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Abstract This paper reviews the functional anatomy of the

anterior cruciate ligament (ACL), which has a parallel array

of collagen fascicles that have usually been divided into two

‘fibre bundles’: anteromedial (AM) and posterolateral (PL),

according to their tibial attachment sites. The PL bundle has

shorter fibres, and so it is subjected to greater tensile strains

than the AM bundle when the whole ACL is stretched; its

oblique orientation in the coronal plane imbues it with

greater ability to resist tibial rotation than the more vertical

AM fibre bundle. Most studies have found that the AM

bundle is close to isometric when the knee flexes, while the

PL bundle slackens approximately 6 mm. There is little

evidence of significant fibre bundle elongation in response to

tibial rotation. Selective bundle cutting studies have been

performed, allowing both the bundle tensions and their

contributions to resisting tibial anterior translation and tibial

rotation to be calculated. These show that the function of the

PL bundle was dominant near knee extension in some stud-

ies, particularly when resisting anterior drawer and that its

contribution reduced rapidly with knee flexion through 30

degrees. There has been little study of the contributions of the

fibre bundles in control of tibial internal–external rotation or

the pivot shift: one study found that the AM bundle had larger

tensions than the PL bundle during a simulated pivot shift,

but another study found that cutting the PL bundle allowed a

larger increase in coupled tibial anterior translation than

cutting the AM bundle. It was concluded that the AM bundle

is most important for resisting tibial anterior drawer—the

primary function of the ACL—while the PL bundle is tight

near knee extension, when it has a role in control of tibial

rotational laxity. There is a clear need for further study of

dynamic knee instability, to gain better understanding of how

best to reconstruct the ACL and associated tissues.
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Introduction

Biomechanical, anatomical and surgical research on ante-

rior cruciate ligament (ACL) reconstruction has focused

mainly on single-bundle autogenous tendon reconstructions

and factors such as graft choice, positioning, tensioning

and fixation have been shown to be important. Unfortu-

nately, close replication of normal knee function is still not

achieved in many cases, and so research on the ideal ACL

reconstruction continues. Reconstruction of the ACL may

be justified because delay in surgery leads to an increasing

prevalence of meniscal damage [22], and preservation of

the menisci via ACL reconstruction may be the principal

factor in avoiding later cartilage damage [35]. However,

not all studies have shown that ACL reconstruction pro-

tects the knee joint from developing osteoarthritis [20]. A

persistent pivot-shift sign is a prognostic factor for late

osteoarthrosis [24] and is a good indicator of a patient’s

subjective instability [26]. The importance of a persisting

‘mini pivot’ [31] is not yet known, yet it is not uncommon:

Aglietti et al. [1] detected a residual minimal rotatory

instability (pivot shift) in almost one-fifth of the cases, and

Freedman et al. [13], in a metaanalysis of thirty-four ACL

reconstruction studies, found that a pivot-shift glide was

present in 15% of knees with single-bundle patellar tendon

grafts and 14% of those with hamstrings grafts.
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The persistence of traces of knee instability in some

knees with single-bundle ACL reconstruction has led to

efforts to develop double-bundle reconstruction methods.

However, increasing appreciation of rotational laxity has

also led to a move to place single-bundle grafts more lat-

erally in the femoral intercondylar notch and that reduces

the prevalence of pivot-shift laxity [30, 38]. However,

although some biomechanical studies in vitro have found

that a laterally placed (anatomical) single-bundle ACL

graft can successfully eliminate the mini pivot [27], others

have reported that it does not always manage to do so [31].

Studies in vivo, which have included fluoroscopic [48],

magnetic resonance imaging [33] and optical gait analysis

systems [8, 41] to compare ACL-reconstructed patients to

matched controls in pivoting and cutting activities, have

found that single-bundle ACL reconstruction surgery did

not completely restore rotational kinematics and stability.

