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Anatomic anterior cruciate ligament

reconstruction

Anatomska rekonstrukcija prednjeg kriznog ligamenta

Garth N. Walker"', Jennifer D’Auria?, Liang R. Cui*, Carola F. Van Eck®, Freddie H. Fu?

Abstract. Tears of the anterior cruciate ligament (ACL) are one of the most common injuries
to active individuals. The history of reconstructing a ruptured ACL has undergone many ad-
vances from open, extra-articular reconstructions, to modern day advanced arthroscopic
techniques. Some of these new arthroscopic techniques use small incisions and standardized
instruments reducing the surgical time, however, they fail to restore the native ACL anatomy.
Recent studies have shown that non-anatomical reconstruction might result in suboptimal
clinical outcomes. As a result, anatomic ACL reconstruction has gained popularity. The cor-
nerstone of anatomic ACL reconstruction is the functional restoration of the ACL to its native
dimensions, collagen orientation, and insertion sites. This article is meant to provide the
most up-to-date literature review regarding anatomic ACL reconstruction.
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Sazetak. Ozljede prednjeg kriznog ligament (PKL) spadaju medu najéesce sportske ozljede ko-
liena. Povijest rekonstrukcije PKL-a presla je dug put od otvorenih metoda do danasnji mo-
dernih artroskopskih tehnika. Pri nekim artroskopskim tehnikama koriste se male incizije uz
upotrebu standardiziranih instrumenata, ¢ime se znacajno skraduje vrijeme operacije, ali se
ne uspijeva u cijelosti rekonstruirati anatomsko hvatiste PKL-a. Novije studije pokazale su da
se takvim rekonstrukcijama ne uspijevaju posti¢i zadovoljavajuéi klinicki rezultati. Cilj ana-
tomske rekonstrukcije jest rekonstukcija prirodne duljine i promjera PKL-a, orijetnacije kola-
genih vlakana i anatomskih hvatista. U ovom radu dajemo pregled najnovije literature koja se
bavi anatomskom rekonstrukcijom PKL-a.

Kljuéne rijeci: prednji krizni ligament; rekonstrukcija
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From the MRI, preparation to individualize the surgery
can be achieved by measuring the ACL insertion site
size, ACL length, ACL angle, as well as the quadriceps

HISTORY OF THE ACL RECONSTRUCTION

The anterior cruciate ligament (ACL) is one of the
most common ligaments injured by active indi-
viduals involved in cutting and pivoting sports. In
the United States, the incidence of ACL injury
have risen from 32.5 per 100,000 in 1994 to 43.5
per 100,000 in 2006, with the greatest increases
seen in women and patients younger than 20 and
older than 40 years old®. Historically, the ACL has
been of great interest to orthopaedic surgeons

and patellar tendon size for graft possibilities.

and researchers alike. The first attempts at re-
storing the function of the ACL were in the early
1900s with direct primary repair; however, stud-
ies in the 1950s indicated that repair was associ-
ated with poor clinical outcomes. Increasing at-
tention to ACL reconstruction in the 1970s
transitioned focus to extra-articular reconstruc-
tion with lateral based procedures using the fas-
cia lata often combined with limited intra-articu-
lar reconstructions?. During the 1980s and 1990s,
the focus shifted from an extra-articular ap-
proach to an intra-articular technique. Insall de-

scribed techniques where the anterior distal part

of the iliotibial band with an attached bone block
from Gerdy’s tubercle was used as an intra-artic-
ular graft fixed by a screw to the tibia to control
anterior instability. All of the aforementioned ap-
proaches required open surgery with large cos-
metically-unappealing scars and long surgical re-
covery times.

In the 1980s, technology for arthroscopy had ad-
vanced such that it became a useful tool for ACL
reconstruction beyond a routine visual aid. With
arthroscopy, similar outcomes could be achieved
without creating cosmetically-unappealing scars
or having large surgical times seen in open sur-
gery®. However, as surgeons became familiar
with this new surgical technique, they often
struggled to visualize the anatomy since the view
was more limited without an open technique. Ul-
timately, new standardized instruments were de-
veloped to facilitate tunnel and graft placement
obviating the need for direct visualization. These
advancements did decrease surgical time and in-
creased efficiency, but they fell short of anatomi-
cally reconstructing the ACL3.

