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Background: Increased tibial slope (TS) is believed to be a risk factor for anterior cruciate ligament (ACL) tears. Increased TS may
also promote graft insufficiency after ACL reconstruction.

Purpose: To delineate the relationship between TS and single as well as multiple graft insufficiencies after ACL reconstruction.

Study Design: Cohort study; Level of evidence 3.

Methods: We retrospectively identified 519 patients who had sustained ACL graft insufficiency after primary or revision ACL
reconstruction (1 graft insufficiency, group A; 2 graft insufficiencies, group B; and �3 graft insufficiencies, group C). In addition,
a subgroup analysis was conducted in 63 patients who received all surgical interventions by 2 specialized high-volume, single-
center ACL surgeons. TS was measured by an observer with .10 years of training using lateral knee radiographs, and intrarater
reliability was performed. Multiple logistic and univariate Cox regression was used to assess the contribution of covariates (TS,
age, sex, and bilateral ACL injury) on repeated graft insufficiency and graft survival.

Results: The study included 347 patients, 119 female and 228 male, who were 24 6 9 years of age at their first surgery (group A, n
= 260; group B, n = 62; group C, n = 25). Mean TS was 9.8� 6 2.7� (range, 3�-18�). TS produced the highest adjusted odds ratio
(1.73) of all covariates for repeated graft insufficiency. A significant correlation was found between TS and the number of graft
insufficiencies (r = 0.48; P \ .0001). TS was significantly lower in group A (9.0� 6 2.3�) compared with group B (12.1� 6 2.5�;
P \ .0001) and group C (12.0� 6 2.6�; P \ .0001). A significant correlation was seen between the TS and age at index ACL
tear (r = 20.12; P = .02) as well as time to graft insufficiency (r = 20.12; P = .02). A TS �12� had an odds ratio of 11.6 for repeated
ACL graft insufficiency.

Conclusion: The current results indicate that patients with a markedly increased TS were at risk of early and repeated graft insuf-
ficiency after ACL reconstruction. Because the TS is rarely accounted for in primary and revision ACLR, isolated soft tissue pro-
cedures only incompletely address recurrent graft insufficiency in this subset of patients.
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The functional importance of the anterior cruciate ligament
(ACL) has been widely acknowledged. After injury, recon-
struction of the ACL is deemed necessary to restore native
knee kinematics close to the physiological state and to allow
athletes to return to high-level pivoting and cutting sports.

Surgical techniques for ACL reconstruction (ACLR) con-
tinue to evolve and to improve clinical results. Even
though early results appear to be satisfactory, outcome
parameters in the long term seem to deteriorate and the
true incidence of graft insufficiency after ACLR is likely
underreported.22 These graft insufficiencies are worri-
some, because revision ACLR is associated with worse out-
comes compared with primary ACLR.30,32,33

Even though the contributions of peripheral soft tissue
restraints on sagittal knee laxity have been validated
extensively, the importance of the bony geometry of the
underlying tibial plateau is less well understood. However,
a growing body of evidence has provided a refined view on
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culoskeletal Surgery, Charité-University Medicine Berlin, Augustenburger
Platz 1, Berlin, 13353, Germany (email: clemens.gwinner@charite.de).

yCenter for Musculoskeletal Surgery, Charité-University Medicine
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the effect of the posterior inclination of the tibial pla-
teau—namely, the tibial slope (TS)—on anteroposterior
knee laxity and loading of the cruciate ligaments.14,24,28,31

An emerging consensus indicates that from a biomechani-
cal view, an increased TS facilitates an anterior translation
of the tibia relative to the femur.1,7,8,10,23 Clinical studies
have echoed these results, reporting an association
between an increased TS and graft insufficiency after
ACLR.3,12,15,22,29 However, there is a considerable paucity
in the current literature regarding the TS in large revision
ACL cohorts, and its effect on singular and multiple graft
insufficiencies has not been delineated.

Of note, the susceptibility for graft insufficiency is
dependent not only on anatomic conditions but also, and
to a greater degree, on age, acquired injuries, graft tissue,
graft position, treatment of additional peripheral instabil-
ities, and postoperative rehabilitation.18 The TS is rarely
accounted for in surgical decision making in revision
ACLR, thus potentially representing a nonmodifiable risk
factor for repeated graft insufficiency.

