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Abstract Anterior cruciate ligament (ACL) reconstructions
have increased over the past 25 years. The increased incidence
of ACL reconstructions has translated into a larger number of
graft failures and revision ACL procedures. It is important to
understand the causes of graft failure when evaluating for a
revision ACL reconstruction and to appreciate changes in tun-
nel anatomy over time prior to planning revision surgery. In
this manuscript, tunnel size for ACL reconstruction and im-
plications for single-stage versus two-stage revision ACL re-
construction will be discussed, as well as causes of tunnel
enlargement, including mechanical and biological factors.
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Introduction

There has been an increase in the number of anterior cruciate
ligament (ACL) reconstructions over the past 25 years, likely
attributed to the overall availability of surgeons capable of
performing the procedure and the increased participation in
sporting activities which are prone to ACL injuries. The inci-
dence of ACL reconstructions is estimated to be 30-85 per
100,000 persons per year, which increases in the at-risk age
group of 16-39 years [1-3]. The overall increased incidence
of ACL reconstructions has translated into a larger number of
graft failures and subsequent revision ACL procedures.
Investigators have reported a failure rate of ACL reconstruc-
tions between 10 and 15% at short and intermediate term
follow-ups, while long-term failures (greater than 10 years)
have been reported as high as 27% [4, 5].

Correct tunnel placement is critical to clinical success.
Evaluation of tunnel position and lysis can be evaluated on
radiographs, CT and MR imaging. On lateral or sagittal views
of the knee, the tibial tunnel should roughly be oriented par-
allel to the slope of the intercondylar roof (Blumensaat line),
with the proximal opening of the tunnel posterior to the inter-
section of the Blumensaat line and the tibia. On AP or coronal
views, the proximal tibial tunnel should be at the intercondylar
eminence [6] and should form an angle ranging from 60 to 65°
with respect to the medial joint line of the tibia [7]. With
regards to the femoral tunnel, it is often accepted that it should
be positioned at the intersection of the posterior femoral cortex
and the lateral wall of the intercondylar notch [8].
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It is important to understand the causes of graft failure,
particularly when evaluating for a revision ACL reconstruc-
tion. Moreover, it is important to appreciate changes in the
tunnel anatomy prior to planning revision surgery. Revision
surgery after graft failure is generally associated with a de-
creased probability of returning patients to their usual athletic
performance compared to primary ACL reconstruction sur-
gery [9]. The most common cause of graft failure is traumatic
re-injury (32%) [10]. Other common causes of graft failure are
attributed to surgical technique (such as non-anatomic tunnel
placement) or a combination of causes including biological
factors and unrecognized simultaneous ligamentous injuries
at the time of the initial surgery resulting in graft
microinstability.

Etiology of tunnel enlargement/time dependence
of tunnel enlargement

Most hamstring tunnels are drilled with a 7.5-9-mm drill bit,
whereas bone-patellar tendon-bone (BPTB) tunnels are drilled
with a 10-mm bit. Therefore, expected immediate post-
operative ACL tunnel diameter should be around 10 mm re-
gardless of graft selection. Several factors have been implicat-
ed in the etiology of tunnel enlargement, including: non-
anatomic graft fixation and improper graft tunnel placement,
foreign body immune response to allograft, heat necrosis due
to drilling, ACL graft ganglia, cell necrosis due to toxic eth-
ylene oxide and metal, and cytokine-mediated non-specific
inflammatory responses [11-16]. Post-operative rehabilitation
has also been implicated in tunnel widening, with some stud-
ies suggesting enlargement due to early immobilization, while
others suggesting a decrease in graft micromotion and tunnel
widening with nonaggressive rehabilitation [16—18]. Early ag-
gressive rehabilitation programs may also contribute to tunnel
enlargement as it subjects the graft-bone interface to early
stress before biological incorporation and ligamentization is
complete [19, 20]. During joint movement, enlargement grad-
ually occurs with transverse motion of the graft at the level of
the tibial tunnel—this is known as the windshield wiper effect,
coined by L’insalata [19].