During the 2000s several biomechanical articles
were published that demonstrated the then cur-
rent ACL reconstruction techniques were unable to
establish rotational kinematics. Tashman et al.
demonstrated this in a study with 6 patients in-
volved in downhill running at 4 and 12 months af-
ter transtibial single-bundle ACL reconstruction.
Between the reconstructed knee and contralateral
leg, patients had similar anteroposterior transla-
tion but significantly different rotational stability*.
With this in mind, anatomic ACL reconstruction
was developed with its focus being the functional
restoration of the ACL to its native dimensions, col-
lagen orientation, and insertion sites®. This is ex-
pected to better restore native knee kinematics
with the goal of reducing the rate of early osteoar-
thritis*®®. This review will address the most rele-
vant issues related to anatomic ACL reconstruction.

ANATOMY OF THE ACL

Figure 1. The anterior cruciate ligament (ACL): a) The ACL is composed of
two distinct bundles: the anteriomedial (AM) and the posterolateral (PL)
bundles; b) The AM and PL origins on the lateral femoral condyle showing
the lateral intercondylar ridge (arrows) marking the superior border of the
ACL origin and the lateral bifurcate ridge (arrowheads) forming the border
between the AM and PL bundles.

The ACL is composed of two bundles: anterome-
dial (AM) and posterolateral (PL) bundles. Each
bundle originates on the medial portion of the
lateral femoral condyle posterior to the resident’s
ridge® (Figure 1). The resident’s ridge was de-
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Bundles parallel at 0°

PL loosens at 90°

Figure 2. Orientation of the bundles change throughout the arc of motion: a, b) Both the AM (solid line) and PL
(dotted line) bundles are parallel at full extension but are oriented differently as the knee approaches 90 degrees

of flexion with the PL becoming loose.

scribed by Hutchinson et al. as a distinctive change
in slope of the femoral notch roof that occurs just
anterior to the femoral attachment of the ACL®.
The femoral insertion site or ACL origin is located
at the posterior aspect of the medial wall of the
lateral femoral condyle. Ferretti et al. conducted
an anatomic study and concluded that the length
of the femoral footprint of the ACL is 17.7 + 1.2
mm and the width is 9.9 + 0.8 mm. Further in their
analysis they found the surface of the origin of the
two bundles is not flat with variations in the slope
of each origin. The femoral attachment of the AM
bundle forms an angle with the PL bundle of
27.6 + 8.8 degrees. The average length of the fem-
oral AM bundle is 9.8 + 0.8 mm, and the average
length of the femoral PL bundle is 7.3 £ 0.5 mm.
An important bony landmark referred to as the lat-
eral intercondylar ridge defines the anterior bor-
der of the femoral origin of the ACL. The lateral bi-
furcate ridge, another important osseous
landmark, delineates the AM and PL bundle inser-
tion areas, with the AM bundle proximal and PL
bundle distal to this landmark. However, it
should be pointed out that the orientation of the
bundles changes throughout flexion and extension
(Figure 2). Near full extension, the bundles are
parallel but have different orientations as the knee
approaches 90 degrees of flexion®.

In its midportion, the ACL tapers to a thinner di-
ameter, similar to an hourglass shape. The cross-

medicina fluminensis 2015, Vol. 51, No. 1, p. 27-40

sectional area of the insertion sites are 3 to 3.5
times larger than the cross-sectional area of the
ligament’s midsubstance®?. The ACL fibers fans
out and insert on the center of the tibial plateau
between the tibial spines consistent with their
two given names of anteromedial and posterola-
teral. The length of the tibial insertion site and its
area has been described with tremendous varia-
bility. Variability of the insertion site has been
studied by Kopf et al. noting a range of 9-25 mm
with the majority of patients between 14-18
mm?**4, The visualization of the AM and PL bun-
dles is distinct in fetal studies. From the embryo-
logical stage, fetal anatomical and histological
studies demonstrate two bundles with a septum
between them?®.

INJURY PATTERN

ACL rupture occurs most frequently during ath-
letic activity that entails high frequency actions
of pivoting and cutting. The most common activi-
ties include soccer, basketball, lacrosse and foot-
ball. During the mechanism of injury the patient
is most likely to hear or feel a pop, most com-
monly non-contact and secondary to a planted
foot that is hyperextended accompanied with
valgus force. Afflicting females more often.

