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Abstract

Recently, there has been a renewed interest in primary repair of proximal anterior cruciate ligament (ACL) tears. Magnetic
resonance imaging (MRI) plays an important role in preoperative patient selection and in postoperative ligament assessment.
Knowledge of the imaging factors that make patients candidates for primary ACL repair, namely proximal tear location and good
tissue quality, can help radiologists provide information that is meaningful for surgical decision making. Furthermore, an
understanding of the surgical techniques can prevent misinterpretation of the postoperative MRI. This article reviews preoper-
ative MRI characterization of ACL injuries, techniques of arthroscopic primary ACL repair surgery and examples of postoper-

ative MRI findings.
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Introduction

Anterior cruciate ligament (ACL) injuries are common and
can have a significant impact on a patient’s activity level and
ability to participate in sports activities [1, 2]. The rate of ACL
reconstruction surgery within the first year after injury has
significantly increased across all ages in the last 20 years
[1]. This is thought to be secondary to a combination of
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unsatisfying outcomes of conservative treatment, with
low return to sport rates and a high incidence of pro-
gressive meniscal and cartilage loss, in combination with
improved surgical techniques and postoperative rehabilitation
[3-7].

Primary repair was the first surgical treatment of ACL in-
juries and was commonly performed in the 1970s and 1980s
using an open arthrotomy technique [8—11]. Although short-
term results were promising, many authors found mid and
long-term results to be inconsistent [12—14]. This led to a shift
away from primary repair to augmented primary repair and
ultimately to ACL reconstruction [15-17].

In 1991, however, at the end of the primary repair era,
Sherman et al. reviewed their disappointing mid-term results
and noted that the outcomes were better in patients with prox-
imal tears [13]. Indeed, a recent systematic review found that
the outcomes of primary repair of proximal tears were signif-
icantly better than those of mid-substance tears in historical
studies [18]. This data, along with advancements in minimally
invasive surgery (i.e. arthroscopy) and modern rehabilitation
(i.e. focus on early range-of-motion), has led to a renewed
interest in primary repair [19-22]. In 2015, DiFelice reported
the first outcomes of arthroscopic primary repair of proximal
ACL tears and showed excellent outcomes at 3.5-year follow-
up [23]. Some authors have therefore advocated a treatment
algorithm for ACL injuries that is based primarily on tear
location and remnant tissue quality [19, 24]. Advocates for

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00256-017-2857-5&domain=pdf
mailto:daniels.stevenp@gmail.com

620

Skeletal Radiol (2018) 47:619-629

primary repair suggest that patients with proximal tears and
sufficient tissue quality can be treated with arthroscopic pri-
mary repair, and the early data on arthroscopic primary repair
is promising [23, 25-28].

In light of these recent developments, it is important for
radiologists to understand preoperative MRI characteristics
that make patients potential candidates for primary ACL
repair, and to understand the normal and abnormal post-
operative imaging appearance after primary ACL repair.
Therefore, the aim of this article is to describe the (I)
preoperative MRI characteristics that make patients can-
didates for primary ACL repair, (II) currently performed
surgical techniques in primary ACL repair, and (III)
normal and abnormal imaging appearance after primary
ACL repair.

Repair versus reconstruction

ACL reconstruction is most commonly performed
arthroscopically using autograft or allograft tissue, and is
known to have low graft failure and high return to sport rates
[29-33]. The current reconstruction procedures, however,
have limitations. Following bone-patellar tendon-bone au-
tograft, patients frequently experience persistent anterior
knee pain and kneeling pain [34-36]. Following ham-
string autograft patients may experience donor site pain,
weakness, and nerve injury [37]. The use of allograft
tissue comes with an increased risk of revision surgery,
which is particularly high in younger patients [38].
Recent biomechanical research has also shown that
ACL reconstruction does not restore normal joint kine-
matics [39, 40] and may not prevent the early develop-
ment of osteoarthritis after an ACL injury [41, 42].
Furthermore, revision surgery is often complicated after
reconstruction due to pre-existing tunnels, tunnel
malpositioning and/or tunnel widening, and the unavail-
ability of autograft tissue [43—45]. As a result, outcomes
of revision surgery are inferior to those of primary ACL
reconstruction [46—48].