Tunnel widening is generally cavitary, frequently maximal
in the mid-zone of the tibial tunnel and occurs in the plane of
movement of a joint [21]. The etiology is proposed to be
multifactorial including biological and mechanical factors,
with the predominant theory being micromotion at the graft-
native tunnel interface [22]. One of the main factors associated
with tunnel enlargement is malposition of the tibial tunnel,
which likely leads to graft micromotion [22]. Another possible
cause of tunnel enlargement is graft to tunnel size mismatch,
potentially leading to roof impingement, extension deficit,
graft tear and/or Cyclops lesion, which if caught early, may
be amenable to notchplasty; however, further studies are
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needed to confirm this hypothesis. The technical limitations
to reproduce the shape of the ACL and its normal attachment
sites have resulted in tunnel enlargement with all types of
grafts and fixation techniques [20]. The further the fixation
site is from the tunnel entrance in the joint, the more motion
may occur at the graft-bone interface within the tunnel [19].

Ganglion cyst formation as a cause of tunnel
enlargement

Ganglion cysts of the ACL are not unusual and have been
described in the literature [23-27]. Cysts following ACL re-
construction occur with less frequency and have been impli-
cated in tunnel enlargement [26]. A number of associated
etiologies have been reported, including bioabsorbable
screws, extra-articular fluid extravasation into the tunnel, al-
lografts with and without ethylene oxide sterilization, and the
use of non-absorbable suture [28—33]. Gonzalez-Lomas et al.
reviewed seven cases of pre-tibial cysts following ACL recon-
struction and found that no case had an infectious etiology,
and histologic examination of the cyst-demonstrated frag-
ments of the bioabsorbable screw and foamy histiocytes indi-
cating foreign body reaction [34].

Radiographs of the knee usually demonstrate a large lytic
lesion within the proximal tibia expanding the tunnel, with
overlying soft tissue swelling anteriorly (Fig. 1). MRI of the
knee shows a hyperintense lesion on fluid sensitive pulse se-
quences arising from or adjacent to the ACL graft, expanding
the tibial tunnel with surrounding reactive marrow edema
changes (Fig. 2). There is characteristic expansion of the
ACL graft, with interdigitation of the lesion between the graft
fibers, consistent with myxoid degeneration and ganglion cyst

Fig. 1 Pre-operative X rays: AP and lateral radiographs of the knee
demonstrate a well-marginated lytic lesion in the proximal tibia at the site
of the tibial tunnel. Pre-tibial soft tissue swelling is also observed
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Fig. 2 Pre-operative bone
window NECT of patient from
Fig. 6 demonstrates a cystic
expansile lesion within the
proximal tibial epiphysis and
metaphysis at the site of the tibial
tunnel measuring

3.1 x3.4x3.8 cm. Also seen is an
extraosseous cystic component
measuring 3.1 X 2.7 x 4.5 cm

formation (Fig. 3). Intraoperatively, large cavitary defects may
be seen (Fig. 4). Ultrasound guided soft tissue mass aspiration
can be performed to exclude infection and malignancy before
attempting revision ACL reconstruction. Histologic analysis
reveals myxoid material with fibrous connective tissue and
areas of focal histiocytes (Figs. 5, 6 and 7). Postoperative
radiographs can be obtained to monitor incorporation of graft
material (Fig. 8).

In a study of eight patients who had ACL reconstructions,
Sanders et al. demonstrated that fluid collections in the osse-
ous tunnels were common and that in seven of eight patients,
these fluid collections did not develop into ganglion cysts or
result in tunnel expansion at the 6-9 month follow-up period.
It is unclear at this time what factors may cause a fluid collec-
tion to persist or increase in size.