The most common modality used to reconstruct
the ACL is arthroscopy. Arthroscopy allows for vis-
ualization and probing to delineate the rupture

http://hrcak.srce.hr/medicina
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PL tear

AM intact

Figure 3. a) Sagittal MRI with increased signal in the PL bundle consistent with rupture while the AM bundle
appears intact; b) The right knee viewed from the central portal shows injured PL and intact AM bundle;

c) The AM bundle is being tested for integrity using a probe.

pattern. In some cases, a tear of a single bundle is
found instead of a full two-bundle rupture allow-
ing the surgeon to preserve the intact bundle. An-
other important notion of injury patterns is how
different injury mechanisms can occur with the
AM and PL bundles at varying strains that manifest
in different rupture patterns. Two distinct injury
mechanisms of ACL have been classically de-
scribed by Muller et al.*®: (1) hyperextension trau-
ma, with resultant stretch of the ACL over the an-
terior intercondylar notch roof; and (2) moderate
extension trauma, during which the AM bundle is
taut and a valgus and/or external rotation force is
applied. Based on the variable tension patterns ex-
hibited at different positions of knee flexion, we
have seen a variety of two bundle injury patterns
and isolated AM or isolated PL bundle injuries. Iso-
lated PL bundle injury occurs when stress is ap-
plied at or near full extension (Figure 3). In greater
degrees of flexion (30 to 60 degrees), isolated AM
bundle injury can occur.

Detailed dissection of the remnant ACL is an im-
portant first step prior to proceeding with the re-
constructive portion of ACL surgery due to the
prevalence of partial tears to the ACL during inju-
ry. Zantop et al. studied 121 consecutive patients
and found that 25 % of patients had partial tears,
with 12 % having no injury to the PL bundle. The
other 75 % had complete tears of both bundles®.

HISTORY AND PHYSICAL EXAM

For every patient, it is important for the provider
to obtain a detailed history and physical exam to

http://hrcak.srce.hr/medicina

evaluate for an ACL rupture. Inquiry of the mech-
anism of injury and setting provides information
on the correct differential diagnosis. Additionally,
it is important to distinguish between acute and
chronic injury. Acute injury will often present
with a traditional presentation, while chronic in-
jury may present with secondary injuries such as
recurrent instability or giving way associated with
sports or daily activity that may have great varia-
bility in presentation.

Evaluating the active and passive range of motion
is important as well since it provides information
on loose bodies, meniscal injuries or ACL im-
pingement. The four most important physical ex-
ams and tests are Lachman test, pivot shift, ante-
rior drawer test, and KT 2000 (Figure 4). The
Lachman test, shown to be the most sensitives,
involves positioning the knee at 30 degrees and
evaluating for anterior translation. The pivot shift
test is the most specific test and should be done
with caution since the exam can be extremely
uncomfortable for the patient. Because of this,
guarding should be recorded to ensure that the
results have not been confounded with pain. A
more honest exam can be done when the patient
is under general anesthesia where guarding can
be blunted. The anterior drawer test is per-
formed by laying the patient supine on the table
with the hip flexed at 45 degrees and the knee to
90 degrees. The examiner positions himself by
sitting on the exam table in front of the patho-
logic knee and grasping the tibia just below the
joint line of the knee. The index finger is used to

medicina fluminensis 2015, Vol. 51, No. 1, p. 27-40
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Figure 4. The four most important physical exams and tests for evaluating the active and passive range of motion.
a) Lachman test; b) Pivot Shift test; c) Anterior Drawer test; d) KT 2000.

palpate hamstring muscles to ensure they are re-
laxed. The tibia is then pulled forward anteriorly
and compared to the contralateral leg. An in-
creased amount of translation without a firm
endpoint indicates potential ACL tear. The KT
2000 is a device that can quantify the amount of
looseness from anterior to posterior of the knee
as well as the tightness. An additional utility is
that the KT 2000 allows the comparison of the
unhealthy knee to the contralateral healthy knee.

PERTINENT IMAGING AND PRE-OPERATIVE
CONSIDERATIONS

Preoperatively the physician should obtain stand-
ing AP and lateral X-rays to ensure fractures did

not occur during the mechanism of injury. The
most important imaging modality for anatomic
ACL is the MRI which allows both functional bun-
dles to be viewed specifically through sagittal, sag-
ittal oblique, and coronal oblique imaging (Figure
5). The special imaging allows for optimal visuali-

Because each patient’s anatomy is different and varies
on a spectrum these measurements allow the physician
to predict the appropriate intraoperative decisions best
suited for an anatomically placed ACL as well as an esti-
mate for the appropriate graft size. These measure-
ments are then confirmed intra-operatively.

