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Background: Anterior cruciate ligament reconstructions (ACLR) fail at a rate of 10–15%,
with graft impingement often a cause. In this study we investigate the prevalence and
causes of impingement seen during ACLR surgery.
Methods: We reviewed consecutive primary ACLR from 2012-2018. Graft impingement
was estimated intraoperatively by placing the arthroscope through the tibial tunnel and
passively extending the knee, observing how much was obscured by the lateral femoral
condyle from an anterior and lateral direction. Preoperative MRI scans were used to mea-
sure the intercondylar notch; Notch Width Index (NWI) and Notch Depth Index (NDI).
Positioning of the tunnels was determined on postoperative radiographs.
Results: There were 283 ACLRs performed with 33 failures diagnosed on MRI (11.7%). 257
patients had complete imaging and follow up (91%). The mean age was 28 (±9) years and
mean follow-up 5.3 (±1.8) years. The mean NWI was 0.26(±0.03), and NDI was 0.49(±0.06).
The tibial tunnel aperture was located 42(±6) % of the way from anterior-posterior and 39
(±6) % from medial-lateral. Impingement requiring a notchplasty was observed in 80% of
cases, with lateral impingement more prominent.
Conclusions: The amount of impingement did not correlate with tunnel position, which
was located within the recommended area. There was a weak negative correlation between
NWI and lateral impingement (rs = �0.16, p = 0.01), and NDI and anterior impingement
(rs = �0.12, p = 0.04), therefore a smaller notch is associated with greater impingement.
Despite optimal tunnel positioning, impingement still occurs in a significant number of
cases therefore notchplasty should always be considered to keep revision rates low.
� 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Reconstruction of the anterior cruciate ligament (ACL) aims to restore knee stability and permit return to pivoting activ-
ities with predictable function. When performed successfully, it has a high patient satisfaction rate provided the graft
remains functional and does not re-rupture [1–3].

Primary ACL grafts have a failure rate of up to 15% [3,4], leading to a need for revision surgery and ultimately a less
favourable outcome [5]. Various factors are associated with re-rupture including younger, more active, and female patients,
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technical errors, episodes of secondary instability and graft impingement. A study by the Multicentre ACL Revision Study
(MARS) Group showed in a prospective longitudinal study of revision ACL reconstructions that mode of failure, as deemed
by the revising surgeon, was traumatic (32%), technical error (24%), biologic (7%), combination (37%), and infection (<1%) [6].

Graft impingement occurs when the graft prematurely contacts the bone of the femoral intercondylar notch before the
knee reaches full extension [7]. This chronic micro trauma to the graft results in symptomatic anterior knee pain, effusions
or even instability as the prolonged trauma can disrupt the mechanical integrity of the reconstruction leading to graft attri-
tion and rupture [8,9].

The main causes of impingement are malpositioning of the reconstruction tunnels or stenosis of the notch itself. Tibial
tunnel malpositioning is the most common technical error which results in graft impingement [10,11]. Impingement can
occur from encroachment on the graft by the lateral femoral condyle when the notch is stenosed or when the tibial tunnel
is positioned too laterally [12,13]. This type of impingement occurs in the coronal plane and results when the dimensions of
the graft extend beyond the width of the notch [12,13]. A notchplasty can be performed, whereby bone is removed using an
arthroscopic burr from the medial wall of the lateral femoral condyle to correct this form of impingement [13].

Impingement in the sagittal plane occurs when the intercondylar roof impacts on the ACL graft before the knee reaches
full extension [14]. The normal ACL does come into contact with the intercondylar roof when the knee is in full extension,
however the morphology of the native ligament accommodates for this [15].

A uniform tubular graft however can impact against the intercondylar roof before the knee reaches full extension, causing
roof impingement [13]. If the tibial tunnel is placed too anteriorly, roof impingement will occur even more prematurely [11].
When it occurs, a notchplasty of the roof can be performed to prevent this premature, unwanted contact.

Roof impingement is often missed intraoperatively because it can be difficult to visualise and quantify [11,14,16]. In this
study we employed a technique used to assess the degree of impingement intraoperatively and determine when to perform a
notchplasty.

The aim of the study was to investigate the prevalence and causes of impingement seen in a cohort undergoing ACL
reconstruction surgery and assess the relationship with graft failure. We hypothesised that smaller notches in coronal
and sagittal planes on preoperative MRI scans would be more likely to have graft impingement requiring notchplasty.
2. Methods

2.1. Study design and participants

Ethical approval for the study was obtained from the NHS Regional Ethics Committee (HSC REC B, 19/NI/0133).
We reviewed a consecutive series of primary ACL reconstructions using ipsilateral hamstring autograft, by a single sur-

geon from June 2012 to September 2018, excluding multiligament injuries. Demographics were recorded including age, gen-
der, pre-injury Tegner activity score and mechanism of injury.

