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width, medial and lateral femoral condyle width, femoral 
notch width, and bicondylar width on preoperative mag-
netic resonance imaging (MRI) scans. Tibial and femoral 
tunnel width at three points (aperture, mid-section, and 
exit) were measured on standard anteroposterior radiograph 
from 1 week and 1  year postoperatively (mean 12.5 ± 2 
months). Tunnel width measurements at each point were 
compared between 1 week and 1 year to calculate percent 
of tunnel widening over time. Multivariable linear regres-
sion was used to analyze correlations between bone mor-
phology and tunnel widening.
Result  Increase in lateral tibial posterior slope was the 
only independent bony morphology characteristics that was 
significantly correlated with an increased tibial tunnel exit 
widening (R = 0.58). For every degree increase in lateral 
tibial posterior slope, a 3.2% increase in tibial tunnel exit 
width was predicted (p = 0.003). Excellent inter-observer 
and intra-observer reliability were determined for the meas-
urements (ICC = 0.91 and 0.88, respectively).
Conclusion  Increased lateral tibial posterior slope is 
an important preoperative anatomic factor that may pre-
dict tunnel widening at the tibial tunnel exit. In regard to 
clinical relevance, the results of this study suggest that lat-
eral tibial posterior slope be measured preoperatively. In 
patients with increased lateral tibial posterior slope, more 
rigid graft fixation and a more conservative physical ther-
apy regiment may be preferred.
Level of evidence IV.

Keywords  Anterior cruciate ligament · ACL · Tunnel 
widening · Bone morphology · Tibial plateau slope

Abstract 
Purpose  The purpose of the study was to determine the 
influence of femoral and tibial bone morphology on the 
amount of femoral and tibial tunnel widening after pri-
mary anatomic ACL reconstruction. It was hypothesized 
that tibial and femoral bone morphology would be signifi-
cantly correlated with tunnel widening after anatomic ACL 
reconstruction.
Methods  Forty-nine consecutive patients (mean age 
21.8 ± 8.1  years) who underwent primary single-bundle 
anatomic ACL reconstruction with hamstring autograft 
were enrolled. Two blinded observers measured the bone 
morphology of tibia and femur including, medial and lat-
eral tibial posterior slope, medial and lateral tibial plateau 
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Introduction

Tunnel widening after ACL reconstruction (ACLR) is a 
common finding. The incidence of tunnel widening after 
single-bundle ACLR has been reported between 30.1–100% 
on femoral side and 20.9–73.9% on the tibia side [3, 7, 16, 
32]. Interplay between biological and mechanical factors 
is known to be responsible for tunnel widening. Biologi-
cal factors such as tumor necrosis factor-α and cytokines 
released into the synovial joint can affect the osteosynthesis 
process while mechanical factors such as tunnel position, 
fixation devices, and graft tension can affect and increase 
the force on the graft, causing tunnel widening [8, 13, 18, 
20, 21, 23, 29, 31, 38].

In the clinical setting, concerns about tunnel widening 
arise when surgeons face delay in graft-tunnel healing after 
ACLR and revision cases. Although the role of tunnel wid-
ening in graft incorporation and subsequent healing is con-
troversial, its importance in revision cases with severe tun-
nel widening is well known. Staged surgery could increase 
the cost and risk related to the second surgery, and delay 
the return to daily living activities and sport [37].

Recently, the role of tibial and femoral bony morphol-
ogy on the ACL injury mechanism,[30] ACL failure [1, 
4], and early graft failure after ACLR [6] has been appre-
ciated. Narrow notch width, shallow medial tibial plateau, 
and increased medial and lateral posterior tibial slopes are 
known risk factors for ACL injury [1, 11, 39]. Increased 
lateral tibia posterior slope has also been found to be 
related to a grade 3 pivot shift [26, 30]. Bone morphology 
has a major effect on the forces applied on the knee, and 
therefore, it is stable during activities. To the best of our 
knowledge, there are no studies currently in the literature 
that examine the role of tibial and femoral bone morphol-
ogy on tunnel widening after primary anatomic ACLR. 
Therefore, the goal of this study was to determine the 
correlation of bone morphology of the tibia and femur as 
measured on preoperative MRI scans, with tibial and femo-
ral tunnel widening measured on standard anteroposterior 
radiographs 1  year after anatomic ACLR. It was hypoth-
esized that tibial and femoral bone morphology would be 
significantly correlated with tunnel widening after ana-
tomic ACLR.