zation of both bundles demonstrated by Starman
et al.”®. From the MRI, preparation to individualize
the surgery can be achieved by measuring the ACL
insertion site size, ACL length, ACL angle, as well as
the quadriceps and patellar tendon size for graft
possibilities (Figure 6). Because each patient’s
anatomy is different and varies on a spectrum (Ta-
ble 1), these measurements allow the physician to
predict the appropriate intraoperative decisions
best suited for an anatomically placed ACL as well
as an estimate for the appropriate graft size?*?.,
These measurements are then confirmed intra-
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Figure 5. Specialized MRI views along the plane of the ACL can be used for optimal visualization of the two functional ACL Bundles.
a) A coronal oblique MRI showing the AM and PL bundles in an intact ACL; b) Scout line views of the coronal oblique view projected
onto a sagittal MRI; c) Sagittal oblique MRI of the same knee showing both AM and PL bundles in the same ACL as a); d) Scout line
views of the sagittal oblique view projected onto a coronal MRI.

, 4.4 mm

Figure 6. Pre-operative measurements are performed on a sagittal MRI. Measurements obtained include: A) the tibial insertion site
length of the ACL; B) length of the ACL; C) ACL inclination angle; D) thicknesses of the quadriceps and patellar tendons as well as the
patella.

Figure 7. Intraoperative measurements are taken to objectively assess individual anatomy. Native tibial insertion site length (a) and
width (b) provides information used to dictate the technique used for ACL reconstruction. Notch height (c) and width (d) provides

information about how much room there is for surgery to be performed without risk of iatrogenic injury or impingement affecting
graft function.

Table 1. Frequency of tibial insertion site lengths and corresponding indications for single bundle (SB) versus
double bundle (DB) ACL reconstruction. This is a bimodal distribution at 16 and 18 mm.

Frequency of Tibial Insertion Site Lengths ( %)
12-13 mm 14-15 mm 16 mm 17 mm 18 mm 19-22 mm
3.6 13.9 20.4 11.7 34.3 16.1
<14 mm: SB 14-18 mm: SB or DB > 18 mm: DB
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Table 2. Advantages and disadvantages of available graft choices for ACL reconstruction

Graft Choice Advantages Disadvantages
Hamstring e Comparable strength to native ACL e Graft size can be unpredictable
e Ease of harvest e Soft-tissue healing
e Minimal donor site morbidity ¢ Not suitable for patients or athletes who

o Cosmesis of donor site rely heavily on hamstring muscles

Bone-patellar e Bone-to-bone healing in femoral and tibial ' ¢ Not suitable for double-bundle ACL
tendon-bone tunnels reconstruction
(BPTB) e Comparable stiffness to native ACL e Weaker than native ACL

¢ Fixed length

¢ Invasive, large incision

e Risk of patellar fracture
e Risk of anterior kneeling pain

Quadriceps tendon | e Large graft and versatile: could be used for ' e Less stiffness than native ACL

single or double-bundle reconstruction « Large, invasive incision
e Option of a one-sided bone block « Risk of patellar fracture
Allograft ¢ No donor size morbidity e Longer healing time

e Versatile and available in various types and ' e Increased risk of re-rupture, especially in
sizes younger patients and irradiated grafts

e Theoretical risk of disease transmission

operatively (Figure 7). If a patient is undergoing
revision surgery, several visualizing modalities can
prepare the physician before surgery. Specifically,
MRI and 3D CT scan are particularly useful for
looking at previously drilled tunnels to help guide
tunnel placement in revision cases®?.

Preoperative planning also includes proper graft
choice. Each choice can aid in individualizing the
approach. The types of grafts used include ham-
string, quadriceps, bone-patellar-tendon-bone
(BPTB), and allograft (Figure 8) (Table 2).

The hamstring graft may be recommended for
the patient who desires an aesthetic outcome.
Hamstring grafts acts in similar strength to the
ACL but some of the downfalls are less controlla-

ble size and residual weakness in the hamstrings.
Figure 8. A wide variety of grafts may be used for ACL reconstruction

] ] . . including: a) hamstring autograft; b) bone-patellar tendon-bone autograft;
reconstruction along with bone incorporation, ¢) quadriceps tendon autograft with bone block; d) allograft which is
but can be too bulky and places the patient at depicted here as a double bundle.