2.2. Surgical technique

All patients underwent isolated ACL reconstruction using ipsilateral four-strand semitendinosus-gracilis autograft. The
femoral tunnel was drilled using the anteromedial portal technique and fixation achieved using a femoral Endobutton device
(Smith & Nephew, Andover, USA) and an Intrafix tibial interference screw and sheath (Depuy Mitek, Raynam, USA).

Graft impingement was quantified intra-operatively by placing the 30-degree arthroscope through the tibial tunnel and
passively extending the knee, observing how much of the aperture was obscured by the lateral femoral condyle from an
anterior and lateral direction, as a percentage of the overall tunnel. This allowed us to quantify roof impingement and wall
impingement independently. Figure 1 shows the tibial tunnel view, with 50% wall impingement evident.

A notchplasty of the lateral femoral condyle was performed using an arthroscopic burr whenever potential impingement
was observed on the tibial tunnel view. The articular cartilage edge was marked with the radiofrequency ablation wand
before starting the notchplasty, as a guide to prevent excessive resection. Resolution of an impinging lateral femoral condyle
was confirmed with a further tibial tunnel view, and we aimed for less than 10% obscured as the target.

2.3. Clinical Follow-up

Patients were followed up directly for 6 months postoperatively at which point objective laxity was quantified using
assessment of Lachman test with Rolimeter (Aircast Europa, Neubeuern, Germany) instrumentation. At the time of the study,
clinical records were reviewed for incidence of re-rupture. Re-rupture was defined as having undergone revision surgery or
magnetic resonance imaging (MRI) scan demonstrating graft re-rupture.

2.4. Radiographic measurements

Preoperative MRI scans of the knee were performed using standard sequences in a 1.5 T scanner and were reviewed
retrospectively. T2-weighted axial slices at the level of the popliteal groove were used to measure the intercondylar notch.
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Figure 1. Arthroscopic photograph showing tibial tunnel view to assess impingement. The blue arrow shows the femoral tunnel aperture while the red area
shows area of potential impingement by the lateral femoral condyle.
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Measures of notch size (depth and width) were calculated according to the methods outlined by Geng, et al. [17] (Figure 2). A
reference line was drawn along the posterior borders of the femoral condyle. The femoral condylar width (W) was measured
on a line through the popliteal groove parallel to the reference line. The notch width (N) was the distance between the most
interior margins of the femoral condyles at two-thirds intercondylar notch depth. The notch depth (D) was identified as the
maximum perpendicular height of notch from the reference line. Likewise, the femoral condyle depth (CD) was measured as
the perpendicular maximal height of the lateral femoral condyle from the reference line. The intercondylar Notch Width
Index (NWI) is the ratio of the intercondylar notch width to the femoral condylar width. Similarly the Notch Depth Index
(NDI) is calculated by dividing the intercondylar notch width by the intercondylar notch depth.

Positioning of the tibial tunnel was measured on postoperative antero-posterior (AP) and lateral radiographs performed
at 6 weeks postoperatively. The position was expressed as a percentage of the centre of the tibial tunnel aperture along a
line drawn from anterior to posterior on the lateral radiograph (Figure 3) and from medial to lateral on the AP radiograph
Figure 2. Method of determining parameters of the intercondylar notch on axial MRI scan. N: notch width; W: femoral condyle width; D: notch depth; CD:
lateral femoral condylar depth; White dotted line: reference line. Notch width index (NWI) = N/W; Notch depth index (NDI) = D/CD [17].
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Figure 3. Lateral radiograph of the knee showing method of measuring tunnel position. Red line: distance of tibial tunnel from anterior aspect of tibia,
Green line: depth of tibial plateau. Anterior to posterior tunnel position = 45.4%.
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(Figure 4) [18,19]. All measurements were carried out by two clinicians independently. Interobserver reliability of radio-
graphic measurements was tested using the Cohen Kappa interobserver coefficient.
Figure 4. Anteroposterior radiograph of the knee showing method of measuring tunnel position. Red line: distance of tibial tunnel from medial aspect of
tibia, Green line: width of tibial plateau. Medial to lateral tunnel position = 45.3%.
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2.5. Statistical analysis

Descriptive statistics were calculated to summarise the demographics and clinical characteristics and were described
with means and standard deviations for normally distributed data or median with ranges for non-normally distributed data.
Normality was assessed using the Shapiro–Wilk test. Unpaired students t-tests or Mann-Whitney U tests were performed to
compare variables between groups. Correlations were assessed using Pearson’s correlation coefficient or Spearman rank-
order correlation coefficient and the significance level set at p < 0.05. All statistical analyses were performed using SPSS ver-
sion 26.0 (IBM, Chicago, IL, USA).
3. Results

There were 283 ACL reconstructions performed with a mean age of 28 (±9) years and 229 (81%) patients were male. The
median interval from injury to surgery was 1 year and the mean follow up time was 5.3 (±1.8) years. The median pre-injury
Tegner activity score was 7 (range 1–10) and the most common mode of injury was soccer (60%). There were 257 patients
with complete imaging and follow up (91%).