Materials and methods

Between 2010 and 2014, patients with complete ACL rup-
ture who underwent primary single bundle anatomic ACL 
reconstruction with hamstring autograft were included 
in this study. Exclusion criteria were multi-ligamentous 
injury, previous knee surgery or injury, limb malalignment, 
systemic connective tissue disorders, open growth plates, 

and ACL augmentation. The senior author performed all 
surgeries based on an anatomic ACLR concept [24, 25]. 
ACLR was done by a medial portal drilling technique in 
the center of the femoral footprint and tibial tunnel drill-
ing in the center of the tibial tunnel. Fixation devices were 
an Endobutton (Smith & Nephew, Andover, MA, USA) 
and bioabsorbable interference screw on the femoral and 
tibial side, respectively. A standard postoperative rehabili-
tation protocol was done for all patients [36]. A rehabilita-
tion program with emphasis on regaining range of motion 
and partial weight bearing for the first 6–8 weeks and then 
achieving full motion and return to normal daily activi-
ties by 3–6  months was done with all patients. Return to 
sport ranged from 6 months to 1 year after surgery, based 
on sport specific testing [36]. The stability of the recon-
structions 1  year after anatomic ACLR was confirmed in 
all patients clinically and also by KT-1000 (MEDmetric® 
Corporation, San Diego, CA).

Bone morphology measurements

All patients had preoperative MRI scans of the injured 
knee, with the patients in supine position and extended 
knee, (3-mm slice thickness, 1.5-T, GE Signa, GE Health-
care, USA). T1 coronal and sagittal image sequences were 
used to evaluate femoral and tibial bone morphology. Two 
independent observers, who were blinded to the patients’ 
medical records, measured tibial and femoral bony mor-
phology on MRIs using a digital image system (iSite, 
Philips Medical System, Best, the Netherlands—software 
accuracy = 0.1 mm and 0.1°). A coronal cut in which both 
tibial spines were most prominent and the roof of the femo-
ral notch was visible was selected to measure medial–lat-
eral (ML) diameter of the medial tibial plateau (MTP), lat-
eral tibial plateau (LTP), medial femoral condyle (MFC), 
lateral femoral condyle (LFC), femoral notch width (NW), 
and femoral bicondylar width (BW). The MFC and LFC 
measurements were done on the articular surface from the 
intercondylar notch to the borders of the condyles, respec-
tively. For the MTP and LTP, two longitudinal lines passing 
from the tips of the tibial spines were drawn, then the verti-
cal distance from this line to the border of each tibial pla-
teau was measured (Fig.  1a). NW and BW measurements 
were done at the level of the popliteal groove (Fig. 1b).

Medial and lateral tibial posterior slopes were deter-
mined based on previously published methods [12]. The 
central sagittal MRI image with the following criteria was 
used to determine the longitudinal axis of the tibia: (1) 
the anterior and posterior proximal tibial cortices be seen 
in concave shape, and (2) intercondylar eminence and its 
PCL attachment. A circle was fitted to the proximal tibia, 
tangential to the cortexes and a second circle was fitted 
distally with its center placed on the border of the first 
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circle. The line connecting the center of these two circles 
was known as the longitudinal axis (Fig.  2a). The mid-
sagittal images of the medial and lateral femoral condyles 
were selected and the angle made by longitudinal axis 

and the line connecting the anterior and posterior articu-
lar surface of tibial plateau were considered the medial 
and lateral tibial posterior slopes, respectively (Fig.  2b, 
c).

Fig. 1   Coronal T1-weighted MRI of the knee was used to measure 
bone morphology. Medial femoral condyle width was measured from 
medial border of intercondylar notch to the medial border of medial 
femoral condyle. Lateral femoral condyle width was measured from 
lateral border of intercondylar notch to the lateral border of lat-

eral femoral condyle. Medial tibial plateau and lateral tibial plateau 
widths were measured from medial and lateral borders of tibial pla-
teau to the vertical lines crossing from medial and lateral tibial pla-
teau, respectively. Notch width and bicondylar width measurements 
were done at the level of the popliteal groove

