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Abstract
Purpose Anterior cruciate ligament (ACL) reconstruction is a common surgical procedure, yet failure still largely occurs 
due to nonanatomically positioned grafts. The purpose of this study was to retrospectively evaluate patients with torn ACLs 
before and after reconstruction via 3D MRI and thereby assess the accuracy of graft position on the femoral condyle.
Methods Forty-one patients with unilateral ACL tears were recruited. Each patient underwent 3D MRI of both knees before 
and after surgery. The location of the reconstructed femoral footprint relative to the patient’s native footprint was compared.
Results Native ACL anatomical location of the native ACL had a significant impact on graft position. Native ACLs that were 
previously more anterior yielded grafts that were more posterior (3.70 ± 1.22 mm, P = 0.00018), and native ACL that were 
previously more proximal yielded grafts that were more distal (3.25 ± 1.09 mm, P = 0.0042). Surgeons using an independent 
drilling method positioned 76.2% posteriorly relative to the native location, with a mean 0.1 ± 2.8 mm proximal (P = 0.8362) 
and 1.8 ± 3.0 mm posterior (P = 0.0165). Surgeons using a transtibial method positioned 75% proximal relative to the native 
location, with a mean 2.2 ± 3.0 mm proximal (P = 0.0042) and 0.2 ± 2.6 mm posterior (P = 0.8007). These two techniques 
showed a significant difference in magnitude in the distal–proximal axis (P = 0.0332).
Conclusion The femoral footprint position differed between the native and reconstructed ACLs, suggesting that ACL recon-
structions are not accurate. Rather, they are converging to a normative reference point that is neither anatomical nor isometric.
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Background

The anterior cruciate ligament (ACL) is the most commonly 
injured ligament in the human body with over 175,000 
reconstructive procedures performed annually in the USA 
[1, 2]. Only 82% of athletes return to their sport after surgery 

with a nonanatomically positioned graft being one of the 
most common causes of clinical failure after ACL recon-
struction [3–8]. To improve the surgical outcome, extensive 
research has been performed to investigate the shape and 
the characteristics of ACL bundles [9–13]. In recent years, 
restoring patients’ native ACL anatomy by placing the graft 
within the femoral and tibial footprint has been emphasized 
[14].

While surgeons’ predilections may differ in terms of graft 
selection, surgical technique, and fixation method [11], there 
is a general consensus that the goal of surgery is an anatomi-
cal reconstruction of the ACL [5, 11, 15–17]. Restoring the 
patient’s native ACL anatomy has been shown to improve 
knee kinematics [18] and to improve anteroposterior and 
tibial rotational stability [5, 18]. Graft placement at the 
appropriate location can sometimes be challenging to the 
surgeon [19]. As ACL rupture often occurs at the femoral 
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attachment site, identification of the optimal femoral graft 
position for recreating the footprint has been heavily scru-
tinized in the literature [5, 19–21]. Several techniques and 
anatomical landmarks are described, such as the lateral inter-
condylar ridge [9, 17, 22, 23], bifurcate ridge [9, 24], apex 
of the deep cartilage (ADC) [25], and clockface [13, 26], 
to guide surgeons in femoral tunnel placement. However, 
the anatomical ridges can sometimes be hard to distinguish, 
especially in cases with distorted anatomy. In addition, some 
femoral guides, like posterior offset guides, have been shown 
to be inaccurate [27–29] and unable to reach the center of 
the anatomical femoral footprint [24, 30]. Moreover, patient 
anatomy and morphology is more variable than previously 
assumed, rendering clinical application difficult [24, 31].

The objective of this study is to retrospectively com-
pare the location of the femoral tunnel produced via two 
different surgical techniques to the native footprint using 
three-dimensional magnetic resonance imaging (3D MRI) 
obtained pre- and post-ACL reconstruction. We hypoth-
esized that both surgical techniques would accurately and 
precisely re-approximate graft placement within the native 
femoral footprint.