Failure of ACL reconstruction as defined by graft re-rupture on MRI scan occurred in 33 patients (11.7%) (95% CI 8.2–
16.0%). Of these, 27 patients underwent revision surgery. The mean time between primary ACL reconstruction and re-
rupture was 1.8 (±1.2) years. The mean age for the group sustaining an ipsilateral failure was 26.2 years versus 27.7 years
in the remainder, however this difference was not statistically significant (p = 0.37).

Notchplasty was performed when impingement exceeded 15% of the total tunnel aperture on the tibial tunnel view. Sig-
nificant impingement requiring a notchplasty was observed in 80% of cases, with wall impingement more common than roof
impingement (mean percentage of tunnel impingement observed was 33%). In one third of cases, a wall impingement of
more than 50% was observed (Figure 5).

Roof impingement was less common and was present in 36% of cases. Notchplasty was performed using an arthroscopic
burr with further visualisation confirming no further impingement on the tibial tunnel view (Figure 6).

The mean NWI was 0.26 (±0.03) and NDI was 0.49 (±0.06). The tibial tunnel was located 42 (±6) % of the way from anterior
to posterior on the lateral radiograph and 39 (±6) % of the way from medial to lateral on the AP radiograph (Figure 7). The
ideal tibial tunnel position should be centred 43% of the way from anterior to posterior and 40% of the way from medial to
lateral [18,20]. The tunnel was situated within 10% of the ideal value in 87% of cases on the lateral radiograph and 94% of
cases on the anteroposterior radiograph (Figure 7). The mean kappa value for interobserver reliability was 0.89 for the four
measured values, indicating very good agreement.

The mean ipsilateral AP knee laxity at 3 months postoperatively was 4.7 mm (range 2–10 mm) while the mean contralat-
eral AP laxity was 4.3 mm (range 2–8mm) (p = 0.04). The mean side to side difference in knee laxity was 0.43 mm (±2.1). 12%
of patients had a side-to-side difference of 3 mm or greater, while 2% had 5 mm or greater, indicating clinical failure. The
mean side-to-side difference in knee laxity was greater at 3 months in those who went on to suffer re-rupture (2 mm), com-
pared to those who did not (0.2 mm) (p = 0.007). Also, the mean ipsilateral laxity in those patients who went on to suffer a re-
rupture was 5.0 mm, compared to 4.5 mm in those who did not (p = 0.04).

There was no significant difference for any measured parameter comparing gender, age or requirement of notchplasty.
There were no differences between failures and non-failures, which may reflect the fact that impingement that was evident
was treated adequately by notchplasty.

When the tibial tunnel was located within 10% of the ideal position from anterior to posterior, the rate of graft failure was
12%, compared to 19% when the tunnel was centred outwith that range. Similarly, for medial to lateral tunnel position, the
rate of failure was 12% when the tunnel was within 10% of ideal and 20% when positioned outwith that. Neither of these
differences reached statistical significance.

There was a negative correlation between NWI and lateral impingement (rs = �0.16, p < 0.01), suggesting that lateral wall
impingement was more likely to be seen with a narrower notch. There was also a negative correlation between NDI and
anterior impingement (rs = �0.12, p = 0.04) suggesting that anterior impingement was more likely with a shallower notch.
4. Discussion

The main finding of this study was that the tibial tunnel view can be used to assess for potential graft impingement dur-
ing ACL reconstruction, and that it occurs frequently. This allows the issue to be addressed proactively to reduce the impact
of one of the leading causes of graft failure [6,8,9]. Potential impingement was observed in 80% of cases using this technique,
suggesting that impingement may be under recognised. The degree of impingement did not correlate with tunnel position,
which was consistently located within the recommended area. Amis, Jakob [18] suggested the ideal tibial tunnel position
should be 43% from anterior to posterior, a position which was replicated in this study with a mean value of 42%. Further-
more, Hwang, Piefer, Lubowitz [20] suggested that the tibial footprint of the ACL is centred 40% of the way from medial to
lateral and in this study the mean tunnel placement was at 39%. This shows that in this large cohort of patients, tunnel place-
ment was satisfactory and in the ideal position. Indeed, on average, 91% of cases had a tibial tunnel located with 10% of the
ideal position. Despite that, graft impingement was still observed and notchplasty performed in the majority of cases.
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Figure 5. Boxplot showing the distribution of observed lateral wall impingement.