The quadriceps tendon can be used for SB or DB

risk for patella fracture. The allograft provides
the most flexibility since there is no donor site
morbidity, but the risk of re-rupture is high, there

is a longer healing time, and there is a theoretical Anatomic ACL reconstruction was developed with its
complication of host rejection”. Lastly, for large focus being the functional restoration of the ACL to its
insertion sites and anatomy, grafts can be pooled native dimensions, collagen orientation, and insertion

together to increase the diameter to meet the sites.

size (Figure 9 and Table 3).
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13mm |
Length |

Figure 9. An example of supplement allograft to an insufficient autograft. The native tibial insertion site area was measured with a
ruler intra-operatively and found to be 13 mm in length and 9 mm in width (a). Harvest of hamstring autograft was performed but
the semitendinosus was 2.5 mm in diameter and 5 mm in a double loop (b) and the gracilis was unusable (c). The native tibial
insertion site area was calculated using the formula of an ellipse and it was found that using a 5mm hamstring graft, only 26 % of the
insertion site area would be restored. An option is to supplement the harvested autograft with allograft. This patient received a
hybrid semitendinosus allograft (9 mm diameter) (d-e) This percentage reconstructed area was increased to 84 % using this method.

Table 3. Percentage reconstruction of this patient’s
tibial insertion site varying with graft diameter. With
and without allograft augmentation are shown in
underline and bold, respectively.

Graft Diameter Percentage Reconstructed
(mm) Area of Tibial Insertion Site

4 17

El 26

6 38

7 51

8 68

9 84

NON-OPERATIVE AND OPERATIVE

TREATMENT

Non-operative treatment might be the best option
for patients with the following characteristics: in-
complete tears, no symptoms of instability, no in-
volvement in high-demand sports, open growth
plates, or sedentary lifestyles®®. For individuals
choosing non-operative management, treatment
is still necessary and includes ambulatory assist-
ance with crutches until full weight-bearing is tol-
erated, icing to reduce swelling, and early involve-
ment in physical therapy. This rehabilitation
protocol is not unlike that for post-ACL reconstruc-
tion and involves approximately 6 months of exer-
cises that not only strengthen the muscles around
the knee but also train the body to react in a way
that puts less strain on the knee. Even for young
active adults, non-operative treatment might be a
viable option as shown in a randomized controlled

http://hrcak.srce.hr/medicina

trial that compared rehabilitation and early surgi-
cal intervention to rehabilitation and optional de-
layed surgery?. With a study population of 121
young active adults, there were no significant dif-
ferences in KOOS (Knee Injury and Osteoarthritis
Outcome Score), 36-Item Short Form Health Sur-
vey, Tegner Activity Scale, or osteoarthritis index
at 5 year follow-up?. However, it should be noted
that 51 % of the patients in the delayed group opt-
ed for operative intervention eventually?. The in-
cidence of meniscal pathology was also higher in
the patient group treated without surgery.

If operative management is selected, it is recom-
mended that ACL reconstruction be delayed until
swelling diminishes, normal range of motion is re-
gained, and near normal gait and strength is es-
tablished?. A delay between injury and ACL recon-
struction has also been supported when there is a
quadriceps strength deficit of more than 20 %.
This has been associated with significant post-op-
erative strength decreases®. In addition, there is
significantly less arthrofibrosis is seen when recon-
struction is delayed by three weeks®.

The decision for single- or double-bundle recon-
struction should be based on patient preference,
patient level of activity, and on intra-operative
measurements (size of ACL at its mid-portion, ACL
insertion sites, and intercondylar notch width).
The contraindications for double bundle recon-
struction are the same as the indications for single
bundle reconstruction. These include ACL inser-
tion site less than 14 mm, notch width less than 12

medicina fluminensis 2015, Vol. 51, No. 1, p. 27-40
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Table 4. Contraindications for double-bundle ACL Reconstruction

¢ Relative Contraindications

e Open physes

e Severe bone bruising

e Narrow notch (notch width < 14 mm)

¢ Shallow notch (notch height < 14 mm)

e Severe arthritic changes (grade 3 or greater)

¢ Total tibial insertion site length < 14 mm is indication for single bundle technique.
¢ Single-bundle tear is indication for augmentation technique when intact bundle remains functional

Open physes and severe bone bruising would likely benefit from less iatrogenic damage through less tunnel drilling. A narrow and
shallow notch does not easily accommodate two bundles, is technically demanding for anatomic tunnel placement, and may lead
to graft impingement resulting in early graft failure. Lastly, severe arthritic changes may worsen more rapidly when the knee is

constrained with two bundles.

mm, open physes, severe bone bruising, cartilage
greater than grade 3, and multiligament injuries®
(Table 4).

