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ABSTRACT
BESIER, T. F., D. G. LLOYD, T. R. ACKLAND, and J. L. COCHRANE. Anticipatory effects on knee joint loading during running
and cutting maneuverdded. Sci. Sports ExercVol. 33, No. 7, 2001, pp. 1176—-118Rurpose: To determine how unanticipated
performance of cutting maneuvers in sport affects the external loads applied to the knee joint and the potential risk for ligament injury.
Methods: A 50-Hz VICON motion analysis system was used to determine the lower limb kinematics of 11 healthy male subjects during
running and cutting tasks performed under preplanned (PP) and unanticipated (UN) conditions. Subjects performed the UN tasks in
response to a light stimulus on a target board. A kinematic model was then used in conjunction with force place data to calculate the
three-dimensional loads at the knee joRéesults: External flexion/extension moments at the knee joint were similar between PP and
UN conditions; however, the varus/valgus and internal/external rotation moments during the UN cutting tasks were up to twice the
magnitude of the moments measured during the PP condiionclusion: Cutting maneuvers performed without adequate planning
may increase the risk of noncontact knee ligament injury due to the increased external varus/valgus and internal/external rotation
moments applied to the knee. These results are probably due to the small amount of time to make appropriate postural adjustments
before performance of the task, such as the position of the foot on the ground relative to the body center of mass. Subsequently, training
for the game situation should involve drills that familiarize players with making unanticipated changes of direction. Practice sessions
should also incorporate plyometrics and should focus on better interpretation of visual cues to increase the time available to preplan
a movementKey Words: UNANTICIPATED, LIGAMENT INJURY, CUTTING, KNEE JOINT LOADS

ur previous investigation measured the external Patla et al. (19) recently showed that movement of the
loads applied to the knee joint during running, side- center of mass preceded other kinematic changes to reorient
stepping, and crossover cutting tasks in a laboratory the body when performing a sidestepping task while walk-
setting (3). Subjects were aware of the cutting maneuvers toing. Two mechanisms were chosen by the CNS to shift the
be performed before starting the approach run and couldcenter of mass toward the new direction of travel and
therefore preplan postural and movement strategies. How-included rotation of the trunk about the hips in the frontal
ever, sporting maneuvers are not always anticipated duringplane and repositioning of the foot on the ground, with the
game situations and usually occur as a sudden reaction to aatter strategy preferred in the preplanned conditions. How-
external stimulus such as avoiding another player or follow- ever, joint kinetics were not measured by Patla et al.(19), but
ing the bounce of a ball. Hence, it is likely that preplanned one might expect to see changes in both direction and
cutting maneuvers are not a true reflection of the loads magnitude of knee joint loads after a reorientation of the
applied to the knee joint during a sporting situation. The center of mass relative to the foot position on the ground.
previous investigation has provided baseline data (3) with  Therefore, the purpose of this study was to compare the
which to compare other conditions that are more likely to external loads applied to the knee joint during preplanned
represent game situations. and unanticipated running and cutting maneuvers and relate
A plethora of motor control literature exists regarding the these findings to the potential for noncontact knee ligament
central nervous system (CNS) response to both anticipatedinjury.
and unanticipated perturbation. These include reflex re-
sponses to_p_erturbanons durlng gait (6,7,9,14,22,23,25),ME.I.HODS
muscle activity after perturbations to the upper arm
(1,18,26), and the preprogrammed nature of anticipatory Subjects and experimental design. The same sub-
postural adjustments (2,4,5,11). Previous research impliesjects from our previous study volunteered for participation
that a feed-forward mechanism is used to counter expectedn this experimentN = 11). Informed consent was gained
perturbations and that anticipated postural adjustments arebefore testing to comply with the ethics committee of the

planned in detail by the CNS (2). University of Western Australia. The tasks chosen for this
experiment were the same as that performed in the previous
0195-9131/01/3307-1176/$3.00/0 study (3) and included a straight run (RUN), sidestep to 30°
MEDICINE & SCIENCE IN SPORTS & EXERCISE (S30) and 60° (S60), and a crossover cut to 30° (XOV).
Copyright © 2001 by the American College of Sports Medicine Infrared timing gates were used to monitor the approach
Received for publication October 2000. running speed (Fig. 1), which was delimited to 3.0 th-s
Accepted for publication December 2000. (~10 km-hY). All tasks were performed in a random order,
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Statistical design. All parameters previously defined
were analyzed using a three-factor analysis of variance (task
X condition X stance-phase) with repeated measures using
Datadesk® statistical software (Data Description Inc.,
Ithaca, NY). Significance was indicated with<< 0.05 and
Scheffepost hoctests were conducted to determine signif-
icant interactions and differences between task and

condition.
timing gates
RESULTS
S60 = Sidestep cut to 60° . .
530 = Sidestep cut to 30° Speed and cutting angle. The cutting tasks were all
RUN = Straight running task .
XOV = Crossover cut to 30° performed at slower task running speeds than the RUN task,