Fig. 2   Sagittal T1-weighted MRI of the knee was used to measure 
medial and lateral posterior tibial slopes. a Mid-sagittal image of 
knee MRI was selected and two circles fitted to the proximal tibia are 
drawn. The interconnecting line passing through the center of both 
circles was considered the longitudinal tibial axis. b Medial tibial pla-
teau posterior slope was determined in the mid-sagittal image of the 
medial femoral condyle. The angle between the line fitting the medial 

tibial plateau (dashed line) and the line perpendicular to the longi-
tudinal tibial axis (arrow line) was considered the medial tibial pla-
teau posterior slope. c Lateral tibial plateau posterior slope was deter-
mined in the mid-sagittal image of the lateral femoral condyle. The 
angle between line fitting the lateral tibial plateau (dashed line) and 
the line perpendicular to the longitudinal tibial axis (arrow line) was 
considered the lateral tibial plateau posterior slope
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Tunnel widening measurement

Standard anteroposterior radiograph of the knee obtained 
during the first week and 1  year after surgery (mean: 
12.5 ± 2 months) was used to measure tibial and femoral 
tunnel width. The distances between borders of the tunnel 
perpendicular to the long axis of tunnel were measured at 
3 levels as aperture, mid-section, and exit (Fig. 3).

Tunnel width measurements at each point were com-
pared between 1 week and 1 year postoperatively to cal-
culate the percent of tunnel widening.

Institutional review board approval of the University 
of Pittsburgh (ID: MOD12020619-08/PRO12020619) 
was obtained prior to the start of this study.

Statistical analysis

Statistical analysis was performed using SPSS (ver-
sion 22.0. Armonk, NY: IBM Corp). Intra-class corre-
lation coefficients (ICC) were calculated to evaluate the 
inter-observer and intra-observer reliability of all bone 
morphology and tunnel diameter measurements. Multi-
variable linear regression was used to analyze correlation 
between bone morphology and tunnel widening. Statisti-
cal significance was set at p < 0.05.

Results

Forty-nine consecutive patients consisting of 15 males and 
34 females were enrolled in the study. Demographics and 
injury mechanism are shown in Table 1.

Among bone morphology, increase in lateral tibial pos-
terior slope was the only independent bone morphology 
that was significantly correlated with increased tibial tun-
nel exit widening (Correlation coefficient = 0.58) (Fig.  4). 
For every degree increase in lateral tibial posterior slope, 
a 3.2% increase in tibial tunnel exit width was predicted 
(p = 0.003). Excellent inter-observer and intra-observer reli-
ability were determined for the measurements (ICC = 0.91 
and 0.88, respectively).

There were no significant correlations between other 
bone morphologies and tunnel widening on the tibia and 
femur (Table 2).

Discussion

The most important finding of this study was that a sig-
nificant positive correlation existed between lateral tibial 

Fig. 3   Standard anteroposterior radiograph of the knee was used to 
measure the tunnel width. Femoral and tibial tunnel width was meas-
ured at three points: exit (a), mid-section (b), and aperture (c)

Table 1   Demographics and injury information of subjects included 
in the study

SD standard deviation, BMI body mass index, n number

Age, mean (SD), year 21.8 ± 8.1
BMI, mean (SD) 24.3 ± 5.5
Time from injury to surgery, mean (SD), month 3.9 ± 4.6
Non-contact injury mechanism, n (%) 42 (85%)

Fig. 4   Correlation of lateral tibial slope and tibial tunnel exit widen-
ing, a significant positive correlation was observed (Correlation coef-
ficient = 0.58)
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posterior slope and the percentage of tibial tunnel exit wid-
ening. Other bone morphologies were not significantly cor-
related with percentage of femoral or tibial tunnel widen-
ing. Bony morphology has been evaluated in patients, but 
never has been related to tunnel widening, only to pivot 
shift mechanism, ACL injury, and failure of ACLR. Kujala 
et  al. [17] first described the relationship between a posi-
tive pivot shift and configuration of the lateral tibia plateau. 
Afterward, Brandon et al. [4] confirmed the effect of greater 
posterior tibial slope on high-grade pivot shift and ACL 
rupture. A recent study [33] demonstrated an increased 
posterior inferior lateral tibial articular cartilage slope and 
a decreased femoral notch width in females as predisposing 
factors for ACL injury. Another study revealed that a more 
spherical shape of the femoral condyle was related with dis-
ability after ACLR and failure of non-operative treatment 
[35]. Recently, the effect of increased lateral tibial posterior 
slope as a predisposing factor for early graft failure after 
ACL reconstruction has been reported [6].