The aim of the current study was to evaluate the TS in
patients with single and multiple graft insufficiencies after
ACLR. It was hypothesized that the TS would be signifi-
cantly higher in patients with multiple graft insufficiencies
compared with those with a single graft insufficiency.

METHODS

A total of 519 patients who underwent revision ACLR
between 2012 and 2018 due to graft insufficiency were ret-
rospectively identified from a single-center, 2-surgeon
series (A.W., M.W.). Inclusion criteria consisted of single
or multiple ACL graft insufficiencies after ACLR, con-
firmed by magnetic resonance imaging (MRI) and/or clini-
cal as well as arthroscopic assessment.

Patients with concomitant injuries of the posterior cruci-
ate ligament (PCL), combined lower extremity fractures, or
previous osteotomy of the ipsilateral knee were excluded.
In addition, we excluded patients whose radiographs did
not include a true lateral view of the tibia as determined
by proper superimposition of the femoral condyles. Patients
with poor-quality or nondigital radiographs were not enrolled
in order to decrease the number of confounding variables.

Anthropometric and demographic measures including
age and sex were documented. Additionally, for each
patient, we reported the number of graft insufficiencies
(1 graft insufficiency, group A; 2 graft insufficiencies,
group B; �3 graft insufficiencies, group C), graft choice,
the patient’s age at first ACL injury or ACLR, and the sub-
sequent time interval (months) between ACLR and graft
insufficiency. This information was also collected for a sub-
group of patients who underwent both the primary ACLR
and subsequent revision surgeries by either of the 2 spe-
cialized high-volume ACL surgeons (A.W., M.W.).

The study protocol was approved by our institutional
ethics committee (EA2/016/21). The study was carried out
in accordance with the Declaration of Helsinki, and all par-
ticipants provided informed consent.

Radiographic Assessment

Lateral knee radiographs of the affected knee were used
for radiographic assessment. An orthopaedic surgeon
(C.G.) with .10 years of experience in radiographic meas-
urements evaluated the TS using a picture archiving and
communication system workstation (Centricity RIS-I 4.2
Plus; GE Healthcare). The observer was blinded for all
other parameters. To account for reading inaccuracy, 50
patients were randomly selected and measured again at
6 months after the initial assessment to establish intra-
rater reliability.

The TS is regarded as the angle between the posterior
inclination of the tibial plateau and a line perpendicular
to the tibial shaft axis. The tibial shaft axis was deter-
mined according to Dejour and Bonnin8 using 2 midpoints
between the anterior and posterior tibial cortex: one at 5
cm below the tibial tuberosity and the other at 15 cm below
the tibial joint line. Subsequently, the TS was determined
between the tangent line to the medial tibial plateau,
which is commonly superimposed on lateral radiographs,
and a line 90� to the diaphyseal axis. Although the best
available radiographs were chosen, not all images included
enough tibial shaft to determine the width of the shaft at
a distance of 15 cm distal to the joint line. In these instan-
ces, the most distal width (if �12 cm)13 was measured
based on the aforementioned conditions (Figure 1).

Figure 1. Measurement of the tibial slope (TS). The TS is
defined as the angle (shaded) between the tangent line of
the medial tibial plateau and a line perpendicular to the tibial
shaft axis.
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Statistical Analysis

Statistical analysis was performed using Prism Version 6
(GraphPad Software). Continuous data are expressed as
mean 6 SD or median according to their distribution.
D’Agostino and Pearson omnibus normality tests were
used to test Gaussian distribution. Parametric data
were compared with a t test, and nonparametric data
were tested by a Mann-Whitney test. Either Pearson or
Spearman correlations were used for the statistical asso-
ciation between 2 variables, according to their normality
test. Multiple logistic regression was performed to assess
the relative contribution of age, sex, bilateral ACL tears,
and TS on the number of graft insufficiencies. The Pear-
son chi-square test was used to determine statistically
significant differences between categorical variables. Sur-
vival curves were compared with univariate Cox regres-
sion. The intraclass correlation coefficient (ICC) was
used to evaluate intrarater reliability. Notably, values of
0.5 through 0.6 are regarded as moderate agreement,
whereas 0.7 through 0.8 indicate a strong agreement.
P \ .05 was considered to be statistically significant.