A three-portal approach using lateral, central me-
dial, and accessory medial portals provides maxi-
mal visualization of the ACL and its femoral and
tibial insertion sites as well as providing instrument
portals for optimal tunnel drilling®! (Figure 10). In-
sertion sites can be identified by not only ACL rem-
nants but also anatomic landmarks. The anterior
horn of the lateral meniscus and the medial and

lateral horns of tibial spines are aligned with the
tibial insertion site while the lateral intercondylar
and bifurcate ridges demarcate the femoral inser-
tion site®*. The bony landmarks are very important
for chronic cases when the footprints cannot be
visualized specifically®. During double-bundle re-
construction, the tunnels for the posterolateral
and anteromedial bundles are placed in the center
of the native AM and PL bundle insertion site in
such a way as to maximize coverage of the native

femoral and tibial insertion site*®* (Figure 11).

Figure 10. a) The three portal technique provides the best visualization of the ACL insertion sites. First a high accessory lateral (AL)
portal is created. Then, under arthroscopic visualization using a spinal needle, the central portal (CP) and accessory medial (AM)

portals are created. b-d) arthroscopic views of through the AM, CP, and AL portals, respectively.

Figure 11. a) Anatomic locations of the PL and AM femoral origins; b) Tibial AM and PL bundles; c) Double bundle

reconstruction with graft in place.

medicina fluminensis 2015, Vol. 51, No. 1, p. 27-40
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Figure 12. a) Arthroscopic view of drilled single femoral tunnel;
b) Tibial Tunnel placement; c) View of both the femoral and tibial tunnels;
d) Graft in place

Anatomic SB reconstruction has great overlap to
anatomic DB reconstruction. However, instead of
drilling a separate tunnel for the AM and PL bun-
dle, one tunnel is placed in the center of the ACL
insertion site on both the femoral and tibial side
(Figure 12). Measurements of the notch size, tibial
and femoral insertion site are documented to cor-
roborate pre-operative measurements taken on
MRI.

BIOMECHANICS

In vivo biomechanical studies have demonstrated
the importance of each bundle’s value to encour-
age repair of the ACL deficient knee. Kopf et al
evaluated the function of the AM and PL bundle
intra-operatively with the use of a computer nav-
igating system. Fifteen patients with acute ACL
ruptures underwent anatomic ACL reconstruc-
tion. The patients were divided into groups and
compared accordingly: ACL deficient to PL bundle
reconstructed knee, ACL deficient to DB ACL re-
constructed knee, and PL bundle reconstructed
knee to DB ACL reconstructed knee. Each patient
was examined preoperatively, after fixation of
the PL bundle individually, and then after fixation
of the PL and AM bundles together. A computer
navigation system tracked the kinematics for

http://hrcak.srce.hr/medicina

Lachman test, anterior drawer test, internal-ex-
ternal rotation at 30 degrees of knee flexion, and
varus-valgus rotation at 30 degrees of knee flex-
ion. Fixation of the PL bundle improved knee lax-
ity on Lachman and anterior drawer test, but ad-
ditional fixation of the AM bundle improved
results even further®.

Biomechanical analyses involving cadaveric speci-
mens suggest that anatomic reconstruction is su-
perior to non-anatomic reconstruction. In a cadav-
eric study comparing ACL reconstruction using
double bundles placed anatomically to a single
bundle re-approximating only the anteromedial
bundle, the anatomic double bundle technique
was found to be superior in reproducing the in situ
forces and rotatory loads seen in ACL intact
knees®. More specifically, ACLs reconstructed with
the anatomic double bundle technique relative to
intact ACLs saw 97 % of anterior tibial loads and
91 % of rotatory loads; whereas ACL knees recon-
structed with the anteromedial single bundle
technique only saw 89 % of anterior tibial loads
and 66 % of rotatory loads®. Another cadaveric
study compared anatomic double bundle and ana-
tomic single bundle reconstruction to knees with
intact and deficient ACLs*®. The intact states could
not be recreated with either the anatomic double
or single bundle reconstruction as there were sig-
nificant differences when comparing the recon-
structed states to the intact state for anterior tibial
loads, simulated pivot shift, external and internal
rotations, and valgus and varus rotations at vari-
ous flexion angles®. All but external rotation
which showed a small significant difference, no
significant differences were found between the
anatomic double and anatomic single bundle re-
constructions®. Thus, the study by Yagi et al.
shows the biomechanic superiority of the anatom-
ic double bundle reconstruction, and the study by
Goldsmith et al. suggests that while ACL recon-
struction cannot recreate the intact state, double
and single bundle reconstructions can have similar
biomechanical outcomes if reconstructed anatom-
ically.