Severe tunnel widening is an important issue with regard 
to ACL revision surgery. It may necessitate a two-stage 
procedure; first with bone grafting followed by a separate 
revision ACL reconstruction [19]. Furthermore, two stage 
surgeries have some disadvantages to the patient in terms 
of expense and time required to return to previous activi-
ties [37]. If a one-stage revision is chosen, patients are at 
risk for suboptimal tunnel placement, further tunnel widen-
ing, or even fracture [2, 21]. Etiology and natural history of 
tunnel widening is not completely understood. The effect 
of mechanical and biological factors has been evaluated, 
but the effect of bony morphology of the tibia and femur on 
tunnel widening has not been assessed.

The implications of tunnel enlargement are not known. 
One randomized control trial (RCT) [14] found a relation-
ship between tunnel enlargement and both anterior and 
rotational laxity, as well as clinical outcome scores after 
primary ACLR. However, other studies revealed no signifi-
cant correlation between tunnel enlargement and functional 
outcome scores and anterior or rotational laxity [9, 40]. It 
could be concluded that the effect of tunnel widening on 
clinical outcomes and knee stability after primary ACLR is 
still unclear.

Mechanical factors including excessive graft-tunnel 
motion, tunnel position, graft tension, type of graft (ham-
string or bone patella tendon bone), type of graft fixation, 
and unprotected rehabilitation [5, 10, 20, 28, 34] are among 
the reasons for tunnel widening. In an RCT of 100 patents, 
the authors reported a significant reduction of femoral and 
tibial tunnel widening using fixation points close to the 
joint when compared with the system that has long distance 
between fixation points [9]. Another study showed that tun-
nel widening is more common and greater with hamstring 
grafts compared to patellar tendon grafts. The authors 
postulate that the patellar tendon bone block likely allows 
improved healing which they believe decreases the inci-
dence and extend of tunnel widening.

Biological factors can also affect tunnel enlargement 
when osteoclast activity outpaces osteoblast activity, lead-
ing to bone resorption. The effect of Inflammatory media-
tors such as tumor necrosis factor-α and cytokines released 
into the synovial joint after ACL reconstruction [18, 29, 
31], biological reaction to bioabsorbable screws [8, 23], 
and factors related to the allograft [27] have been identi-
fied. In a MRI study evaluating tunnel widening after ACL 

Table 2   The correlation of femoral and tibial bone morphologies with femoral and tibial tunnels diameter

Bone morphology correlation 
coefficient (p value)

Percent of tunnel widening

Tibial exit Tibial mid-section Tibial aperture Femoral exit Femoral mid-
section

Femoral aperture

Lateral tibial posterior slope 0.485
(0.001)

0.062
(0.680)

−0.054
(0.723)

−0.033
(0.827)

0.142
(0.348)

−0.008
(0.960)

Medial tibial posterior slope 0.139
(0.357)

0.082
(0.588)

−0.046
(0.763)

0.088
(0.559)

0.068
(0.652)

0.013
(0.933)

Notch width −0.281
(0.059)

−0.054
(0.722)

0.213
(0.155)

−0.076
(0.614)

−0.169
(0.261)

0.109
(0.469)

Bicondylar width −0.203
(0.175)

0.076
(0.614)

0.188
(0.211)

−0.099
(0.515)

−0.068
(0.654)

0.156
(0.300)

Lateral tibial plateau width −0.213
(0.156)

0.097
(0.521)

0.059
(0.699)

−0.301
(0.042)

−0.218
(0.145)

0.205
(0.171)

Medial tibial plateau width −0.027
(0.861)

0.070
(0.644)

0.079
(0.603)

−0.016
(0.914)

0.015
(0.923)

0.125
(0.408)

Lateral femoral condyle width −0.146
(0.332)

0.192
(0.201)

0.139
(0.356)

−0.329
(0.025)

−0.225
(0.132)

0.183
(0.223)

Medial femoral condyle width −0.039
(0.797)

0.182
(0.226)

0.035
(0.816)

−0.063
(0.675)

0.093
(0.541)

0.138
(0.362)
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reconstruction comparing bioabsorbable to metal screw 
fixation of autologous hamstring graft, the authors dem-
onstrated more femoral tunnel widening in bioabsorbable 
fixation group [22]. The authors believe a larger inflamma-
tory reaction may occur with bioabsorbable screws which 
may be the cause for greater tunnel widening compared 
with metal screw fixation. Another prospective study evalu-
ated tunnel widening comparing hamstring autograft versus 
anterior tibialis allograft and revealed a higher incidence 
of tunnel widening in allograft group. They concluded the 
biological factors in allograft could be the reason for tunnel 
widening.

