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Background: Increased posterior tibial slope (PTS) is a risk factor for anterior cruciate ligament (ACL) rupture and failure of ACL
reconstruction (ACLR) grafts.

Purpose: The purpose was to conduct a systematic review of literature on PTS measurements and to conduct a meta-analysis of
comparable PTS measurements based on a patient’s ACL status. It was hypothesized that patients with torn ACLR grafts would
have significantly larger medial and lateral PTS compared with patients with native ACLs or those who underwent primary ACLR.

Study Design: Systematic review; Level of evidence, 4.

Methods: A systematic review was performed using PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) guidelines. Included were studies that reported medial and/or lateral PTS measurements, those that reported PTS
measurements based on ACL status (ie, intact ACL, primary ACL tear, failed ipsilateral ACLR, or revision ACLR), and those that
reported their specific PTS measurement technique. Average PTS measurements, measurement location (medial or lateral tibial
plateau) and technique, imaging modality used, and ACL status were extracted from each study. Data were pooled using Der-
Simonian and Laird random-effects models, and results were compared using the Altman interaction test.

Results: The literature search identified 1705 studies, of which 82 (N = 12,971 patients) were included. There were 4028 patients in
the intact ACL group (31%), 7405 in the primary ACLR group (57 %), and 1538 in the failed ACLR group (12%). Measurements were
obtained from lateral radiographs in 31 studies (38%), from magnetic resonance imaging in 47 studies (57%), and from computed
tomography in 4 studies (5%). The failed ACLR group had a significantly larger lateral PTS (9.55°; 95% Cl, 8.47°-10.63°) than either
the primary ACL tear (7.13°; 95% Cl, 6.58°-7.67°) or intact ACL (5.57°; 95% ClI, 5.03°-6.11°) groups (P < .001 for both). The failed
ACLR group also had a significantly larger medial PTS (9.05°; 95% Cl, 7.80°-10.30°) than the primary (6.24°; 95% Cl, 5.71°-6.78°)
or intact ACL (6.28°; 95% ClI, 5.21°-7.35°) groups (P < .001 for both).

Conclusion: Both lateral and medial PTS measurements were greater in patients who had failed previous ACLR than those with a
primary ACL tear or an intact native ACL. The lateral PTS of patients with primary ACL tears was greater than those with an intact
native ACL.

Keywords: ACL risk factor; anterior cruciate ligament; anterior cruciate ligament revision; posterior tibial slope

Posterior tibial slope (PTS) is an important radiographic
measurement that is defined by the sagittal angulation of
the tibial plateau relative to the tibial shaft.®® Biomechan-
ical data suggest that anatomic variations in PTS can sig-
nificantly alter biomechanical knee stability; studies have
reported a linear relationship between the PTS and the
amount of tension placed on native cruciate ligaments and
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reconstructed cruciate grafts.”®4%% Previous case series
have reported that patients with primary anterior cruciate
ligament (ACL) tears have steeper PTS.?%1%4 Others have
shown that patients with graft rupture after previous
ACL reconstruction (ACLR) have greater PTS than those
undergoing primary ACLR.”?®¢ To protect reconstruction
grafts from variations in PTS, some authors advocate the
use of slope reducing, anterior closing-wedge high tibial
osteotomy.zz’z‘l’27

Measurement strategies include a variety of imaging
modalities, such as standard lateral radiographs, long-leg

This open-access article is published and distributed under the Creative Commons Attribution - NonCommercial - No Derivatives License (https:/creativecommons.org/
licenses/by-nc-nd/4.0/), which permits the noncommercial use, distribution, and reproduction of the article in any medium, provided the original author and source are
credited. You may not alter, transform, or build upon this article without the permission of the Author(s). For article reuse guidelines, please visit SAGE’s website at
http://www.sagepub.com/journals-permissions.


https://doi.org/10.1177/23259671221079380
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

2 Dean et al

lateral radiographs, magnetic resonance imaging (MRI),
and computed tomography (CT), in addition to several
different techniques including utilization of the anato-
mic or mechanical axis or the anterior or posterior
cortex.23:32:39,47,64,66,76,100 proyigyg reports have demon-
strated that increases in PTS, by as little as 2°, places a clin-
ically significant amount of increased strain on the ACL.'®

Despite numerous case series and biomechanical studies
that evaluated PTS in patients with ruptured ACLs and
those undergoing revision or rerevision ACLR, there are
few comprehensive reviews comparing the PTS of patients
with ACL pathology. As such, the purpose of the current
analysis was to conduct a systematic review of literature
on PTS measurements and to conduct a meta-analysis of
comparable PTS measurements based on patients’ ACL sta-
tus/integrity (intact ACL, primary ACL tear, failed ACLR).
It was hypothesized that patients with torn ACLR grafts
would have significantly larger medial and lateral PTS
compared with patients with native ACLs or those with
primary ACLRs.