FIGURE 1—Taraet board and dait laborat ¢t ub. The lihts on th as indicated in our previous results (Fig. 2). Approach
—Target board and gait laboratory set up. The lights on the . o .
target board correspond to the desired direction of travel. Note that running speed was similar for all trials between UN and PP

these lines of travel are also marked on the floor with tape. The force ~ conditions, as indicated by the speed through the timing

plate lies at the apex of these lines. gates; therefore, the change in speed occurred throughout
the performance of the cutting maneuver. Overall, the UN
condition was performed ~0.15 m-slower than the PP

with 10 trials of each maneuver recorded, giving a total of condition @ < 0.05) (Fig. 2).

40 trials per session. However, in this current study, the  The cutting angle measured from the pelvic center during

trials were divided into preplanned (PP) and unanticipated PP and UN conditions of the RUN and XOV tasks indicated

(UN) conditions, as explained below. that similar angles were achieved regardless of anticipatory

A target board was constructed using a set of light emit- condition (Fig. 3). However, the cutting angle during the
ting diodes (LEDs) to indicate the desired task under both UN S60 condition was significantly less than the PP con-
PP and UN conditions (Fig. 1). For all PP conditions, the dition (53.2° vs 56.2°, respectivel{z < 0.001). The UN
appropriate LED on the target board was turned on at the sidestep to 30° was performed at a greater angle than the PP
beginning of the approach run. For the UN conditions an S30 condition (33.1° vs 31.5°, respectivel, < 0.001)

LED was turned on so that the subject was required to makealthough, functionally, this difference is probably not
the decision on which task to perform just before reaching important.

a force plate. The delayed illumination of the LED on the  Flexion/extension moments. External flexion mo-
target board was triggered as the subject ran through thements applied to the knee joint at WA and FPO were small
timing gates. A “control box” was made to measure and compared with those measured at PPO, with little difference
alter the delay between the timing gate trigger and LED between UN and PP conditions (Fig. 4). At PPO, the UN
illumination. This delay was determined before data collec- cutting tasks all had significantly different flexion moments
tion and altered for each individual to allow for differences compared with the PP condition. There was no significant
in reaction time. At the beginning of the testing session, this difference in flexion moments between UN and PP condi-
delay was reset so the subject did not have enough time totions during the RUN task, although the trend was for the
react to the LED and perform the task. The delay was then UN condition to produce greater flexion loads at the kriee (
reduced with each task until that subject had just enough = 0.057). A 6% increase in flexion load was found at PPO
time to correctly perform each maneuver. To obtain appro- when the S30 task was performed UR & 0.05). In
priate delay times for each individual and reduce potential contrast, the UN S60 condition produced 19% less flexion
effects of learning, subjects were required to perform a trial moment at PPO compared with the PP conditiéh <
session 1 wk before data collection. 0.001), and similarly, in the XOV task there was a 9%

Data collection and analysis. Kinematic, ground
reaction force (GRF), and kinetic data were collected using
a six-camera, 50-Hz VICON motion analysis system (Ox-
ford Metrics Ltd., Oxford, United Kingdom) and a 1200
600 mm force plate at 2000 Hz (Advanced Mechanical speea
Technology Inc., Watertown, MA) as detailed in our previ- )
ous paper (3).

As described in the previous paper (3) the three-dimen-
sional knee joint moments, knee flexion angles, were deter-
mined for the weight acceptance (WA), peak push off
(PPO), and final push off (FPO) phases of stance. Approach
running speed, task running speed, and cutting angle wergFIGURE 2—Difference in speeds maintained throughout the running

. and cutting tasks (* significant difference between preplanned and
also computed for each task (refer to ref. 3 for details of ,anticipated conditions; P < 0.05). WA, weight acceptance: PPO,
calculations). peak push off; FPO, final push off.