Figure 6. Tibial tunnel view illustrating that the wall impingement seen in Figure 1 is not present following notchplasty.
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Notch dimensions were smaller in this cohort than reported in anatomical studies of normal knees [17,21,22], and this
may have been a causative factor for sustaining the initial ACL rupture. Stenosis of the intercondylar notch and smaller
NWI have been associated with higher risk of ACL injury [22,23]. There was a negative correlation between NWI and wall
impingement. This may indicate that a narrower notch measured on a pre-operative MRI scan is associated with greater
impingement, and consideration of this may allow impingement to be anticipated and notchplasty planned.

Previously the use of notchplasty had been advocated, but as the orthopaedic community moved away from transtibial
drilling to other portal or anatomic placement techniques, it has been used less frequently. The usefulness of notchplasty
remains unclear and some concerns have emerged regarding potential harmful effects of notchplasty, relating to the knee
biomechanics and postoperative blood loss [24]. It can also have detrimental effects on the nearby articular cartilage if
the notchplasty is too aggressive [25] and some have postulated that the bleeding may lead to arthrofibrosis contributing
to loss of extension [26]. Furthermore, studies have shown that there may be regrowth of bone following notchplasty
[25,27]. There was no evidence of any adverse events directly attributable to notchplasty in this cohort. Our results have
demonstrated that despite optimal tunnel position, impingement still occurs in a significant number of cases and notch-
plasty should be considered if not performed routinely in every case.

In this study the results demonstrated no differences in the degree of impingement between the patient cohort who
suffered graft re-rupture versus those with a successful outcome. It is not possible to say whether this demonstrates that
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Figure 7. Scatter plot showing position of each tibial tunnel centre from medial to lateral and anterior to posterior on a sketch of the surface of the tibial
plateau, with the shaded area (red) representing 10% either side of ideal position.

W.T. Wilson, G.P. Hopper, M. O’Boyle et al. The Knee 34 (2022) 270–278
adequate clearance of the notch was achieved by this technique or whether the impingement observed is irrelevant and
treatment with a notchplasty is not required. In this study there was no control group in whom a notchplasty was not carried
out. Previous studies have however shown a clear link between impingement and graft failure [11,28,29].

We found that this ACL reconstruction technique satisfactorily restores AP knee laxity to close to normal in most patients.
The mean side to side laxity difference of less than 1 mm shows that in most cases laxity is close to symmetry with the con-
tralateral, uninjured side. In a large series, Cristiani, et al. [30] showed a mean side to side difference of 1.8 mm for their ham-
string autograft group, which was larger than for their patellar tendon group. Clinical failure, defined as side-to-side laxity
difference of greater than 5 mmwas found in 4.3% of their series, compared to 2% of the patients measured in our cohort [30].

Although the laxity measurements were satisfactory overall, a small, but statistically significant difference was found
between the laxity of those who went on to suffer graft re-rupture compared to those who did not. This finding may be
an important indicator of future outcome. Lindanger, et al. [31] investigated the effect of early residual laxity after ACL recon-
struction on long-term laxity, graft failure, return to sports, and subjective outcome at 25 years. They found that a slightly
loose graft, defined as side-to-side laxity difference of �3 mm at 6 months postoperative increased the risk of graft failure
and revision surgery, reduced the length of the athlete’s sporting career, caused permanently increased laxity, and led to an
inferior Lysholm score. From our measured cohort, 12% of patients fall into this category, which may have implications for
their future outcome.

The limitations of our study are that it has been performed in a single centre, by a single surgeon with no control group.
Furthermore, the method of calculating notch dimensions from preoperative MRI scan is based upon a 2-dimensional mea-
surement and may not accurately reflect the 3-dimensional morphology. Furthermore, assessment of tunnel positioning,
although using recognised methods, was assessed on 2-dimensional radiographs and a more accurate assessment could
be obtained with cross-sectional imaging.

The clinical relevance of the results in this study is that this method is an easy way to assess and predict potential cases of
graft impingement and allow the surgeon to proactively take steps to avoid it. Suspicion may be raised preoperatively by
measuring the notch dimensions on the MRI scan. Intraoperative assessment using the tibial tunnel view, allows the surgeon
to make an intraoperative decision regarding notchplasty, although this does require complete resection of the remaining
ACL stump on the tibial side to obtain a satisfactory view.

In conclusion, graft impingement is more prevalent than expected, when evaluated intra-operatively, yet notchplasty is
not as commonly performed. We advise the use of the tibial tunnel view to assess for graft impingement and that performing
276



W.T. Wilson, G.P. Hopper, M. O’Boyle et al. The Knee 34 (2022) 270–278
notchplasty when it occurs yields good results. In addition, consideration of notch dimensions on preoperative MRI scans
may help with surgical planning.
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