RESULTS

Of the 519 patients who were identified after sustaining
ACL graft insufficiency, patients were excluded due to
missing (n = 137) or low-quality (n = 13) radiographs, addi-
tional PCL reconstruction (n = 17), or tibial osteotomy (n =
5). Consequently, 347 patients (119 female, 228 male) were
enrolled in the present study (Figure 2). The mean age of
the patients at first ACL rupture was 24 6 9 years. The
ICC was 0.86, indicating a high intrarater agreement in
terms of TS measurement.

According to the number of graft insufficiencies, 260
patients were enrolled with 1 graft insufficiency (group
A), 62 patients with 2 graft insufficiencies (group B), and
25 patients with �3 graft insufficiencies (group C; 22
patients with 3 graft insufficiencies and 3 patients with 4
graft insufficiencies). Patient characteristics among the
subgroups are described in Table 1.

Multiple logistic regression was performed to assess the
relative contribution of age, sex, bilateral ACL tears, and
TS on the number of graft insufficiencies. The results are
shown in Table 2. Repeated graft insufficiency was

Figure 2. Flowchart depicting the selection of study participants. ACL, anterior cruciate ligament; PCL posterior cruciate
ligament.
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associated with TS (odds ratio [OR], 1.73; 95% CI, 1.5-1.99)
and age (OR, 0.99; 95% CI, 0.99-1) and, to a lesser extent,
with female sex (OR, 0.47; 95% CI, 0.25-0.88) but not with
the presence of bilateral ACL tears.

Analysis of the Tibial Slope

The mean TS was 9.8� 6 2.7� (range, 3�-18�) (Figure 3). A
significant correlation was seen between the TS and the
stage of graft insufficiency (Spearman correlation, r =
0.48; P \ .0001).

More specifically, a significant difference in TS was seen
between groups A and B (9.0� 6 2.3� vs 12.1� 6 2.5�,
respectively; P \ .0001) as well as between groups A

and C (9.0� 6 2.3� vs 12.0� 6 2.6�, respectively; P \
.0001). No significant difference was seen between groups B
and C (12.1� 6 2.5� vs 12.0� 6 2.6�, respectively) (Figure 4).

Using a cutoff of �12�, as proposed by Webb et al,29 we
found that the rate of sustaining repeated graft insuffi-
ciencies was significantly higher in patients exceeding
this cut-off (64%) compared with those who had a TS
\12� (13%) (P \ .0001). More specifically, a TS �12�
produced an odds ratio of 11.6 for repeated ACL graft
insufficiency.

Anthropometric Analysis

The mean age of the patients at first ACL tear was 24 6 9
years. In addition to the multiple logistic regression analy-
sis, Spearman correlation revealed a weak yet significant
correlation between age at ACL tear and TS (r = 20.12;
P = .02). The interval between ACLR and first graft insuf-
ficiency was 57 6 61 months. As well, we found a signifi-
cant correlation between the TS and the time to graft
insufficiency (r = 20.12; P = .02). Graft survivorship after
ACLR was significantly impaired in patients with TS �12�
(Figure 5).

The interval between revision ACLR and second graft
insufficiency was 37 6 35 months. This is significantly
shorter than the time between ACLR and first graft insuf-
ficiency (57 6 61 months; P = .005).

We compared the TS in female (n = 119) versus male
(n = 228) patients. No significant difference was seen
regarding the TS in both cohorts (9.7� 6 2.7� vs 9.8� 6

2.7�, respectively). A total of 49 male (22%) and 38 female
(32%) patients sustained repeated graft insufficiency,
which resulted in a weak, yet significant, difference (P =
.046). This is in line with the regression analysis, which
showed a weak association between female patients and
repeated graft insufficiency.

A total of 48 patients sustained bilateral ACL injuries.
However, we found no significant difference in the TS
between patients with unilateral and bilateral ACL inju-
ries (9.7� 6 2.7� vs 10.0� 6 2.9�, respectively).