This situation is encouraging continued work to opti-

mise ACL reconstruction methods, particularly the use of

double-bundle (‘anatomical’) grafts, which are an attempt

to reproduce the natural ACL fibre bundle anatomy more

closely than is possible with a single-bundle graft. Double-

bundle ACL reconstruction was pioneered by Mott [36]

and Zaricznyj [54], but their methods were not taken up by

others at that time, and there has been little reporting of

their results. Noting this situation, this paper sets out the

present knowledge of the functions of the fibre bundles of

the ACL, particularly in controlling tibial rotation, as a

basis for work on reconstructing them.

Functional consequences of the anatomy of the ACL

When the intercondylar synovial tissue has been dissected

away to reveal the load-bearing structure of the ACL, a band

of collagen fibres is seen, which are oriented distal–ante-

rior–medial from the posterior area of the medial aspect of

the lateral femoral condyle (i.e., the lateral wall of the

femoral intercondylar notch) to the anterior-central inter-

spinous area of the tibial plateau. Because of the orientations

of the bone attachments, the distance between them varies

from anterior to posterior, and the anterior fibres are longer

than those that are posterior in the cross-section [51, 52].

The consequence of this is that the posterior fibres will suffer

a greater strain (i.e., elongation as a percentage of their

original length) than the longer anterior fibres, for a given

bone–bone movement, rendering the shorter posterior fibres

more vulnerable to being ruptured; this is generally true for

ligaments, which fail at a strain limit [10, 42]. In addition,

the ACL attachments are quite large, and so individual fibre

attachments have differing relationships to the axis of knee

flexion–extension, leading to a range of tightening–slack-

ening behaviour across the range of motion.

The length change patterns of the fibres of the ACL are

controlled principally by their femoral attachment sites.

Patterns of tightening or slackening behaviour have been

measured in order to define the area with the least deviation

from zero length change, or ‘isometry’ [4, 14, 19, 45]. The

‘isometric’ area is close to the posterior end of Blu-

mensaat’s line, and past practise was to try to reproduce

this behaviour, thus minimising cyclic elongation patterns

during knee motion. However, it is now realised that the

resulting ‘high-noon’ graft placements were neither ana-

tomical nor mechanically efficient. The concept of fibre

attachments moving around the isometric area during knee

flexion–extension explains the varying contributions of the

fibre bundles of the ACL during knee flexion. The anterior

fibres attach to the femur relatively proximal/anterior, near

to the isometric area, so they have little length change,

while the posterior fibres attach posterior/distal away from

the isometric area, so they slacken when the knee flexes but

retighten in deep knee flexion (Fig. 1).

In order to help to distinguish between the behaviours of

fibres in different parts of the cross-section of the ACL, it

has proven convenient to artificially divide it into ‘fibre

bundles’. While these divisions are usually artefactual,

there is an anatomical basis for doing so. The human foetus

has separate fibre bundles in the ACL during embryogenesis

[11], and this separation may persist into old age, when

synovial tissue planes may sometimes be found between the

bundles [37, 46]. Similarly, quadrupedal mammals, such as

the sheep [40], have two separate, well-defined bundles in

their ACL. Most authors work on the basis of two main fibre

bundles: one anteromedial (AM bundle) and one postero-

lateral (PL bundle), which were named by Girgis et al. [17]

Fig. 1 The mean length change patterns measured by several studies

in vitro [3, 29, 44] during unloaded passive motion, showing that the

PL bundle slackens rapidly when the knee flexes away from full

extension (Reproduced from Amis and Zavras [4] with permission

from Elsevier Limited)

614 Knee Surg Sports Traumatol Arthrosc (2012) 20:613–620

123



on the basis of the relative positions of their attachments to

the tibial plateau. Other authors have divided the ACL into a

larger number of fibre bundles: Norwood and Cross [37]

isolated three main fibre bundles, which were distinguished

at their tibial attachments: AM, intermediate and PL bun-

dles. The tibial attachment was described as a triangle with

a posterior apex for the PL bundle attachment and two

anterior corners, occupied by the AM and intermediate

bundles. The femoral AM bundle attachment was described

as being posterior and superior in the notch, while the PL

was ‘anterior and inferior’ (presumably described when

viewing the intercondylar notch at 90� knee flexion); the

intermediate bundle was between the previous two. Amis

and Dawkins [3] also described an intermediate bundle, and

that three-bundle structure was reproduced by Tanaka et al.