Graft type dependent tunnel enlargement (e.g. BPTB
vs hamstring vs allograft)

There seems to be no difference in failure rates between BPTB
and hamstring (HS) autografts, with an overall failure rate of
1.5-15% [35-42]. Moreover, there is currently no evidence to
suggest an increased risk of tunnel enlargement with soft tis-
sue allografts versus soft tissue autografts [43, 44]. However,
tunnel widening has been seen more commonly with the use
of soft tissue grafts with suspensory fixation devices. Tunnel
expansion has been found to be significantly greater following
ACL reconstruction using HS autografts than those using

Fig. 3 Pre-operative MRI proton
density fat-suppressed images of
the same patient (Figs. 6 and 7)
demonstrates a cystic expansile
lesion within the proximal tibial
epiphysis and metaphysis at the
site of the tibial tunnel. Also seen
is an extraosseous cystic
component

BPTB autografts, suggesting that the bone-to-bone interface
may play a role in decreasing micromotion of the graft
[45—47]. Graft failure and tunnel expansion is more common
with the use of bioabsorbable screws when compared with the
use of metal screws [48, 49].

The ACL consists of two bundles: the anteromedial bundle
and the posterolateral bundle, both contributing to the AP and
rotational stability of the knee. It has been proposed that a
double-bundle technique may restore the biomechanics of
the knee better than the classic single-bundle technique; how-
ever, clinical data suggests that if more horizontally positioned
femoral tunnels are used, single bundle technique produces
comparable clinical results as double bundle [50]. This was
supported by Siebold [51], that the additional bundle did not
reduce the amount of tunnel enlargement in a significant way;
nevertheless, it is worth noting Jarvela et al.’s [52] prospec-
tive, randomized study which showed double-bundle ACL
reconstruction technique resulting in less tunnel enlargement
in the tunnels on the tibial side than the single-bundle tech-
nique with similar fixation methods, graft material, and
rehabilitation.

Threshold of pathologic tunnel enlargement
and implications for surgical management in revision
(single vs. two stage surgery)

Revision ACL reconstruction can be performed as a single-
stage or a two-stage procedure. A single-stage repair is
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Fig. 4 Intraoperative photos:
external and arthroscopic
intraoperative photos
demonstrating the large cavitary
defect in the proximal tibia

performed when the torn ACL graft is removed and the new
graft is inserted in one surgical procedure into either the
existing tibial and femoral tunnels or new tunnels, if the cur-
rent tunnels are not in the way of newly planned tunnels. A
two-stage reconstruction involves removal of the torn graft,
filling the tunnels with bone graft and then waiting until the
tunnels heal over a period of time. At this point, a second
surgery is performed and new tunnels are drilled for the new
graft.

The decision to proceed with a single-stage versus a two-
stage revision is multifactorial. These factors include whether
there is loss of flexion or extension as determined by the
surgeon, whether the tunnels are in anatomic or non-
anatomic positions, and whether the tunnels have enlarged
(Fig. 9). Some authors prefer single stage revision because
of the worsening cartilage degeneration that is associated with
two-stage procedure due to the increased time until completed
surgical management [41]; however, a two-stage procedure
may be warranted in cases of significant tunnel enlargement
or loss of joint mobility [53].

When initially evaluating for potential causes of failure and
for preoperative planning, MRI is important in confirming
ACL graft rupture and other complications (Fig. 10). The role

Fig. 5 H&E staining demonstrates myxoid material with fibrous
connective tissue
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right knee arthroscopy

of CT, however, is important in determining the tunnel orien-
tation of the primary reconstruction. CT is also important in
assessing the tunnel for widening, and to estimate the degree
of bone graft incorporation in the case of two-stage revisions.
(Fig. 11) [9, 54-56]. CT is considered more accurate and reli-
able than MRI for evaluation of tunnel morphology with ac-
curate tunnel measurements in only 8% of cases with MRI,
compared to 96% of cases imaged with CT [54, 55], which
may be related to MRI susceptibility artifact and anatomic
distortion from metallic hardware, making accurate assess-
ment of tunnel enlargement difficult. Standard AP and lateral
radiographs may serve as an inexpensive and low radiation
method to assess for tunnel position, osteolysis/enlargement,
and the position of fixation devices (Fig. 9); however, radio-
graphs are severely limited in their ability to assess tunnel
healing and graft injury.