_ _ Initial speed through
timing gates

O Pre-planned

£l Unanticipated

S60 = Sidestep cut to 60°
530 = Sidestep cut to 30°
RUN = Straight running task
XOV = Crossover cut to 30°

RUN

Task
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Half of the subjects experienced a valgus load (valgus
group) during the PP sidestepping tasks, whereas the other

Angle 30 | O Pre-planned half of the subjects experienced a varus moment at PPO
deg) 20 | El Unanticipated (varus group). In the UN condition, the valgus group expe-
S60 = Sidestep cut to 60° . .
10 + 530 = Sidestep cut to 30° rienced 55% larger valgus moments compared with the PP
0 = RUN = Straight runuing task condition P < 0.01), whereas the varus group experienced

KOV Crossovercutto 307 a 34% reduction in the varus load compared with the PP

condition P < 0.001); i.e., there was a shift toward valgus.
S60 S30  RUN  XOV It was interesting to note that no further differences in joint
Task moments were found between these groups at any stages of
_ _ _ _ _ stance phase or during any other task.
FIGURE 3—Difference in angle attained for the running and cutting . .
tasks (* significant difference between preplanned and unanticipated Internal/external rotation moments. As with the
conditions; P < 0.01). VV moments, the IE rotation moments applied to the knee
joint during the cutting tasks increased when performed in
reduction in the external flexion load during the UN con- the UN condition compared with the PP tasks< 0.001,
dition (P < 0.001). Fig. 6). Throughout the stance phase, the RUN task did not

Varus/valgus moments. Ingeneral, the VV moments  Show any difference in external rotation moments between
increased when the tasks were performed in the UN condi- PP and UN conditions (Fig. 6).
tion compared with the PP condition (Fig. 5). External varus ~ Both sidestepping tasks had greater internal rotation mo-
loads applied to the knee during the XOV task increased ments at WA in the UN condition compared with the PP
two-fold under UN conditions compared with the PP XOV  condition (49% and 129% increase for S60 and S30, respec-
(Fig. 5). These varus loads were equivalent to 65, 140, andtively, P < 0.001). At PPO, the UN S30 task had a 29%
15 N-m at WA, PPO, and FPO, respectively, for a 75-kg greater internal rotation moment than that measured in the
person P < 0.001). Varus moments measured during the PP condition. Internal rotation moments at FPO during the
UN RUN condition also increased compared with the PP sidestepping maneuvers were less than that measured at WA
condition; however, the effect was not as large as for the and PPO. However, compared with the PP condition, there
XOV task (Fig. 5) and only significant during PPO with an Wwas a 49% and 66% increase in IE loads in the unanticipated
18% increaseR < 0.05). S60 and S30 tasks, respectiveR € 0.001).

The external valgus moments measured at WA during the  Across all stages of the stance phase, there was an in-
UN S60 and S30 tasks were 1.5 and 12.3 times the magni-Crease in the external rotation moment applied to the knee
tude of the PP conditions, respectively (Fig. 5A), which was during the XOV task when performed in the UN condition
equivalent to 39 N-m and 23 N-m for a 75-kg person. compared with the PP conditiorP (< 0.001). External
Although the magnitude of the valgus moments measured atrotation moments during the XOV increased by 90%, 519%,
FPO (Fig. 5C) were less than those measured at WA (Fig. and 38% during the UN condition at WA, PPO, and FPO,
5A) and PPO (Fig. 5B), there was still a significant increase respectively (Fig. 6).
in these moments when the sidestepping tasks were per- Knee flexion angle. There was an overall trend for
formed in the UN condition® < 0.01). knee flexion angles to increase when performing the run-

The varus/valgus moments measured at PPO for the side-ning and cutting tasks under UN conditions (Table 1). Knee
stepping tasks shifted toward valgus during the UN condi- flexion increased during the UN condition at WA for the
tions (Fig. 5B). However, as reported in the previous paper S60, S30, and RUN tasks onl (< 0.01).

(3), there were two distinct groups of subjects who experi- At PPO, knee flexion increased by 4.0°, 5.4°, 2.7°, and
enced different moments at this stage of the stance phase2.2° for the S60, S30, RUN, and XOV tasks, respectively,

A) B) Q)
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FIGURE 4—Externally applied flexion mo- 1.0 7
ments during running, sidestepping and
crossover cutting during preplanned and
unanticipated conditions (* significant dif-
ference between the preplanned and unan-
ticipated conditions; P < 0.05).
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O Pre-planned
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under the UN condition compared with the PP tadRks{ kinematics between UN and PP conditions. These included