TABLE 1
Patient Characteristics of the Subgroupsa

Group A Group B Group C

No. of patients 260 62 25
Tibial slope, deg, mean 6 SD 9 6 2 12 1 3 12 1 3
Age at first surgery, y,

mean 6 SD
26 6 9 21 6 7 21 6 6

Female/male, n 81/179 29/33 9/16
Bilateral ACL tears, n (%) 31 (12) 11 (17) 6 (24)

aACL, anterior cruciate ligament; group A, patients with 1 graft
insufficiency; group B, patients with 2 graft insufficiencies; group
C, patients with �3 graft insufficiencies.

TABLE 2
Results of Regression Analysis: Relationship Between

Multiple Graft Insufficiencies and Age, Sex, Bilateral ACL
Tears, and Tibial Slopea

Factor Adjusted OR 95% CI P Value

Age 0.99 0.99-1 .001
Female sex 0.47 0.25-0.88 .018
Bilateral ACL tears 0.49 0.22-1.07 .074
Tibial slope 1.73 1.5-1.99 \.0001

aACL, anterior cruciate ligament; OR, odds ratio.

Figure 3. Distribution of the tibial slope in patients with sin-
gle (gray) and multiple (black) graft insufficiencies.

Figure 4. Boxplot comparing the tibial slope between
patients with 1 graft insufficiency (group A), 2 graft insufficien-
cies (group B), and �3 graft insufficiencies (group C). The tibial
slope was significantly different between groups A and B as
well as between groups A and C. *Statistically significant.
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Graft Choice

Ipsilateral hamstring tendons (n = 236) were predomi-
nantly used during index ACLR, followed by ipsilateral
patellar tendons (n = 74) and quadriceps tendons (n = 5).
In 32 patients, the primary graft choice was unknown. In
the hamstring tendon group, 56 patients (24%) had .1
graft insufficiency. In the patellar tendon group, 21
patients (28%) had .1 graft insufficiency. However, this
difference did not reach statistical difference.

For revision ACLR, autologous hamstring tendons of
the ipsilateral (if not previously used) or contralateral
side were used in 268 patients. Quadriceps tendons were
used in 48 patients and patellar tendons in 18 patients.
The graft was unknown in 13 patients. In this ACL revi-
sion setting, 48 (18%) of the hamstring tendon grafts, 16
(33%) of the quadriceps tendon grafts, and 18 (100%) of
the patellar tendon grafts failed. In revision ACLR, ham-
string tendon grafts showed a significantly lower rate for
repeated insufficiency compared with quadriceps tendon

grafts (P = .024) and patellar tendon grafts (P \ .0001).
However, the TS was significantly higher in patients
with patellar tendon grafts (11.3� 6 3.1�) than in patients
with hamstring tendon grafts (9.6� 6 2.6�; P = .008) and
quadriceps tendon grafts (9.8� 6 2.7�; P = .046). The TS
in patients receiving hamstring tendon grafts and quadri-
ceps tendon grafts was not significantly different.

Single Center, 2-Surgeon Series

A total of 63 patients received all ACL surgeries—includ-
ing primary ACLR—by either of the 2 specialized high-vol-
ume ACL surgeons. The TS was significantly different in
patients who sustained a single graft insufficiency (n = 57) com-
pared with those with multiple graft insufficiencies (n = 6) (9.4�
6 2.1� vs 12.6� 6 1.7�, respectively; P \ .001) (Figure 6).

Because the graft choice for primary and revision ACLR
was predominantly ipsilateral or contralateral hamstring
tendons, and bone-tendon-bone or quadriceps tendons
were sparsely used, no further analysis on the graft choice
was conducted in this cohort.

DISCUSSION

The results of the current study indicate an association
between an increased TS and the incidence of repeated
graft insufficiency after ACLR. More specifically, knees
with a radiographic TS �12� had a 64% incidence of
repeated graft insufficiency, which produced an odds ratio
of 11.6 for repeated ACL graft insufficiency. Notably, the
TS also significantly correlated with a younger patient
age at first ACL injury and further correlated with
a shorter time between primary surgery and first ACL
graft insufficiency. Consequently, patients with a markedly
increased TS are at risk of sustaining an ACL tear early in
their lives and are at further risk of an impaired survival
rate as well as survival time of their ACL graft.