Radiographic findings that suggest that a single stage
procedure is achievable include—properly positioned,
unexpanded, and normal shaped tunnels, or a mal-
positioned tunnel that is not in the way of the planned
ACL reconstruction. Tunnel osteolysis can complicate an
ACL revision surgery, making it necessary to perform a
two-stage revision. Though it should be noted that not all
osteolysis leads to graft failure. Tunnel enlargement

Fig. 6 H&E staining demonstrates focal histiocytes
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Fig. 7 H&E staining demonstrates myxoid material with fibrous
connective tissue

predominantly occurs in the first 6 months following sur-
gery, and stabilizes within 2 years [43, 57].

The amount of acceptable tunnel expansion for a one-stage
ACL revision is debatable and relies on several factors includ-
ing physician preference, planned revision graft choice, loca-
tion of the expanded tunnel, and the morphology of the pri-
mary tunnels. Most hamstring tunnels are drilled with a 7.5-9-
mm drill bit, whereas bone-patellar tendon-bone (BPTB) tun-
nels are drilled with a 10-mm bit; therefore, expected imme-
diate post-operative ACL tunnel diameter should be around
10 mm regardless of graft selection. Radiographic findings
that persuade surgeons to consider that a two-stage procedure
is warranted include a tunnel greater than 15-mm, or a tunnel
10-15-mm with an irregular shape secondary to osteolysis,
which limits its use in the reconstruction, and a tunnel position
that is in the field of the planned ACL revision. Tibial tunnels
should be measured in their sagittal and coronal diameters at
their midpoint, and at their proximal and distal apertures,

m

Fig. 8 Post-operative X ray: AP and lateral radiographs of the knee
demonstrate early consolidation of the microparticulate bone graft in the
proximal tibia

Fig. 9 Lateral (a) and frontal (b) radiographs demonstrate post ACL
reconstruction changes, with widened femoral (curved arrows) and
tibial (straight arrows) tunnels

whereas femoral tunnels should be measured at their midpoint
and at the notch aperture.

Exact measurements of bone tunnel enlargement are still
undefined and the degree of tunnel enlargement that prompts a
two-stage procedure is variable. It is generally accepted that
tunnel enlargement greater than 15-16 mm or 100% greater
than the original tunnel necessitates tunnel grafting [9, 41, 46,
58]. Anatomically correct tunnels measuring between 10 and
15-mm may need grafting depending on the shape of the tun-
nel or anticipated graft choice, while tunnels measuring less
than 10-mm usually may be reused without grafting (permit-
ting single-stage surgery) [9].

If a two-stage revision is deemed necessary, the first stage
involves removing the old graft and hardware; however, some
authors recommend that the metal hardware should be left in
place when located outside the planned reconstruction area
[41]—for example, a cortical endobutton that is adherent to
the lateral femoral epicondyle cortex could be left in place if
asymptomatic and did not interfere the placement of the new

Fig. 10 Sagittal proton density MRI shows ganglion cyst formation and
myxoid degeneration of the torn ACL graft, causing enlargement of the
tibial (straight arrow) and femoral (curved arrow) tunnels
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Fig. 11 Sagittal CT images
demonstrate a 15-mm tibial
tunnel (straight arrow) and 19-
mm femoral tunnel (curved
arrow)

graft. Enlarged tunnels are subsequently bone grafted using a
variety of techniques and given time to heal (Fig. 12).
Approximately 12—-16 weeks later, the grafts are evaluated
with imaging for the degree of incorporation and quality of
bone (Fig. 13). If these factors are adequate, the second stage
ACL reconstruction is then performed [9].

Surgical errors are seen in over 70% of ACL reconstruction
failures [53]. Although it is unclear if all of these errors lead to
the graft failures, Segawa and colleagues noted location and
angulation to be important statistical factors contributing to
tunnel enlargement likely related to micromotion of the graft
[22]. Positioning of the femoral and tibial tunnels is critical for
proper function of the ACL graft in order to achieve isometry
of the graft [59]. Anterior placement of the femoral tunnel
should be avoided to prevent excessive tightness of the graft
and thus limiting full knee flexion [6]. Similarly, excessive
anterior placement of the tibial tunnel may result in graft im-
pingement in extension and early graft failure [46]. There is a
trend of greater tibial tunnel enlargement in more anteriorly
placed tunnels, suggesting that this leads to stretching and
weakening of the graft, eventually leading to graft rupture
[22, 44, 53].