Arthroscopic primary ACL repair has theoretical advan-
tages over ACL reconstruction surgery and has therefore been
increasingly performed. Experimental studies suggest that pri-
mary ACL repair, with preservation of the native ligament,
may more effectively restore normal joint kinematics and slow
the progression of degenerative changes after an ACL injury
[49-52]. Also, when the ACL is primarily repaired, there are
usually no tunnels drilled and no graft tissue harvested which
allows for a faster recovery with fewer complications when
compared to reconstruction surgery [53]. Finally, primary
ACL repair can be easily converted to a reconstruction if the
primary ACL repair happens to fail in the future: no surgical
bridges are burned with the repair procedure.
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Table 1 Tear type classification using MRI

Tear type  Description Tear location

Type I Proximal avulsion tear > 90% of distal ligament intact
Type II*  Proximal tear 75-90% of distal ligament intact
Type 111 Mid-substance tear 25-75% of distal ligament intact
Type IV Distal tear 10-25% of distal ligament intact
Type V Distal avulsion tear < 10% of distal ligament intact

* Candidates for primary ACL repair. Type II tears can be treated with
primary ACL repair though may require augmentation with hamstring
grafts [19, 25]

Preoperative evaluation and patient selection
Patients are first evaluated clinically with a history and phys-
ical exam. The majority of ACL injuries are noncontact inju-

ries and patients often report feeling their leg give out, hearing
a pop and noticing rapid onset swelling [54—56]. Two physical
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Fig. 1 Tear type classification (Drawings by J. Kazam). a Type 1
proximal avulsion tear. b Type II proximal tear. ¢ Type III mid-
substance tear. d Type IV distal tear. e Type VB distal bony avulsion
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exam maneuvers, the Lachman test and the pivot shift test are
valuable in assessment of a possible ACL tear. A recent meta-
analysis showed the Lachman test to have 87% sensitivity and
a very low negative likelihood ratio, making it an effective test
for ruling out a possible ACL tear [57]. The pivot shift test has
been shown to have a high specificity and positive likelihood
ratio [57].

Patients with a clinical suspicion (abnormal Lachman
test and/or pivot shift) for ACL tear are referred for
MRI. MRI has been shown to be accurate for diagnos-
ing many intra-articular injuries of the knee with the
greatest sensitivity and specificity often found for ACL
injuries [58]. A recent meta-analysis showed MRI to be
92% sensitive and 99% specific in the identification of
ACL injuries compared with arthroscopic correlation
[58]. Historically, the main focus of the MRI was (1)
to verify the suspected ACL injury and characterize as a
complete or partial tear, if possible, and (2) to carefully
evaluate the knee for other injuries that may have an
effect on surgical management, surgical outcome, or
progression to osteoarthritis of the knee. Recently, how-
ever, there has been increased focus on the accurate
characterization of the ACL tear location and potentially

Fig.2 TypeI ACL tear with good
tissue quality. Preoperative MRI
and arthroscopic images of a
42-year-old man who suffered an
injury while playing paddle
tennis. a—b Sagittal and coronal
proton density weighted images
showing a complete femoral
avulsion ACL tear with very little
remnant tissue left on the femoral
footprint (white arrow). The distal
ACL has homogeneous low
signal, often indicating good
tissue quality. ¢ Arthroscopic
image showing probing of the
torn ACL with no remnant tissue
left at the femoral footprint (white
arrow). d Arthroscopic image
after primary ACL repair. Notice
the presence of sutures running
through the repaired ligament,
which can lead to a heterogeneous
appearance of the repaired
ligament on MRI

the tissue quality of the ligament remnant [19]. Surgeons
use this information to dictate surgical management
and make a preoperative assessment as to whether
the patient will be a candidate for primary ACL repair
[19, 23, 59, 60].