Materials and methods

Study protocol

Institutional review board approval was obtained prior to 
the onset of this study. A study previously performed by 
Hart et al. [32] used a similar protocol and the same data 
but examined different outcomes. Patients between the ages 
of 16 and 60 years that were suspected of having an ACL 
tear were recruited into the study. Patients with previous 
knee pathology, including previous surgery, previous liga-
mentous injury, inflammatory arthropathy, or osteoarthritis, 
and patients with a suspected multi-ligamentous knee injury 
were excluded from the study. As part of the normal preop-
erative work-up, a conventional two-dimensional (2D) MRI 
was performed to confirm the diagnosis of an ACL tear. If 

the scan did not demonstrate evidence of a tear, the patient 
was excluded from the study. Afterward, a 3D MRI was per-
formed on both the injured knee and the contralateral knee.

Following the preoperative diagnostic imaging, all 
patients underwent anatomical ACL reconstruction by one 
of four sports fellowship-trained orthopedic surgeons at our 
institution. The surgeons were blinded to the 3D MRIs but 
were allowed access to the conventional 2D MRIs for pre-
operative planning as it is standard procedure. The preferred 
surgical techniques are highlighted in Table 1. Surgeons 1 
and 2 employed an independent drilling technique with flex-
ible or rigid reamers, whereas surgeons 3 and 4 utilized a 
modified transtibial technique to perform anatomical ACL 
reconstruction. A quadrupled hamstring autograft with the 
same cortical button-type fixation (Endobutton; Smith & 
Nephew) on the femoral side and interference screw fixation 
on the tibial side (BIORCI; Smith & Nephew) was used by 
all four surgeons. The reconstructed knee underwent reim-
aging with 3D MRI at a minimum of 6 weeks post-surgery.

The imaging protocol for this study was a previously 
validated isotropic 3D MRI protocol [32–34]. Both 2D and 
3D MRIs were performed using the same 1.5 T TwinSpeed 
Excite high-definition MRI scanner (GE Medical Systems). 
In the scanner, the knees were placed in near full exten-
sion, and an 8-channel high-definition surface coil was 
applied. For the 3D MRIs, an oblique-coronal proton den-
sity sequence along the plane of the ACL with slice gaps of 
0.6 mm was obtained [32, 33]. The mean scanning times for 
all 3 image acquisitions (2D MRI of injured knee and 3D 
MRI of bilateral knees) was 45 min.

Femoral footprint analysis

The use of 3D MRI allows for multiplanar reconstruction of 
the knee. Thus, it is possible to observe the ACL along its 
course in the coronal-oblique plan. Multiplanar reconstruc-
tions and measurements were performed on a PACS work-
station with embedded multiplanar software (InteleViewer; 
Intelerad Medical Systems). Native ACL boundaries of the 
uninjured knee (the femoral footprint was not viewable in 

Table 1  Preferred reconstruction technique by surgeon

ADC apex of deep cartilage, BR bifurcate ridge, CF, clockface, ICR intercondylar ridge

Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4

Graft Quadrupled hamstring Quadrupled hamstring Quadrupled hamstring Quadrupled hamstring
Femoral tunnel preparation Independent drilling using 

flexible reamers
Independent drilling using 

rigid reamers
Transtibial using rigid 

reamers
Transtibial using rigid 

reamers
Femoral-sided landmarks ICR, BR, ADC ICR, BR ICR, CF CF
Femoral guide Clancy femoral guide Over-the-top guide Over-the-top guide Over-the-top guide
Femoral graft fixation Endobutton Endobutton Endobutton Endobutton
Tibial graft fixation Interference screw + staple Interference screw + staple Interference screw + staple Staple only
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28 of 41 injured knees) and the postoperative ACL graft 
were visualized with coronal-oblique and sagittal-oblique 
scans (Fig. 1).