[47] as a triple-bundle reconstruction; they hoped that the

diverging anterior fibre bundles would help to control tibial

rotation. Taken to its logical limit, this approach may lead to

mapping of the many natural fascicles as a basis for an

‘anatomical scaffold’. Friederich et al. [14] showed that,

when ACL fibres were traced across from femur to tibia,

they created a parallel array in the extended knee (Fig. 2).

Hara et al. [18] have shown that many small fascicular

structures can be traced: they are twisted around each other

when the knee flexes, leading to much greater complexity

(Fig. 3). However, at present, there is no data to support

such complexity during ACL reconstruction surgery.

Length changes of the ACL bundles during knee motion

The length changes of the ACL fibre bundles provide an

important guide to their functional behaviour in controlling

both anterior drawer and internal–external rotational laxity.

Ligaments function within a small range of tensile elon-

gation and typically rupture at 20% strain [39, 49]. This

means that, if there are large changes in the distances

between the attachments when the knee flexes, much of that

length change must cause slackening of the fibre bundle

and that indicates an arc of motion when the load-bearing

contribution of that bundle is likely to be reduced or absent.

Girgis et al. [17] observed that while in extension the

whole ACL was taut, in flexion, only a small anterior band

was in tension and the posterior bulk of the ligament was

slack. This observation has since been measured: several

studies in vitro have instrumented the fibre bundles of the

ACL, usually by threading sutures along them from one

attachment to the other and then out to a displacement

transducer [3, 29, 44]. They found that the PL bundle was

taut in full knee extension, slackened by 5–6 mm in mid-

flexion, then re-tightened somewhat beyond 90 degrees knee

flexion. Contrastingly, the AM bundle was taut across the

range of flexion–extension, tending to be tighter in the flexed

knee, with only 2–3 mm length changes (Fig. 1). Bach et al.

[5] implanted strain gauges in the AM and PL bundles and

Fig. 2 When the knee is extended, the fibres of the ACL are parallel

and taut across the cross-section, with greater length anteriorly than

posteriorly

Fig. 3 Hara et al. [18] have shown how small fascicular structures

are twisted around each other when the knee flexes, leading to much

greater complexity (Reproduced from Hara et al. [18] with permission

from Sage Publications)
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measured the strain changes during range of motion. The

AM bundle exhibited a quasi-isometric behaviour from 10 to

90 degrees knee flexion, with changes of less than 1%. At 8

degrees hyperextension and full flexion, the AM bundle was

stretched 4%. The PL bundle on the contrary was relaxed

from 40 degrees onward while in 8 degrees hyperextension it

elongated by 10% of its initial length.

Several more recent studies have produced similar find-

ings by using 3D imaging methods in vivo. Yoo et al. [51]

used reconstructions from CT scans to measure the distance

between the femoral and tibial attachments at a range of

knee flexion angles. The AM bundle slackened 4 mm by 90

degrees flexion, and the PL bundle by 7 mm; both bundles

were longest in full extension. Jordan et al. [25] used dual-

beam fluoroscopy to measure the distance between the

femoral and tibial bundle attachments during lunging pos-

tures: the AM bundle slackened 3 mm by 90 degrees knee

flexion and 6 mm by 135 degrees, while the PL bundle was

longest in knee extension and slackened 6 mm when the

knee flexed 90 degrees and 8 mm by 135 degrees. Iwahashi

et al. [23] used open-access MRI to estimate the lengths of

three fibre bundles: AM, PL and intermediate (IM), across

0–150 degrees knee flexion. All three bundles were at their

greatest length when the knee was in extension: AM

34 mm, IM 33 mm and PL 27 mm, and all were at the

shortest at 100 degrees flexion, having slackened by 3, 5 and

6 mm, respectively. Thus, the AM bundle was closest to

isometric and the PL bundle, having the shortest fibres, had

the largest per cent slackening. These data relate to the

clinical use of ‘triple-bundle’ ACL reconstruction [47].