Tear location

ACL tears at our institution are classified as one of five
types which are a modification of the Sherman classifi-
cation (Table 1, Fig. 1) [13]. A type I tear is a femoral
avulsion with more than 90% of the distal ACL left
intact (Fig. 2). A type II tear is a proximal tear with
75-90% of the distal ACL left intact. A type III tear is
a tear in the middle 50% of the ACL (mid-substance).
A type IV tear is a distal tear with 10-25% of the distal
ACL left intact and a type V tear is a tibial avulsion
with less than 10% of the distal ACL left intact at the
tibial insertion. Type V tears can be classified as soft
tissue avulsions (type VA) or bony avulsions (type VB).
This grading scale has been shown to be reproducible
with good inter and intraobserver reliability and has
been shown to be helpful in predicting whether patients
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Fig.3 Poor tissue quality. Preoperative MRI and arthroscopic images of a
21-year-old female who sustained a pole vault injury. a Sagittal proton
density image showing a femoral avulsion tear of the proximal ACL (type
I). There is heterogeneous signal within the torn distal ligament, which
often indicates poor tissue quality (white arrow). There is also abnormal

Fig. 4 Transosseous button
fixation. Postoperative MRI of a
22-year-old man who sustained
an ACL injury while playing
basketball. The patient underwent
arthroscopic primary ACL repair
with transosseous button fixation
(pullout technique). MRI was
performed 3 years after surgery.
a—b Sequential sagittal proton
density images showing primary
ACL repair with securing of the
sutures at the femoral footprint by
transosseous button fixation
(white arrows). ¢ Coronal proton
density image showing securing
of the repair suture by a button
overlying the lateral distal femoral
cortex (white arrows). d Coronal
proton density image showing
ideal placement of the repair su-
ture within the intercondylar
notch at the femoral footprint
(white arrows)
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laxity of the ligament, which is collapsed in the intercondylar
notch with decreased inclination. b Probing of the ligament dur-
ing arthroscopy reveals frayed margins (white arrow) and poor
tissue quality (arrowhead), making this patient a poor candidate for pri-
mary ACL repair
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will be candidates for primary ACL repair [24, 60]. In a
recent MRI analysis of 353 complete ACL tears, 16%
were classified as type I tears and 27% were classified
as type II tears [24]. In a recent study of preoperative
MRIs of 130 patients with ACL injuries who went on
to surgery, 90% of patients with type I ACL tears and
46% of patients with type II tears on the preoperative
MRI were repaired primarily. Evaluation of the femoral
attachment on MRI in the standard sagittal extended
position can be limited due to volume averaging, which
may explain some of the discrepancies between remnant
tissue length on imaging and ultimate treatment outcome
[61, 62]. MRI can also be limited in assessing for par-
tial ACL tears and in differentiation between complete
and partial tears [63—65]. While not routinely obtained,
there are some who feel that sagittal oblique and coro-
nal oblique imaging can provide a more accurate assess-
ment of the integrity of the femoral attachment [61, 66].
In our experience, we find the axial plane most helpful
among standard imaging planes for assessing the ligament
at the femoral attachment.

Tissue quality

Tissue quality is generally described at our institution as one
of the following grades: good (when nearly all fibers are run-
ning in the same direction and the signal is homogeneous
(Fig. 2), fair (when some of the fibers are running in the same
direction and the signal is mildly heterogeneous), or poor
(when most fibers are running in different directions and the
signal is heterogeneous) (Fig. 3) [60]. Though there is very
little literature on grading tissue quality using this scale, a
recent retrospective study using this method showed that it
can help predict which patients will be candidates for primary
ACL repair. In the study, 100% of patients with type 1 tears
and good tissue quality on the preoperative MRI had their
ACLs repaired primarily after arthroscopic evaluation. In con-
trast 0% of patients with type 1 tears and fair or poor tissue
quality on the preoperative MRI had their ACLs repaired pri-
marily. In patients with type II tears on the preoperative MRI,
88% with good tissue quality and only 13% of those with fair
or poor tissue quality were repaired primarily [60].

Chronic tears

An important finding that can be mischaracterized as an
intact ligament on MRI is chronic complete tear of the
ACL with scarring of the ACL to the PCL [63]. This is
of importance as there is some thought that scarring of
the ACL to the PCL prevents retraction of the ligament.

Fig. 5 Suture anchor repair. Postoperative MRI of a 57-year old
man who sustained an ACL injury while playing softball. The
patient was treated with arthroscopic suture anchor primary repair
and this MRI was performed 6 months postoperatively. a—c
Sequential sagittal and coronal proton density weighted images
showing suture anchor placement at the ACL femoral footprint
(black arrow in a, white arrow in ¢). Notice that there are no
femoral or tibial tunnels used in this procedure
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Some patients have been shown to do well following
primary ACL repair up to 11 years after initial injury
when this finding is present [59, 67, 68].