Using the center of the footprints, pre- and postopera-
tive coordinates were defined in relation to the apex of 
the deep cartilage and recorded on all 3D MRI scans. 
Measurement techniques did not differ in cases whereby 
the ACL remnant was preserved as measurements were 
made based on the footprint of the drilling hole. Remnants 
located outside the hole that could be seen on MRI were 
not considered in the footprint measurement. The primary 
outcome was to determine the accuracy and precision of 
the graft positions relative to the native ACL. The second 
outcome was comparison of other factors affecting the 
position of the graft, such as true anatomical location of 
the native ACL and the isometric point. We used the point 
defined by Zavras et al. [35] due to its ease of measure-
ment in InteleViewer, its acceptance in the community, 

and its accuracy. Using a mid-sagittal MRI plane of the 
distal femur, the isometric point was determined to be 
three millimeters distal from the posterior aspect of Blu-
mensaat’s line at the 10:30–11:00 o’clock position in right 
knees and 1:00–1:30 o’clock position in left knees.

Statistical analysis

Descriptive statistics, Student t test, and directional analy-
sis of circular uniform distribution were used to quantify 
the position of the reconstructed femoral graft in rela-
tion to the native graft. Naming convention [9, 36, 37] 
and schematic diagram [37, 38] were consistent with the 
literature. A K-means algorithm on a statistical software 
(MATLAB, Mathworks) was used to investigate the effect 
of the native ACL on the position of the graft. For all sta-
tistical analysis, a P value of < 0.05 deemed statistically 
significant for comparative data.

Fig. 1  Visualization of the femoral footprint using 3D MRI on the lateral femoral condyle
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Results

Forty-five total patients were recruited into the study 
from November 2014 to May 2016. Four patients were 
excluded from the study due to a normal ACL scan, sig-
nificant motion artifact on the 3D MRI, and incomplete 
imaging. The 41 remaining patients had complete imaging 
and underwent ACL surgery performed by one of the four 
fellow trained surgeons at our institution. The mean age 
was 31 years, and 13 patients were females.

A scaled schematic diagram was used to evaluate the 
position of the reconstructed graft relative to the native 
ACL (Fig. 2). Surgeons using an independent drilling 
method positioned 76.2% posteriorly relative to the native 
location, with a mean 0.1 ± 2.8 mm proximal (P = 0.8362) 
and 1.8 ± 3.0 mm posterior (P = 0.0165). Surgeons using 
a transtibial method positioned 75% proximal relative to 
the native location, with a mean 2.2 ± 3.0 mm proximal 
(P = 0.0042) and 0.2 ± 2.6 mm posterior (P = 0.8007). 
These two techniques showed a significant difference in 
magnitude in the distal–proximal axis (P = 0.0332) but not 
in the anteroposterior axis (P = 0.0579). Overall, among 
the 41 participants, 5 had the graft positioned in the dis-
tal-anterior quadrant (Fig. 2), 11 in the proximal-anterior 

quadrant, 17 in the proximal-posterior quadrant, and 8 in 
the distal-posterior quadrant.

Evaluating the difference in orientation between the 
independent drilling and the transtibial technique showed a 
significant difference (P = 0.008) using a circular analog to 
the Kruskal–Wallis test. Assessing the accuracy from an ori-
entation perspective showed that both independent drilling 
(P = 0.0395) and transtibial (P = 0.0129) techniques are not 
accurate as they do not respect a circular uniformity around 
the target point (Table 2, Figs. 3, 4). Only one surgeon was 
able to be precise using the independent drilling technique 
(k = 0.652, a Kurtosis close to one indicates a strongly 
peaked distribution) but was not accurate (P = 0.021). 