Femoral tunnel malpositioning is more common than non-
anatomical tibial tunnel placement and has been found to be
the most commonly cited cause of surgeon related primary

Fig. 12 Knee arthroscopy with
ACL graft removal (a),
debridement of the bone tunnels
(b) and bone grafting (c)

@ Springer

ACL reconstruction failure [60]; however, there is still debate
about the optimal position of the femoral tunnel including
anterior, isometric, and over-the-top positions of the femoral
tunnel site in ACL reconstruction [19]. Over-the-top place-
ment is not considered to be isometric, resulting in increased
length and tension during knee extension. If the femoral tun-
nel is placed too far anteriorly, the length and tension of the
graft greatly increase as the knee is flexed. The femoral tunnel
should be placed as far posteriorly without disrupting the pos-
terior cortex of the femur [6].

Graft selection in the setting of ACL revision

While ACL revisions may have good results in terms of graft
stability, return to play, and decreased knee instability, they are
associated with inferior clinical outcomes when compared to
primary ACL reconstructions [61]. Many of the concerns in
graft selection for revision ACL are similar to those for pri-
mary ACL reconstruction. The surgeon must consider double
bundle versus single bundle, autograft donor site morbidity,
graft to tunnel size, the small risk of disease transmission with
allografts, host versus donor immunologic response to the
graft and the slower rate of incorporation of allografts com-
pared to autografts.
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Fig. 13 Lateral (a) and frontal (b) radiographs show staged ACL
revision reconstruction, with bone graft noted in the tibial (straight) and
femoral (curved) tunnels

Allografts are more frequently used for ACL revisions
(54%) when compared to the primary ACL reconstruction
setting and repeated BPTP autograft is contraindicated
(27%) [10, 61]. Allograft use is more common in the revision
setting due to its advances in sterilization techniques and lim-
itations in autograft options. Furthermore, allograft options
such as Achilles tendon may offer a larger cross-sectional area
and may be useful to fill well-positioned enlarged tunnels in a
single-stage ACL revision [61]; however, similar to previous
experiments looking at the failure rates of allografts in primary
ACL reconstructions, recent studies have demonstrated a
greater failure rate in the revision setting at 2-year follow-up
with allografts [10, 61, 62]. Some investigators have sug-
gested that autograft use in the revision setting is associated
with improved sports function and patient-reported outcome
measures at 2-year follow-up [10]. Quadriceps autograft, with
its large cross-sectional area, may be a favorable option when
BPTB and HS autograft options are not available [61]. When
comparing soft tissue autografts to BPTB autografts, the
Multicenter ACL Revision Study group study [10] did not
find any significant differences in re-rupture or patient-
reported outcomes between these autograft types.

Conclusion

Tunnel enlargement may complicate ACL revision surgery.
The etiology of tunnel enlargement is multifactorial and prob-
ably is secondary to biological and mechanical factors.
Revision surgery can involve single or two-stage reconstruc-
tion. A two-stage revision involves an initial bone grafting
procedure to fill the tunnels, followed at least 3 months later
with revision surgery. Studies published to date support that a
tunnel diameter greater than 15 mm will require two-stage
surgery when the original tunnels are in anatomic position,
while revision with a tunnel diameter of less than 10 mm

can be accomplished in a single surgery. Revision of tunnels
10—15 mm differs depending upon tunnel shape, position and
the treating surgeon’s preference. The radiologist’s role is to
assess potential causes of failure, surgical complications, tun-
nel size and anatomic or non-anatomic position. MRI remains
the standard for evaluation of causes of failure. CT is impor-
tant in determining tunnel orientation, widening and graft in-
corporation. A multicenter study including threshold of tunnel
size in revision ACL reconstruction would provide further
conclusive evidence in support of single versus two-stage sur-
gery for tunnels in the 10-15 mm range.
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