The reader should note that these studies did not actually

measure the length changes of fibre bundles in the ACL but

calculated the changing straight-line distances between the

femoral and tibial attachments. Noting that the ACL fibres

are not stretched greatly during unloaded knee flexion–

extension motion, the relatively large ‘length changes’

reported are largely made up of buckling collapse of the

slack ligament. When this approach is extended to include

computer modelling, it enables the theoretical variation of

ACL fibre lengths to be displayed across the attachment

areas [2] (Fig. 4).

Despite the detailed differences between the results of

the studies reviewed above, they did all agree that both the

AM and PL fibre bundles (which means the whole of

the cross-section of the ACL) were longest/tightest when

the knee was extended, and even longer if it was forced

into hyperextension.

Although recent work on the ACL has become more

concerned with the rotational component of instability,

much of the earlier experimental work did not examine

how tibiofemoral rotation affected the lengths of the fibre

bundles. Amis and Dawkins [3] found that tibial internal or

external rotation in vitro had no significant effect on bundle

lengths. This implies that the ACL will have only a small

effect in controlling internal–external rotation, but the

torque was only 1 Nm. In contrast, Brophy et al. [6]

imposed ‘manual maximum’ loads to their cadaveric knees,

for both anterior translation at 30 and 90 degrees knee

flexion, and for internal rotation at 0 degrees flexion. The

AM and PL bundles were both elongated similarly in all

three loading conditions; however, the PL bundle is shorter

than the AM, and so significantly larger fibre strains were

calculated in the PL bundle. The reader should recall,

however, that calculated length changes are not the same as

tensile strains, because the PL bundle slackens significantly

with knee flexion, and so part of the elongation is taking up

the slack before the ligament itself is stretched, unless the

knee is in full extension. In addition, the PL bundle is

shorter than the AM bundle, so it will be subjected to

greater strains (percentage elongation) than the AM bundle

after the slackness has been taken up.

Resistance to tibial anterior translation (drawer)

This is the primary function of the ACL, and so the con-

tributions of the fibre bundles have been studied mostly in

this mode. In addition, interest in rotational laxity mea-

surement has only been strong comparatively recently.

Selective cutting of the fibre bundles of the ACL, in order

Fig. 4 Computed prediction of the distribution of ACL fibre length

changes throughout the cross-section of the fibres [2]. The isometry

lines show the elongation as a ratio of the length at full extension,

across the tibial attachment (anterior at top, medial at right) when the

knee model was flexed 90 degrees (Reproduced from Amiri et al. [2]

with permission from Elsevier Limited)
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to show how they controlled tibial anterior translation

laxity, was first performed by Furman et al. [15]. Although

they only loaded their knees by hand, they did find sig-

nificant differences in the increases of laxity following the

transection of each fibre bundle. When the AM bundle was

cut, the anterior laxity in the extended knee did not increase

significantly, but there was a significant increase at 90

degrees knee flexion, when the laxity did not differ sig-

nificantly from that of the ACL-deficient knee. Conversely,

cutting the PL bundle had a significant effect in the

extended knee, when the increased laxity was not different

from that with complete ACL deficiency, but cutting the

PL bundle at 90 degrees flexion had no measureable effect.

Thus, they found reciprocal actions, between flexion and

extension. This classic paper set a foundation of under-

standing of the roles of the fibre bundles which remains.

The role of the whole ACL as the ‘primary restraint’ to

anterior translation of the tibia was first quantified by

Butler et al. [9], who used a materials testing machine to

apply carefully controlled displacements and to measure

the resulting forces. When the force after ACL transection

was deducted from the force with the ACL intact (at the

same anterior drawer position), the reduction in force

represented the load resisted by the ACL. This method was

later used by Amis and Dawkins, [3] with selective cutting

of the fibre bundles. The AM bundle was dominant at 90

degrees knee flexion and the PL bundle at 20 degrees. This

pattern has since been duplicated by Yagi et al. [50] when

they measured the tensions in their double-bundle ACL

reconstruction grafts. Norwood and Cross [37] divided the

ACL into three fibre bundles: the AM and intermediate

bundles were described as primary restraints to anterior

translation while, when the PL bundle was selectively cut,

the tibial external rotation and recurvatum test increased.