To analyze the effect of the true anatomical location of 
the native ACL on the tunnel position created by the sur-
geons, an optimized k-means algorithm was used in MAT-
LAB to generate clusters based on graft position relative 
to the native ACL. Based on the true anatomical location, 
the graft’s position was significantly different. More anterior 
native ACLs yielded more posterior grafts (3.70 ± 1.22 mm, 
P = 0.00018) (Table 3, Fig. 5). Moreover, more distal native 
ACLs produced more proximal grafts (4.22 ± 2.16 mm, 
P = 0.0013) while more proximal ACLs yielded more dis-
tal grafts (3.25 ± 1.09 mm, P = 0.0042). Conversely, native 
ACLs close to the typical anatomical location produced 

Fig. 2  Scaled schematic diagram of reconstructed (squares) graft with 
relation to native (circle) ACL. The results are grouped by surgeon in 
which each patient is represented by a colored square. Surgeons 1 and 
2 used an independent drilling technique, whereas surgeons 3 and 4 
used a transtibial technique. The schematic diagram is a sagittal-plane 

anatomical drawing of the lateral wall of the femoral intercondylar 
notch with the Blumensaat line at an angle of 33° to the femoral ana-
tomical axis and a posterior femoral condylar radius of curvature of 
22.4 mm, in flexion
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grafts at a similar location, with a P value of 0.3678 and 
0.1966 for the distal and anterior axis, respectively.

Additionally, the correlation between the graft position 
and the isometric point was evaluated. The position of the 
isometric points was significantly different than the graft 
position, with a P value of less than 0.0005 for all the sur-
geons (Fig. 6).

Discussion

While surgical techniques have improved drastically over 
the last few decades, anatomical graft positioning remains 
challenging [32, 39]. Surgeons using an independent drilling 

method positioned 76.2% posteriorly relative to the native 
location (P = 0.0165) compared to a transtibial method that 
positioned 75% of the grafts proximally relative to the native 
location (P = 0.0042). Our transtibial results are consistent 
with those reported by Scanlan et al. [39]. Although a mean 
of 1.8 ± 3.0 mm may appear small, placing a graft more pos-
teriorly, such as in the posterolateral bundle, can create great 
tension forces and even graft failure [40, 41]. It is reported 
in the literature that independent drilling offers a more ana-
tomical reconstruction compared to transtibial drilling but 
no significant difference clinically [30, 42, 43]. In our find-
ings, both techniques differ significantly in magnitude in 
the distal–proximal axis (P = 0.0332) compared to the ante-
rior–posterior axis (P = 0.0579), suggesting that the femoral 
tunnel position is partially technique dependent.

The 3D MRI protocol used in this study has been previ-
ously validated and applied with great success [32–34]. The 
same dataset of 41 patients was previously evaluated by Hart 
et al. [32] using a similar protocol. In their analysis, the 
position of the reconstructed graft was significantly differ-
ent in magnitude than the native ACL position, which was 
both proximal (mean 1.2 ± 3 mm; P = 0.02) and posterior 
(mean 1.0 ± 2.9 mm; P = 0.01). These results suggested that 
the surgeons were not recreating the native ACL location 
with the graft. Yet, this analysis was solely based on magni-
tude of error and did not consider orientation. For our study, 
both concepts of accuracy and precision were investigated 
(Fig. 3). We showed that the position of the graft relative 
to the native ACL does not follow a uniform circular dis-
tribution (Table 2, Fig. 4). These results suggest that both 
the independent drilling and the transtibial methods are not 
accurate. However, one surgeon using independent drill-
ing was precise with his technique, implying that precision 
is surgeon-dependent. This has great implication as Kato 
et al. [44] reported inferior kinematics in a porcine model 
when the femoral tunnel was not placed in the appropriate 

Table 2  Directional analysis 
using circular uniform 
distribution theorem

a Variance: Circular variance is bound between the interval [0, 1] and is indicative of the spread within the 
data. If the samples are spread out evenly around a circle, the circular variance will be close to maximal
b Kurtosis: Circular kurtosis is a measured of peakedness. A value close to one indicates a strongly peaked 
distribution
c Rayleigh test: This test evaluates the circular uniformity of the data. A value of P < 0.05 would indicate a 
significant departure from uniformity and reject the null hypothesis