REHABILITATION PROTOCOL

While anatomic ACL reconstruction may allow for
faster achievement of normal range of motion,

medicina fluminensis 2015, Vol. 51, No. 1, p. 27-40
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rehabilitation needs to be carried out with the
knowledge that grafts placed anatomically expe-
rience greater in situ forces than grafts placed
non-anatomically®’. While this might indicate the
need for a slower rehabilitation protocol, previ-
ous studies have shown no differences in acceler-
ated and non-accelerated programs. In the rand-
omized controlled trial carried out by Beynnon et
al. no differences between accelerated (19
weeks) and non-accelerated (32 weeks) pro-
grams existed in clinical assessment, functional
performance, proprioception, thigh muscle
strength, increase in knee laxity, and lack of re-
turn of KOOS (Knee Injury and Osteoarthritis Out-
come Score) and quality of life to pre-injury lev-
els®,

In the early post-operative period, goals and
milestones of therapy include: control of pain
and edema, graft protection, comparable exten-
sion of involved and uninvolved knees, knee flex-
jon of at least 100 degrees, maintenance of
quadriceps strength, and achievement of full
weight-bearing and normal gait®*. Typically this
period spans the first 6 weeks post-operatively.
Crutches with instructions to weight bear as tol-
erated help to protect the graft and to minimize
pain. Excluding cases of concomitant meniscal in-
jury and repair, bracing after ACL reconstruction
is not indicated as many randomized controlled
trials have not seen benefit in pain reduction,
range of motion, graft stability, or rate of re-inju-
ry*4t, Similarly, no clear benefit is seen with the
use of the CPM machine*®. Conversely, cryothera-
py improves outcomes by reducing pain and
swelling3%4,

After the early post-operative period, rehabilita-
tion should be geared at strengthening and neu-
romuscular control before progression of return-
ing to activity and sports. These phases are
cautiously given the time frames of 9-16 weeks
and 16-22 weeks*, respectively; however,
achievement of certain criteria should serve as
the benchmarks for progression. During the
strengthening and neuromuscular control stage,
patients should perform activities of daily living
without difficulty, tolerate exercises testing flex-
ion and strength without pain or edema, and jog
2 miles if attainable pre-injury®. While this will
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be discussed further, returning to activity and
sport should not be allowed unless patients at-
tain a quadriceps index of at least 85 % and can
handle sprinting, cutting, pivoting, jumping, and
hopping at full exertion®.

RETURN TO SPORT

Return to sport after ACL reconstruction has
been researched in the past, but specific return
to sport for patients that have undergone ana-
tomic ACL reconstruction is relatively sparse. Van
Eck et al. evaluated failures and predictors of an-
atomic ACL reconstruction and noted younger
age, BMI, and early return to sport (222 vs 267
days) as the strongest predictor of failure*?. Part
of this may be due to the tendency of the ana-
tomic ACL to experience the natural forces of the
knee that a non-anatomically placed ACL can
withstand®.

Most protocols for anatomic ACL reconstruction
have been grouped into the general description
of return to play after ACL surgery. These guide-
lines tend to be vaguely defined with no set
agreement on the appropriate time to engage in
activity. The decision to return to play also rests
on the patient’s subjective view of their readi-
ness. A study by Tjong et al. evaluated qualita-
tively the decision to return to play with the
prime focus on understanding what factors influ-
ence decision to return to pre-injury level status
after ACL reconstruction. They interviewed 31
patients who had participated in sports before
ACL rupture and had them complete Marx activi-
ty score logs and questionnaires focused on level
of play. For patients that refused to play with
good knee function their apprehension fit into
three overarching themes: fear, lifestyle changes,
and innate personality traits*.

ACL injury following return to play can be de-
pendent on gender, side of injury, and graft
choice. A prospective study evaluated 100 soccer
athletes, 55 males and 45 female, with an aver-
age follow-up of 7 years about when they re-
turned to play, current status, and reason for
stopping athletic activity. 72 % initially returned
to play after surgery, and 36 % were still playing 7
years later. Twelve patients sustained injury with
9 injuring their contralateral leg. The study con-
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cluded that male athletes were more likely to re-
turn to play and have less chance of re-injury
compared to females. Additionally older athletes
were less likely to return to sport, and injury to
the non-dominant leg places the dominant leg at
future risk of injury®. Return to play research has
primarily been focused on general ACL recon-
struction without particular focus on anatomic
reconstruction; thus, more research is needed to
ascertain the effect of anatomical ACL recon-
struction on return to play.