Tensions in the fibre bundles when they resist tibial

anterior translation or rotation

The tensions in each of the fibre bundles of the ACL can be

discerned by using a robot with a six degree-of-freedom

load cell attached to the knee in vitro: this allows the

tension in the bundle to be estimated from the difference in

the force between intact and bundle-cut states. Sakane et al.

[43] examined the forces in the bundles in response to tibial

anterior drawer forces ranging from 22 to 110 N. The AM

bundle had a relatively constant in situ force, not changing

with flexion angle, whereas the PL bundle showed larger in

situ force between 0 and 45 degrees of knee flexion, with a

peak at 15 degrees, and less when the knee was flexed.

Similarly, Gabriel et al. [16] estimated the tensions in the

bundles in two loading conditions: anterior drawer and

under combined rotational loads. With an isolated tibial

anterior drawer force of 134 N at different knee flexion

angles, the PL bundle showed a greater tension towards

extension while the AM bundle force increased with flex-

ion and was maximal at 60 degrees flexion. At 0 degrees

flexion, the PL bundle had significantly higher force than

the AM bundle: 67 versus 48 N, respectively. As the knee

flexed, the force in the PL bundle declined rapidly: by 60

degrees flexion, the force in the PL bundle had dropped

significantly to 15 N, while the AM bundle tension had

risen significantly, to 92 N.

Under a combined rotational load of 10 Nm valgus

moment and 5 Nm tibial internal rotation torque at 15 and

30 degrees of flexion, Gabriel et al. [16] found that the PL

bundle had a larger tension at 15 (21 N) than at 30 degrees

knee flexion (14 N). The AM bundle had a similar tension

at both angles, and both were significantly higher than in

the PL bundle: 30 and 35 N, respectively (Fig. 5). This

combination of torques had been found to induce a coupled

anterior translation of the tibia and hence was used as a

substitute for a pivot-shift test, although that is a dynamic

instability that occurs while the knee is flexing–extending,

and not at a fixed angle of knee flexion. The results suggest

that the PL bundle has some role but that it is less

important than the AM bundle when restraining the com-

bined rotational loads used in this experiment, even

allowing for differences in orientation of the fibre bundles.

(The PL bundle slants across the intercondylar notch, and

so its tension acts more directly against tibial rotation than

does the tension in the AM bundle, which acts closer to a

direction vertical to the plane of the tibial plateau.)

Thus, these studies found that the PL bundle was tensed

near knee extension and relaxed rapidly as the knee

flexed. Conversely, the tension in the AM bundle tended to

increase with knee flexion. The experiment on combined

rotations intended to simulate a pivot shift found that the

Fig. 5 The forces induced in the fibre bundles of the ACL in

response to loading the tibia with a combination of 10 Nm valgus

moment plus 5 Nm internal rotation torque, intended to simulate the

pivot-shift test (Reproduced from Gabriel et al. [16] with permission

from John Wiley and Sons)
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AM bundle was tensed by tibial rotation significantly more

than the PL bundle. However, it should also be noted that

the force in the whole ACL in response to rotational loading

was less than 40% of that induced by anterior drawer, which

implies that resisting tibial rotation is a secondary function.

Tibial rotational laxity and the pivot shift

It has been hypothesised that the AM and PL bundles have

different roles in controlling rotational motion and stability

of the knee [53]. The AM bundle is oriented nearly verti-

cally in the intercondylar notch in the coronal plane, and so

it is thought to have little ability to restrain tibial internal–

external rotation, being aligned with, and close to the axis

of rotation. Conventional single-bundle ACL reconstruc-

tion, with the femoral attachment relatively high in the

intercondylar notch, usually replicates only the AM bundle

and often results in persistence of a small abnormal rota-

tional laxity that is documented clinically as a residual trace

of the pivot shift [7, 31]. Conversely, the PL bundle slants

across the notch to a more distal-lateral femoral attachment,

and so it has a more horizontal orientation. It has also been

assumed to be further from the axis of tibial internal-

external rotation, and these factors imply that it should be

able to control tibial rotations better than the AM bundle.