Independent 
drilling

Transtibial Surgeon 1 Surgeon 2 Surgeon 3 Surgeon 4

Mean (°) 265.44 191.4 245.85 309.87 199.02 182.36
Median (°) 262.31 180 236.31 292.92 180 180
Standard deviation (°) 63.32 59.56 52.59 67.55 53.77 63.46
Variancea 0.6107 0.5403 0.4212 0.6950 0.4403 0.6133
Kurtosisb 0.2848 0.2569 0.6518 0.0105 0.2897 0.2558
Rayleigh  testc
(P value)

0.0395 0.0129 0.0214 0.4044 0.0555 0.0689

Fig. 3  Schematic representation of the accuracy and precision con-
cept. Based on ISO 5725 definition, accuracy refers to the closeness 
of a measurement to the “true” value, whereas precision refers to 
how close the measurements are to each other. The four targets above 
describe the four different possible combination
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Fig. 4  Polar histogram of the 
circular distribution of the 
reconstructed ACL. The center 
point represents the native 
ACL. Zero degrees represent a 
full distal direction, 90 degrees 
a full anterior direction, 180 
degrees a full proximal direc-
tion and 270 degrees posterior 
direction. The radial values in 
the graph signify the number 
of reconstructed ACLs within 
that range of angles. Here, both 
techniques were neither accu-
rate, nor precise

Table 3  Error between native 
and reconstructed ACL based 
on cluster analysis

a A positive value is defined as a graft that is purely distal relative to the native ACL
b A positive value is defined as a graft that is purely anterior relative to the native ACL

Clusters Mean error of the reconstructed 
graft

P value

Proximal–distal 
 axisa (mm)

Anteroposterior 
 axisb (mm)

Proximal–dis-
tal  axisa

Anteropos-
terior  axisb

Native ACL anterodistal (red) − 4.70 ± 1.06 − 4.40 ± 1.19 0.0477 0.0642
Native ACL typical location (blue) − 0.50 ± 1.09 0.00 ± 1.55 0.3678 0.1966
Native ACL distal (yellow) − 4.22 ± 2.16 0.70 ± 2.42 0.0013 0.2283
Native ACL proximal (green) 3.25 ± 1.09 − 1.25 ± 2.60 0.0042 0.7291
Native ACL anterior (purple) − 0.40 ± 1.11 − 3.70 ± 1.22 0.6603 0.00018

Fig. 5  Scaled schematic 
diagram representing a cluster 
analysis done using a k-means 
algorithm. Clusters are created 
randomly and optimized to 
form group of points sharing 
the same location. The position 
of the points is referenced from 
the apex of the deep cartilage. 
“typical location” is defined as 
the mean position
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anatomical location. Despite technological advancement, it 
remains extremely challenging to replicate the native ACL 
with single bundle reconstruction, especially given the rela-
tively wide nature of the femoral footprint. However, graft 
placement in proximity to the native anatomical footprint 
optimizes stability and functionality compared to nonana-
tomically positioned grafts [5, 18, 45].

A lot of literature has attempted to define the most iso-
metric graft location to allow it to maintain its function 
throughout the range of motion [35, 46–48]. Multiple 
authors have described the location of the isometric point 
to be on the femur [48–51], with small differences between 
each point, as isometry is defined as a zone [46, 47]. In our 
study, the point defined by Zavras et al. [35] was chosen as 
the isometric point due to its ease of measurement in Intel-
eViewer, its acceptance in the community, and its accuracy. 
Moreover, it represents the previous preferred location for 
ACL graft placement [50]. Interestingly, a graft placed in 
the center of the femoral footprint is less isometric than a 