Despite recent advances in primary and revision ACL
surgery, a considerable number of patients do not recover
from revision ACLR, clinical results remain poor compared
with primary procedures, and the risk of repeated graft
insufficiency is considerably higher.4,11,20 Although proper
choice of graft tissue, graft position, tensioning, treatment
of additional peripheral instabilities, and postoperative
rehabilitation continue to be the mainstays for good clini-
cal outcomes, the influence of the underlying osseous
geometry of the operated knee on clinical outcome has
long been underestimated. Yet, the TS may be considered
a common, nonmodifiable risk factor for successive fail-
ures.25 Numerous studies have identified an increased
medial as well lateral TS to be a risk factor for both pri-
mary ACL injury and ACL graft insufficiency.{ Of note,
these findings contrast with a recent case-control study
that delineated the TS in 317 revisions. Cooper et al5 failed
to observe an association between graft insufficiency and
medial as well as lateral TS as measured on MRI.

Figure 6. Boxplot showing that the tibial slope in patients
with a single graft insufficiency was significantly different
than for those with multiple graft insufficiencies. *P \ .05.

Figure 5. Kaplan Meier curve showing the survivorship
(months) of anterior cruciate ligament grafts in patients with
a tibial slope �12� (dotted line) and \12� (black line).

{References 2, 3, 6, 14, 17, 21, 26, 27, 29
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Interestingly, the authors found twice as many graft insuf-
ficiencies with a TS .12� than below this threshold. How-
ever, this result did not reach statistical significance after
correction for multiplicity. The conflicting results between
Cooper’s study and our findings might be attributable
to the fact that Cooper et al recruited their cohort from
a large database in which the number of involved sur-
geons, their degree of specialization, and surgical volume
were unknown. Notably, the TS of the single-center patients
in the current study, who were treated in the same surgical
fashion by 2 highly specialized ACL surgeons, was signifi-
cantly higher in patients with multiple graft insufficiencies
than in those with a single graft insufficiency.

Webb et al29 demonstrated that a TS .12� on lateral
radiographs may lead to a 5-fold increase in odds of graft
insufficiency after primary ACLR. These results have
been echoed by recent studies19,22 and are in line with
the results of the current study using an ACL revision
cohort. As an implication of this, isolated soft tissue proce-
dures may only incompletely address anterior stability in
this subset of patients.

Our findings clearly indicate that a high TS significantly
correlates with the number of repeated graft insufficiencies
and has a detrimental effect on graft survivorship.

A few limitations of this study should be noted. Because
we did not account for clinical endpoints, the clinical appli-
cability in regard to patient-reported outcomes or resump-
tion of sporting activities may be limited. Furthermore, the
current cohort included only patients with symptomatic
graft insufficiency who were undergoing revision ACLR.
Because we did not include an asymptomatic ACLR control
group, results may be only partially applicable to patients
undergoing primary ACLR. Additionally, because most of
the patients underwent their index ACLR in other institu-
tions, data such as tunnel positioning, associated injuries,
rehabilitation, and return to activity were missing. Thus,
potential differences among subgroups cannot be delin-
eated. Of note, the results of the single-center patients
who received a standardized treatment and rehabilitation
confirm the results of the overall cohort. However, some
potentially pertinent factors, such as activity level, could
not be considered. Another drawback is that we measured
the TS on a standard radiograph, thus potentially ignoring
a possible asymmetry between the medial and lateral TS.9

Even though the TS appears to be smaller if assessed on
MRI, radiographs have been determined to provide an
accurate and objective quantification of the TS as well as
a high correlation with MRI.13,16 In addition, the clinical
use of radiography might be greater than the use of MRI
assessment, which is more time-consuming and requires
specialized software.13 Finally, this study does not indicate
whether reducing the TS can change the odds of a subse-
quent graft failure.

CONCLUSION

In this study of 347 patients with ACL graft insufficiencies,
we showed that patients with a markedly increased TS
were at risk of early and repeated graft insufficiency after

ACLR. This was particularly distinct in patients with a TS
.12�, which produced an odds ratio of 11.6 for repeated
ACL graft insufficiency. Consequently, measurement of
the TS should be an integral part of failure analysis in
cases of ACL graft failure. Future studies need to identify
a threshold of the TS that predicts recurrent graft insuffi-
ciency after isolated soft tissue revision ACLR.
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