0.001). The UN condition at FPO elicited greater knee changes in foot placement on the ground and varying
flexion angles during the S60 and S30 tasks only, with a 2° amounts of trunk lean toward the new direction of travel, as
and 1.5° increase, respectivel € 0.05). The functional  found by Patla et al. (19). Further investigation will reveal
significance of these small differences is questionable. the exact nature of these postural adjustment strategies and
their effect on external loads applied to the knee.
DISCUSSION Postural _adjustments occur when mqvements are antici-
pated and include changes in the position or movement of
The purpose of this study was to compare the external the center of gravity (2,8,19), altered muscle activation
loads applied to the knee joint during preplanned and un- timing or amplitude (2), and changes in reflex muscle acti-
anticipated running and cutting maneuvers and relate thesevation (1,14,23). In situations where movements are unan-
findings to the potential for noncontact knee ligament in- ticipated there may be little time to make appropriate pos-
jury. Previous research indicates that anticipating a move- tural adjustments. In the case of the unanticipated cutting
ment can change reflex responses and postural adjustmenttasks performed in this study, inadequate postural adjust-
to minimize the forthcoming perturbation and maintain an ments may have caused the reduction in the performance of
appropriate posture (1,2,14,19,23). The hypothesis that kneethe task (reduced cutting angle and speed of execution), and
joint moments would increase under unanticipated condi- increased external loads applied to the knee (particularly in
tions compared with preplanned maneuvers was generallyVV and IE), compared with the preplanned conditions.
supported, with a large increase in VV and IE moments Implications for noncontact knee ligament inju-
during the UN cutting conditions. It is believed that the UN ries. Our previous study (3) indicated the potential for
condition alters the external moments applied to the knee knee ligament injury during cutting tasks, with combined
due to the reduced time to implement appropriate postural flexion, VV, and IE loads applied to the knee. It was
adjustment strategies. concluded that external flexion loads combined with large
Although the exact nature of these postural adjustment valgus and internal rotation moments are most likely to
strategies were outside the scope of this study, a qualitativeincrease the stress placed on the ACL, particularly at WA
analysis of the cutting tasks revealed differences in joint when the knee is near full extension (16). The large valgus

A) B) )
0.8 0.8+ 81
External Rot" 8 External Rot" * 08 External Rot’
0.6 0.6+ 0.6
=i 044 * 0.4 0.4+
=)
2
g g 02 0.2 0.2 %
= Z 004 004 0.0 0 o N FIGURE 6—_Externa||y applieq internal(ex-
L * ternal rotation moments during running,
-0.29 ., -0.29 I Rot” 027 ) sidestepping, and crossover cutting during
041 * Internal Rot" 4 , | 3 fnternal Rot” ) 4 | {nternal Rot preplanned and unanticipated conditions (*
difference between preplanned and unantic-
S60 S30 RUN XOV S60  S30 RUN XOV S60 S30 RUN XOV ipated conditions; P < 0.05).
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TABLE 1. Average knee flexion angles measured across each stage of the stance for creases the capacity of the knee muscles to support valgus

preplanned and unanticipated running and cutting tasks. (and varus) loads (15), thereby potentially raising the loads
Stage of . Condition on the ACL and other ligaments. Therefore, knowledge of
Stance Phase”  Task®  Preplanned  Unanticipated P the lines-of-action and forces generated by the muscles at
WA o =y F o particular knee postures is required to understand the func-
RUN 28.1° 315° <0.001 tional significance of the increased knee flexion found dur-
- ég(\)/ 2;3 g]g ggg] ing the UN condition.
40 4° <0. . . .
930 4510 506° 20001 In terms of appropriate interventions to prevent noncon-
RUN 40.4° 43.0° <0.001 tact knee ligament injuries, this study indicates that training
90 o e By o should include elements of unexpected and unanticipated
S30 22.5° 24.6° <0.001 movements. The CNS has the ability to selectively alter
RUN 21.6° 22.1° 0.197 postural adjustments based on information acquired from
XV 22.3° 23.4° 0.135 . o - )
. , , previous tasks (27), so training to unanticipated visual cues,
W, elght acceptance; EPD, peak push off FPO, Tinal push ot such as the tasks performed in this study, may provide an
>$60, Sidestep cut to 60°; S30, Sidestep cut to 30°; RUN, Straight running task; _ ASKS P udy, may pr
X0V, Crossover cut to 30°. appropriate stimulus for the CNS to refine appropriate pos-