Surgical techniques

After physical examination and preoperative imaging
verify a complete tear of the ACL, all patients are
consented for primary ACL repair with possible need
for augmentation or for complete ACL reconstruction.
The preferred surgical technique of the senior author
for primary repair has been described previously in the
orthopedic literature [23, 25, 27].

Suturing of ligament

During arthroscopy, the ligament is assessed for tear location
and tissue quality and analyzed to see if the distal remnant
length is sufficient for primary repair. The distal remnant
should be of sufficient length to reach the femoral wall and
the remnant should be of sufficient quality to tolerate suture
passage and tensioning. The anteromedial (AM) and postero-
lateral (PL) bundles are identified and sutured separately.
Beginning distally, sutures are passed in an alternating,
interlocking Bunnell-type pattern towards the avulsed proxi-
mal end for both the AM and PL bundles. A small anterior
notchplasty is then performed to improve visualization and the
femoral footprint is roughened to provide bleeding and stim-
ulate healing.

Transosseous pullout technique

With the pullout technique, small drill holes are made in
the femur from the lateral femoral cortex to the inser-
tion sites of the AM and PL bundle. Suture of the AM
and PL bundle are then carried through the AM and PL
drill holes, respectively, and tied over a button on the
lateral femoral condyle (Fig. 4).

Suture anchor technique

With the suture anchor technique, holes are drilled, punched
or tapped (depending on bone quality) into the femoral foot-
print of both the AM and PL bundle. Both bundles are then
tensioned towards the proximal wall using two suture anchors
(Fig. 5). This technique is similar to suture anchor repair of the
rotator cuff. In patients at increased risk of re-injury such as
high level athletes, patients with questionable tissue quality, or
high school girls with lax knees and valgus alignment
[69-72], the repair technique is reinforced with internal suture
augmentation [26, 73]. With this technique, the AM suture
anchor is loaded with the tape suture, which functions as a
checkrein protection for ligament healing in the early phases
of rehabilitation. A drill hole is made starting at the
anteromedial tibial cortex and runs superiorly up into the an-
terior part of the ACL tibial insertion. The tape is then
channeled distally along the ligament, through the drill hole,
and exits at the anteromedial cortex of the tibia where it is
fixed with another suture anchor (Fig. 6).

Fig. 6 Internal bracing. Postoperative MRI of a 26 year-old man
who sustained an ACL injury while playing basketball. The
patient was treated with arthroscopic primary ACL repair with
suture anchors and additional internal bracing. Postoperative
MRI was performed at 1.2-year follow-up. a—b Sequential
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sagittal proton density images show internal bracing with
FiberTape running through (white arrow) and fixed within a
tibial drill hole (black arrows). The internal bracing provides
added support for the repaired ACL ligament in the early phases
of rehabilitation
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Postoperative rehabilitation

Postoperatively, patients are placed in a locked hinged knee
brace. The brace is locked in extension until volitional quad-
riceps control is regained. The brace is worn for the first
4 weeks with weight bearing as tolerated while patients start
range-of-motion exercises immediately after surgery. After
2 weeks, formal physical therapy is initiated. The patient is
often followed with multiple clinical scales including the
Lysholm, Modified Cincinnati, Tegner, SANE, IKDC, and
KT-1000 [23].

Postoperative imaging

While the normal and abnormal imaging appearance af-
ter ACL reconstruction has been well described [74-76],
there are no descriptions of the normal MRI imaging
appearance after primary ACL repair in the literature.
Radiologists must therefore be familiar with primary
ACL repair technique to avoid MRI misinterpretation.
In ACL reconstruction a femoral tunnel is drilled to
secure either the bone-patella-bone or the hamstring
graft. Small femoral tunnels can be used in primary
ACL repair if transosseous button fixation is used to
secure the sutures to the femoral footprint (Fig. 4);
however, they are not required if suture anchors are
used as described previously (Fig. 5). If internal bracing
is performed, a tibial tunnel will be present (Fig. 6) but
this tunnel will be smaller than the traditional tunnel
made during ACL reconstruction.