METHODS
Article ldentification and Selection

A systematic review was completed using the PRISMA
(Preferred Reporting Items for Systematic Meta-Analyses)
guidelines on the PTS of patients undergoing primary
and revision ACLR; the query was performed in May
2021 (Figure 1). The specific search terms were “Tibial
Slope” AND “ACL” OR “PTS” AND “ACL” OR “Tibial
Slope” AND “Revision” OR “Anterior Cruciate Ligament”
AND “Revision.” This systematic review was registered
in May 2021 using the PROSPERO international prospec-
tive register of systematic reviews (registration No.
CRD42021256743).

The inclusion criteria for studies in both the systematic
review and meta-analysis consisted of the following: studies
written in English, studies that reported either medial or
lateral PTS, studies that reported PTS measurements
based on the status of a patient’s ACL (ie, intact ACL, pri-
mary ACL tear, failed ACL ipsilateral reconstruction, or
revision ACLR), studies that reported their PTS measure-
ment technique, and studies that were published during or
after the year 2000. Measurements for the intact ACL
group were obtained from patients who had non-ACL
pathologies. These measurements were not obtained from
the contralateral limb of patients with ACL tears. Exclu-
sion criteria were ACL studies that did not include PTS

The Orthopaedic Journal of Sports Medicine

Records identified through Additional records identified
database searching through other sources
(n=2208) (n=0)

} l

Records after duplicates removed
(n=1705)

l

Records screened
(n=543)

|

Full-text articles Full-text articles excluded,
assessed for eligibility —»{  Wwith reasons (n=112)

(n=194) Non—English language, no
l reports of PTS, did not
report location
Studies included in (medial/lateral) of PTS
qualitative synthesis measurements, published
(n=82) before 2000, case study
(level 5 evidence), did not
l differentiate ACL status

Records excluded
—> based on title
(n=1162)

Records excluded
based on abstract
(n =349)

v

Studies included in
quantitative synthesis
(meta-analysis)
(n=82)

Figure 1. PRISMA flowchart demonstrating the article selec-
tion process. ACL, anterior cruciate ligament; PRISMA
Preferred Reporting Items for Systematic Meta-Analyses;
PTS, posterior tibial slope.

measurements; studies that failed to describe the ACL sta-
tus; studies that failed to differentiate measurement loca-
tion (medial vs lateral PTS) or technique of PTS
measurement; studies that failed to report measures of var-
iance (eg, standard deviation or confidence interval); case
studies with level V evidence; any study published before
the year 2000; studies that used or compared multiple mea-
surement techniques; studies that included posterior cruci-
ate ligament injuries; and biomechanical, in vitro, or
animal model studies. Studies that included both revision
and primary ACLRs in the same cohort were not included
in the meta-analysis portion of the current study. Two
investigators (R.S.D., N.N.D.) independently reviewed the
abstracts from all identified articles. If necessary, full-text
articles were obtained for review to allow further
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Figure 2. lllustrations of the PTS measurement methods considered in the current review. (A) Midpoint lines technique for
measuring lateral PTS on standard radiographs previously described by Brandon et al.’® (B) Circles measurement technique on
lateral radiographs by Vyas et al.'®2 (C) Circles measurement technique for establishing the vertical, anatomic axis component of
the PTS measurement technique on MRI described by Hudek et al.*” (D) Midpoint lines technique for identifying the anatomic axis
of the PTS measurement technique on MRI described by Hashemi et al.3° (E) Technique to identify the horizontal component of the
lateral PTS, which is used concurrently with the techniques shown in either (C) or (D) to determine lateral PTS. MRI, magnetic

resonance imaging; PTS, posterior tibial slope.

application of the established inclusion and exclusion crite-
ria. In addition, reference lists from the included studies
were reviewed and reconciled to verify that all eligible arti-
cles were considered.