Tibial rotational laxity changes in response to complete

ACL deficiency have been reported by several studies, with

differing conclusions as to whether ACL deficiency has a

clinically observable effect on rotational laxity [31]. There

has been very little work to measure the effects of the

individual fibre bundles of the ACL. Lorbach et al. [34]

used an optical navigation system with trackers pinned to

the bones in vitro to measure tibiofemoral rotation. At

10 Nm torque (which is above what can be imposed by one

hand), cutting the PL bundle led to mean increases of

internal and external rotation of 1 or 2 degrees, then cutting

the whole ACL led to mean increases of 2 or 3 degrees

above the intact levels. Thus, although a statistically sig-

nificant effect was calculated for the PL bundle, that would

not have been easily discernable on clinical examination.

Zantop et al. [53] and Diermann et al. [12] have studied

the effects of combined 10 Nm valgus moment and 4 Nm

internal rotation torque on tibiofemoral laxity using a

robot, in a very similar manner to Gabriel et al. [16]. This

loading was used to simulate the pivot shift, although the

tests were performed at fixed angles of knee flexion, rather

than being more dynamic tests. None of these three studies

show data on the effect of cutting ACL fibre bundles on

tibial rotational laxity, and only Diermann et al. [12]

measured the rotational effect of cutting the whole ACL

under these loads, and again they found only two degrees

mean increase in tibial internal rotation (and 5 mm increase

in anterior translation). Zantop et al. [53] found that iso-

lated transection of the AM bundle had a non-significant

effect (1 mm mean increase) on coupled tibial anterior

translation in response to the combined rotational torques,

whereas cutting the PL bundle led to increased anterior

translation of 6 mm (Fig. 6).

Recent work in vitro in the author’s laboratory [28]

found that cutting either of the ACL bundles individually

had statistically significant effects, but these were very

small, approximately one degree, and so would be difficult

to detect clinically. Even cutting the whole ACL led to a

maximum increase of tibial internal rotation of four

degrees, with no change in external rotation. This work also

measured kinematics during a simulated pivot-shift test,

flexing–extending the knee while it was also loaded in a

manner known to induce pivot-shift instability [31]: 5 Nm

valgus moment, 1 Nm internal rotation torque and 50 N

ilio-tibial tract tension. If either the AM or PL bundle were

cut alone, tibial anterior translation and internal rotation

did not change significantly; only when the whole ACL

was cut was there a significant (3 mm) increase in tibial

anterior translation, across the arc near knee extension.

Conclusion

The literature reviewed in this paper contains biomechan-

ical data that demonstrate the roles of the two functional

fibre bundles of the ACL. Their different patterns of length

changes during knee motion, and the resulting variations in

the tension, which are induced by loading the knee, lead to

differing roles to control tibiofemoral joint laxity, with the

PL bundle having a clearer role near knee extension and the

AM bundle dominant in the flexed knee. It might then be

argued that their different contributions to knee function

could constitute a rationale for reconstructing both of these

Fig. 6 When the tibia was loaded with a combination of 10 Nm

valgus moment plus 5 Nm internal rotation torque, intended to

simulate the pivot-shift test, it induced a coupled anterior translation,

which was significantly larger after PL bundle transection than after

AM bundle transection (Reproduced from Zantop et al. [53] with

permission from Sage Publications)
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fibre bundles during ACL reconstruction. Although several

studies [21, 28, 32] have concluded that the effects on knee

laxity of individual ACL fibre bundle deficiencies are so

small that they would be difficult to detect clinically, that is

not the same as knowing that partial ACL ruptures (of one

or other of the fibre bundles) will not cause instability

symptoms. It is only recently that there has been much

interest in tibial rotational instability, and there remains

much scope for further work to understand pathological

kinematics and to design the best methods for restoration of

normal biomechanical behaviour.
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