger of an important quota of ACL
injuries in rugby.

The main strengths of our study are as follows: (1) the
sample size, the largest to date in systematic video analysis
study of ACL injuries in rugby players; (2) the consecutive
nature of the injuries analyzed; (3) the consistent biome-
chanical analysis with the use of measurement tools of 3
independent viewers; and (4) the field and match distribu-
tion data, never presented before in a consecutive series.

The results of this study should be interpreted in light of
different limitations. First is the methodology used to iden-
tify ACL injuries, which was different from the gold stan-
dard of prospective studies with frequent contact with the
teams. Second is the use of video analysis with assessment
of biomechanics (kinematics) using video and tools, as
opposed to the gold standard model-based image-
matching technique,?* which would have allowed a precise
analysis of tibial rotations (that was not possible). However,
the video analysis method is valid®® and has been consis-
tently adopted in many studies.” Third, we looked at male
professional rugby players only, and the injury mechanism
could be different in a lower level of sports or women’s
rugby. Last, we did not have access to detailed data on
concomitant injuries, which would have allowed coupling
the injury mechanism to the knee injury pattern.

CONCLUSION

Almost 70% of ACL injuries in rugby occurred without a direct
contact at knee level, predominantly during offensive situa-
tions, and through 3 main patterns: offensive COD, being
tackled, and pressing/tackling. Biomechanically, most injuries
involved a knee-dominant loading strategy accompanied by
dynamic knee valgus. Improving the ability to maintain

*References 3, 8, 11, 13, 18, 20, 23, 28, 32, 35
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frontal and transverse plane control during COD tasks may
aid in reducing ACL injury incidence in elite rugby. Accumu-
lated fatigue does not appear to be a major risk factor for ACL
injury in rugby players, as we found that the majority (>70%)

of

ACL injuries happened within 40 minutes of gameplay.
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