As previously described, the suture anchors are ide-
ally placed at the anatomic femoral insertion site of
the AM and PL bundles. Following the ACL on the
sagittal images can verify that the suture anchors enter
at the posterior aspect of the MRI equivalent of
Blumensat’s line as it intersects a line drawn along
the posterior cortex of the femoral shaft (Fig. 7) [77,
78]. The suture anchors should ideally enter the femur
at the anterior superior aspect of the femoral footprint
[79, 80].

Initial imaging after the procedure may show the na-
tive ligament to be heterogeneous in signal, probably
secondary to the sutures running through the ligament
and to postoperative edema (Fig. 7). In the early post-
operative period, this appearance can simulate a tear
(Fig. 8a). Increased signal can persist over time, often
over a year, before the ligament becomes homogeneous-
ly low in signal similar to the normal, native ligament
(Fig. 8b). It is unclear why the heterogeneous signal
persists for such a long time after surgery, though it is

Fig. 7 Heterogeneous signal within repaired ligament. Postoperative MRI
of a 17 year-old boy who sustained an ACL injury while playing rugby. He
was treated with arthroscopic primary ACL repair with suture anchors and a
postoperative MRI was performed at 1.2-year follow up. a Sagittal proton
density weighted image shows heterogeneous signal within the repaired
ligament near the femoral attachment (white arrow). b Sagittal STIR
image showing hyperintense signal within the repaired ligament (white
arrow), which is secondary to sutures running longitudinally through the
ligament and ligament healing. ¢ Arthroscopic image at the surgery. The
ACL is re-approximated to the femoral wall (white arrow) and sutures are
running through the ligament (white asterisk)
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Fig. 8 Changing signal within repaired ligament. Postoperative MRI of a
50-year-old female who sustained an ACL injury while skiing. She was
treated with arthroscopic primary ACL repair and MRI was performed at
1-year (a) and 5-year follow up (b). a A repaired ligament 1 year after repair

probably due to altered ligament architecture around the
sutures. It is important to note that while ACL recon-
struction grafts go through a period of “ligamentization,”
during which new linear high signal can be seen within
the substance of the ligament as the properties of the
tendon graft are altered [74, 81, 82], repaired native
ligaments do not undergo this process and any new high
signal within the repaired ligament should be viewed
with suspicion.

Re-injury will often be suspected clinically based on a his-
tory of the knee giving out or a positive pivot shift or Lachman
test on physical exam. In the experience of the senior author,
most re-injuries of the repaired ACL are re-ruptures in the mid-
substance or proximal third of the ligament below the repair
construct (Fig. 9). Imaging evaluation should include a

shows heterogeneous signal (white arrow) which mimics a torn ligament on
a sagittal proton density image. b The previous heterogeneous signal is no
longer present and the ligament is now homogeneously low in signal on a
sagittal proton density image (white arrow)

thorough search for primary and secondary signs of ACL injury
as in a native ligament tear. Further research is warranted to
identify ways to best image and detect re-injury after primary
ACL repair, especially given the limitations of already altered
ligament signal on MRI in the early post operative period.

Conclusion

Early results of arthroscopic primary repair of proximal ACL
tears with good tissue quality are promising. As this surgery is
more commonly performed, radiologists should be familiar
with the potential role of tear location and tissue quality on
surgical management. Radiologists should also be familiar
with the expected postoperative appearance of primary ACL

Fig. 9 Ligament re-injury after primary repair. Postoperative MRI of a
16-year-old female who initially sustained an ACL injury during soccer.
She returned to soccer but at 10-month follow-up, she re-ruptured her
repaired ligament. a Sagittal proton density image shows no ligament
fibers reaching the femoral attachment and hyperintense signal (white
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arrow) at the expected location of the ACL fibers. b Arthroscopic image
confirms re-injury of the repaired ligament with no fibers reaching the
femoral attachment. The tear was in the proximal third of the ligament and
most of the fibers are retracted distally (white arrow). The internal brace
was still intact (white asterisk)



Skeletal Radiol (2018) 47:619-629

627

repair surgery to prevent mischaracterization of normal post-
operative findings. Further research is necessary to identify
ways to best detect ligament re-injury in the early postopera-
tive period.
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