tunnel in the more anterior region [40, 50, 52]. As reported 
by Hefzy et al. [50], the anterior position demonstrated mini-
mal anisometry with 1–4 mm of length change throughout 
the range of motion. In comparison, a graft positioned in 
the center of the footprint would be expected to demon-
strate a length change of 5–7 mm throughout the range of 
motion [40, 52]. However, the native ACL does not have 
a full isometric behavior in the last 30° of extension [53]. 
Yet, better rotational stability can be obtained by placing 
the graft within the anatomical femoral footprint versus an 
isometric femoral tunnel placed outside the femoral foot-
print [45]. Thus, placing the graft within the most isometric 
region within the anatomical footprint is more desirable for 
the patient than maximizing the isometric position alone 
[54]. This statement is consistent with our findings as no 
significant correlation was found between the graft location 
and the most isometric point (P < 0.0005), suggesting that 
the surgeons were effectively not placing the femoral tunnel 
in the isometric location.

Fig. 6  Scaled schematic diagram representing the graft location (circle) and the associated isometric position (square) for each patient. The 
points are referenced from the apex of the deep cartilage
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With the desire to reproduce a more anatomical ACL 
[55], a renewed interest in ACL anatomy has shown that 
morphology, size, and location are quite variable [13, 31, 
39, 56]. In a study of 137 patients undergoing ACL recon-
struction, Kopf et al. [31] reported width variability in the 
footprint ranging from 12 to 22 mm. Both Scanlan et al. 
[39] and Edwards et al. [13] reported large morphological 
variation in the footprint between specimen. These findings 
are consistent with the results obtained from Hart et al. [32] 
on the same dataset as this study. Surgeons are positioning 
the graft at a location that is more comfortable for them 
(Fig. 5). When the native ACL feels too anterior, the sur-
geons positioned the graft more posterior (P = 0.00018). The 
same conclusion can be reached when the native ACL is too 
proximal (P = 0.0013) or distal (P = 0.0042). However, when 
the native ACL is close to the anatomical location defined by 
Hart et al. [25] (12 mm distal and 3 mm anterior), the graft 
was positioned at a similar location as the native ACL (P 
value of 0.3678 and 0.1966 for the distal and anterior axis, 
respectively). These results suggest that surgeons are not 
accounting for anatomical variations and therefore not per-
forming patient-specific anatomical ACL construction [5]. 
Instead, they are correcting toward a normative population 
reference value, which is not the true anatomical location. 
To help surgeons perform a true patient-specific anatomical 
reconstruction, 3D MRI could be used as a preoperative tool 
to visualize the anatomy and be more precise and accurate.

The present study has shown the limitations of current 
surgical techniques to reproduce the native femoral footprint 
accurately and precisely. Nevertheless, it was limited by the 
fact that it is a radiographic study and that the clinical out-
comes were not investigated. Moreover, this study utilized a 
centroid approach to define the location of the ACL within 
the footprint. As shown by Kopf et al. [31], there is a wide 
variation in the femoral ACL footprint, and using a centroid 
approach might not totally reflect the patient’s anatomy. Fur-
thermore, our study used an isometric point defined in the 
literature by Zavras et al. [35]. While this point is widely 
accepted among the orthopedic community, it was origi-
nally described in cadaveric specimens. Hence, it may not 
be generalizable to living tissue. In addition, the low sample 
size of the study prevented the use of one-factor ANOVA for 
circular distribution between surgeons.

Conclusion

Despite modern surgical techniques, the femoral footprint 
position differed between the native and reconstructed 
ACLs, suggesting that ACL reconstructions are not accu-
rate. Instead of reproducing true anatomy, ACL reconstruc-
tions performed today converge to a normative reference 
point that is nor anatomic, nor isometric. In the last 10 years, 

vast research has raised concerns over the body of the lit-
erature called anatomic. A new nomenclature might help 
differentiate these terms: isometric being the most isometric 
point, anatomical being a point that is not isometric and does 
change with respect to the patient anatomy, and true ana-
tomical being patient-specific ACL location. Overall, true 
anatomical patient-specific reconstruction should be the goal 
moving forward.
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