CLINICAL OUTCOMES AFTER ANATOMIC

ACL RECONSTRUCTION

Comparison of anatomic and double bundle and
single bundle reconstruction has been docu-
mented in literature, but the need for more pro-
spective and randomized control trials still exist.
A prospective and randomized study involving
281 patients compared ACL reconstruction using
anatomic double bundle, anatomic single bundle,
and non-anatomic single bundle techniques?.
Statistically significant differences were found be-
tween the groups with anterior tibial translation
of 1.2 mm, 1.6 mm, and 2 mm for anatomic dou-
ble bundle, anatomic single bundle, and non-an-
atomic single bundle techniques, respectively*.
This study suggests that anatomic double bundle
reconstruction was superior to anatomic and
non-anatomic single bundle reconstructions®.
Pivot shift supported the superiority of double
bundle and anatomic reconstruction in that the
percentage of patients who had scores of 0 for
pivot shift were 93.1 % for anatomic double bun-
dle, 66.7% for anatomic single bundle, and
41.7 % for non-anatomic single bundle®. There
were no differences in subjective IKDC scores be-
tween the groups.

OSTEOARTHRITIS AFTER ANATOMIC

ACL RECONSTRUCTION

ACL injury in general poses a substantial risk for
early onset osteoarthritis (OA) especially in the
setting of concomitant meniscal injury*#. Li et
al. evaluated the prevalence and risk factors for
the development of radiographic knee OA after
transtibial single bundle ACL reconstruction. In
this study, 249 individuals were classified by the
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Kellgren-Lawrence (KL) scale into degree of OA in
the medial, lateral, and patellofemoral compart-
ments. Patients were included on the basis of
comparison to the contralateral healthy knee: if
the difference was at least 2 grades in 1 compart-
ment or 1 grade in 2 compartments, patients
were included. Thirty-nine percent had radio-
graphic OA at 7.8 years after surgery. Meniscal
damage, or previous meniscal surgery, female
gender, BMI, chondrosis of patellofemoral and
medial compartment, and length of follow-up
were correlated for early OA radiographic find-
ings. Despite good outcomes and return to sport,
early onset of OA after ACL reconstruction was
still prevalent with the strongest predictors relat-
ed to obesity, and grade 2 or greater chondrosis
in the medial compartment®.

The evaluation of anatomically reconstructed
knees on cartilage status has not been examined
specifically, but recent research has posed a po-
tential protective value of anatomically placed
ACLs. In a study by Chu et al, they used quantita-
tive magnetic resonance imaging with ultra short
echo-time pulse sequencing (UTE T2) to evaluate
changes of the deep cartilage matrix in anatomi-
cally placed ACL knees as a measure to detect
early cartilage damage over 2 years. 35 patients
undergoing ACL reconstruction were given an
Outerbridge cartilage grade of 0-4 at time of sur-
gery and compared to 11 uninjured controls. Af-
ter 2 years, 16 of the patients underwent UTE-T2
of the deep central and posterior medial femoral
condyle and medial tibial plateau. Results dem-
onstrated decreased levels of UTE T2 to levels of
the uninjured knee, suggesting a potential pro-
tective value®l. More studies are needed to com-
pare anatomically reconstructed knees to non-
anatomically reconstructed knees.

WHAT IS IN STORE FOR THE FUTURE

Reconstructing the ACL should maximally re-ap-
proximate native anatomy as anatomic recon-
struction appears to be superior from both a
biomechanical and clinical standpoint to non-an-
atomic reconstruction. However, comparisons
between anatomic double and anatomic single
bundle reconstruction are less clear. Biomechani-
cally, double bundle reconstruction appears to be
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superior showing less anterior translation and
better ability to reproduce the forces seen by the
ACL in the intact state. Clinically, though, meta-
analysis has shown little significant difference in
outcome scores. Lastly, rehabilitation protocol
specific to anatomic ACL reconstruction should
be of future interest to optimize outcomes fol-
lowing surgery. As anatomic double and single
bundle ACL reconstructions have only become
common in practice over the past decade, stud-
ies showing long-term follow up that examine
the likelihood of delayed outcomes such as oste-
oarthritis are minimal to date. Thus, the decision
to proceed with double or single bundle recon-
struction should be individualized to respect a
patient’s particular knee anatomy.
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