tural adjustments. If postural adjustments are made early

enough, then the external loads applied to the knee joint
moments applied during the sidestepping tasks were mostcould be dramatically reduced. Training program might
likely to increase the stress placed on the medial collateraltherefore focus on reducing reaction times to visual and
ligament (MCL) (3). Similarly, the large external rotation mechanical stimuli. For example, plyometric training has
moments applied during the XOV task are likely to increase been shown to enhance muscle voluntary reaction times and
the stress on the MCL (12). Combined loads of flexion, reduce the time taken for muscles to produce peak torque
varus, and external rotation are most likely to place stress on(10,21). Hamstring voluntary reaction times and time to
the lateral collateral ligament (16). The VV and IE loads peak torque have also improved (i.e., reduced) in subjects
measured during our previous study were within a range of who have undergone a stability and balance training pro-
loads that have been shown to cause ligament failure (35—80gram (13). In addition, training for the game situation should
N-m of IE rotation or 125-210 N-m of VV rotation; 20). involve drills that familiarize players with making rapid

Given the large increase in VV and IE moments in the UN changes in direction, rather than having cutting tasks being
condition compared with the PP condition, the potential for preplanned. The cutting directions could be indicated to the
noncontact knee ligament injury when performing cutting player during an approach run, with the amount of fore-
maneuvers in an UN sporting situation becomes apparent.warning being incrementally reduced to make the tasks
However, muscles crossing the knee joint may be activatedmore difficult as the player becomes more proficient. Other
to counter these moments, potentially reducing the load interventions could also include retraining muscle activation
placed on knee joint ligaments. Without accounting for knee strategies to counter the loads experienced during sidestep-
muscle activation strategies, it is difficult to determine the ping and crossover cutting maneuvers. This may improve
actual load placed on ligaments. It has been shown that thethe muscular support of the external loads, thus reducing the
knee flexors and extensors are both have “bursts” of activity potential loading of ligaments. Whether these neuromuscu-
before initial foot contact during a preplanned side-step cut lar changes map over into performance of the sporting tasks
(17). This suggests that muscle activation strategies may beremains to be seen.
preplanned to stabilize the knee during WA and PPO. We Differences in VV loads at PPO found between subjects
can speculate that the potential for knee ligament injury during the PP sidestepping tasks indicated that technique
during UN cutting tasks may increase if muscle activation might have a substantial effect on the loads applied to the
strategies do not proportionally increase with the large flex- knee joint. Further investigation should determine differ-
ion, VV, and IE moments. It is obvious that the activation ences in whole body kinematics between the valgus group
strategies of muscles crossing the knee during PP and UNand varus group, and between the preplanned and unantic-
cutting maneuvers should be investigated to determine whatipated performance of the maneuvers. This may help ascer-
strategies are adopted by the CNS to counter the externaltain the movement and postural patterns that reduce knee
loads applied to the joint. loading during cutting tasks, which could be used in a
Although knee flexion increased by a statistically signif- technique training intervention.

icant amount during the UN condition compared with the PP
condition, the functional significance of this increase is
difficult to ascertain. The ACL has been shown to be more SUMMARY
susceptible to strain at knee postures close to 30° flexion The external VV and IE moments applied to the knee
under external flexion and valgus loads (16). Shelburne andjoint during UN cutting maneuvers were up to twice the
Pandy (24) showed that the hamstrings had greater potentiamagnitude of those experienced under PP conditions. These
to reduce anterior tibial draw when the knee was flexed large increases in VV and IE moments may substantially
further from full extension, thereby lowering the ACL load. increase the loading of knee joint ligaments, particularly if
However, increasing knee flexion from full extension de- muscles are not activated to counter the increase in external
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load placed on the joint. It is hypothesized that inappropriate reducing the external load applied to the knee joint by changing
postural adjustments are responsible for the increase in jointtechnique of postural adjustments; b) improving reaction time
load when there is little time to prepare for the task, and to allow more time to make appropriate kinematic adjustments
further research should focus on the nature of these posturaduring game situations; and c) better interpretation of visual
adjustments. Muscle activation patterns during both PP andcues to increase the time available to preplan a movement.
UN cutting maneuvers should also be investigated to deter- Training programs should be developed to address these issues,
mine whether muscles are activated accordingly to countersuch as training that includes unanticipated sporting move-
the increased external loads placed on the knee and protecinents and plyometrics.

knee joint ligaments.
We believe that primary prevention of knee ligament injury
is possible, given appropriate intervention strategies. Potential

Address for correspondence: David Lloyd, Department of Human

Movement & Exercise Science, The University of Western Australia,
Nedlands, Perth, Western Australia 6907; E-mail: dlloyd@cyllene.

intervention strategies should focus on the following areas: a) uwa.edu.au.
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