In this study, an attempt was made to control the other 
known mechanical factors that could interfere with tun-
nel widening. Baumfeld et  al. [3] showed that different 
graft fixation devices can affect the amount of tunnel wid-
ening. Therefore, only patients whose grafts were fixed 
with the same device were enrolled. Endobutton (Smith 
& Nephew, Andover, MA, USA) and bioabsorbable inter-
ference screw were used to fix the femoral and tibial side. 
Clatworthy et al. [7] found differences in tunnel widening 
after reconstruction in a patellar tendon group compared 
with a hamstring tendon group, while Jia et al. [15] dem-
onstrated greater tunnel enlargement with allograft versus 
autograft. Our study consists of patients only reconstructed 
with hamstring autograft in an attempt to control for pos-
sible differences. Lorio et al. [13] demonstrated less tunnel 
enlargement in anatomic ACLR when compared with non-
anatomic. All patients underwent anatomic ACLR in the 
present study. Hantes et al. [10] showed that tunnel enlarge-
ment occurs after ACL reconstruction in patients with early 
motion (unrestricted range of motion without brace and full 
weight bearing with crutch immediately after ACLR) ver-
sus late motion (restricted range of motion of 0°–60° for 
the first 3 weeks and 0°–90° for 3 more weeks and partial 
weight bearing for all the 6 weeks). All the patients in this 
study had the same standard rehabilitation protocol (late 
motion) after surgery.

In the present study, MRI was used to assess bony mor-
phology, thereby eliminating the effect of overlapping of the 
bony landmarks and increasing the accuracy of measure-
ments. The effect of tibial and femoral bony morphology on 
tunnel widening may be similar to its effect on the pivot shift 
mechanism, ACL injury, and early graft failure after recon-
struction. Previous studies showed that the lateral tibial pla-
teau is more important than the medial plateau in the pivot 
shift mechanism and therefore places an increased force on 
the ACL [17, 30]. The differences in the shapes of tibial pla-
teau could explain the difference in their effect on the forces 
applied to the ACL. The medial tibial plateau has a concave 
shape and therefore provides more stability, while the lateral 
tibial plateau is convex, with greater potential for motion dur-
ing activities. On the other hand, increased lateral posterior 

tibial slope can cause increased anterior tibial translation, 
creating a ramp allowing for more anterior tibial translation. 
These factors increase the forces on the graft and motion at 
the graft-tunnel junction, possibly leading to tunnel widening.

This study is the first in which the authors are aware 
to determine the role of preoperative factors on tunnel 
enlargement with the goal of avoiding this complication 
in the future. It could be recommended that patients with 
greater tibial posterior slope have a preoperative consul-
tation about postoperative rehabilitation programs and 
undergo a more conservative physical therapy program 
after surgery to decrease the forces on the graft as well as 
graft-tunnel motion. Using more rigid fixation on the tibial 
side of these patients could be another consideration.

This study does have limitations. First, tunnel diameter 
was evaluated in standard plain radiograph with likely less 
accuracy than a computed tomography (CT) scan. Further, 
a larger sample size would strengthen this study and may 
provide greater insight into other bony morphologies. In 
particular, distal femoral shape and other soft tissue ele-
ments may affect the graft-junction motion and subsequent 
tunnel enlargement. Although these limitations exist, digi-
tal plane radiography is considered an accurate manner to 
detect tunnel widening after ACLR and has the advantages 
of easy accessibility and cost-effectiveness [38].

Regarding the clinical relevance, the results of this study 
suggest that lateral tibial posterior slope be measured pre-
operatively. Facing increased lateral tibial posterior slope 
preoperatively, surgeons may be able to avoid tibial tunnel 
exit widening by considering more rigid graft fixation and 
more conservative physical therapy postoperatively.

Conclusion

Increased lateral tibial posterior slope is an important pre-
operative anatomic factor that may predict tunnel widening 
at the tibial tunnel exit. In regard to clinical relevance, the 
results of this study suggest that lateral tibial posterior slope 
be measured preoperatively. In patients with increased lat-
eral tibial posterior slope, more rigid graft fixation a more 
conservative physical therapy regiment may be preferred.

Compliance with ethical standards 

Informed consent  Patients gave informed consent that data would 
be published.
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