Data Extraction

The variables of interest that were extracted from each
study included average PTS measurements, PTS measure-
ment location (medial or lateral PTS), imaging modality
used to measure PTS, PTS measurement technique, indica-
tions for knee imaging (for intact cohort), country of origin
of study, and primary versus revision ACL tear. In addi-
tion, descriptive article information and patient demo-
graphics were extracted and recorded from each study.
The country of origin was defined by the corresponding
authors’ listed country. Some studies separated their
cohorts into subgroups that were unable to be combined;
these included groupings by sex, laterality (unilateral vs
bilateral), outcomes (superior vs inferior), PTS (high vs
low), and laxity (high vs low). These studies were therefore
included as separate entries in the meta-analysis. Patients
were grouped into 1 of 3 cohorts: intact ACL, primary ACL
tear, or failed ACLR. Demographic variables, country of
origin, PTS measurement technique, PTS measurement
modality, and article descriptive information were not eval-
uated in the meta-analysis portion of the current study but
were reported in the systematic review. Measurement
modalities were grouped into radiographs, MRI, or CT.
The measurement techniques were grouped into 1 of 4
categories, each of which has been described previously in
the literature (Figure 2). The first technique used MRI and
measured the vertical component of the PTS measurement
using the midpoint of parallel horizontal lines at least 4 cm
apart and distal in the image.?® The second technique uti-
lized a sagittal MRI slice to place 2 circles: a superior circle

touching the anterior, posterior, and superior cortex of the
tibia, and an inferior circle touching the anterior and pos-
terior cortex.*””” A vertical line was then drawn between
the midpoint of both circles to establish the longitudinal
component of the measurement. The third technique uti-
lized standard radiographs.>'%2® Points at 5 and 15 cm
distal to the joint line on both the anterior and posterior
tibial cortices were identified. The midpoint between the
respective anterior and posterior points were then estab-
lished. These midpoints were connected with a vertical line
to establish the longitudinal axis of the PTS calculation.
The fourth category included all other techniques, which
included an adaptation of the circle measurement tech-
nique on standard radiographs, all measurements obtained
on CT images, and techniques that considered the anterior
or posterior tibial cortex exclusively. Based on previous
studies, the minimal clinically significant difference
(MCID) for PTS was defined as >2°,'8 which represents the
difference in measurements between the different locations
(medial vs lateral).

Risk-of-Bias Evaluation

All studies were reviewed for bias using the previously
reported Methodological Index for Non-Randomized Stud-
ies (MINORS) to0l.%° The MINORS tool includes 12 ques-
tions to assess quality, 4 of which are applicable only to
those studies that are comparative. Each of the 12 items
was scored 0 to 2: 0, not reported; 1, reported but described
or performed poorly or inadequately; 2, reported accurately
and well described. Higher scores are associated with a
lower risk of bias. Scores of at least 75% were considered
high quality with low risk for bias; scores between 50% and
75% were considered medium risk for bias; scores of less
than or equal to 50% were considered high risk for bias. For
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noncomparative studies, the maximum score was 16,8
while the maximum score for comparative studies was 24.

Statistical Analysis

Extracted and pooled outcomes of interest and related stan-
dard error were calculated using DerSimonian and Laird
random effects models. Heterogeneity between studies was
quantified using the I? statistic, in which an I? value of
greater than 75% was used to indicate high heterogeneity.
Random-effects models were used for all analyses. The dif-
ference between PTS measurements for each subgroup was
conducted using the Altman interaction test. Two-tailed P
values < .05 were determined to be statistically significant.
All statistical analyses were conducted using open-source R
software, version 4.0.5. Forest plots were created using
OpenMetaAnalyst (Brown University) using the R console
package.

RESULTS

The literature search identified 1705 unique studies, of
which 82 were included in the final systematic review and
meta-analysis (Figure 1). There were 40 studies that
reported the PTS of patients with intact ACLs (Table 1),
65 studies that reported the PTS of patients with primary
ACL tears (Table 2), and 18 studies that reported the PTS of
at least 1 failed ipsilateral ACLR (Table 3).

In total, there were 12,971 patients, including 4028
(31%) patients in the intact ACL group, 7405 (57%) in the
primary ACLR group, and 1538 (12%) in the failed ACLR
group. There were 22 studies (27%) that reported only the
medial PTS, 15 studies (18%) that reported only the lateral
PTS, and 45 studies (55%) that reported both medial and
lateral PTS.

The mean age range of included patients was 13.1 to
51.6 years.”*!'* Among the included studies, 31 (38%)
reported measurements obtained from lateral radiographs,
47 (57%) reported measurements obtained from MRI, and 4
(5%) reported measurements obtained from CT. The mea-
surement techniques reported were as follows: studies that
used the midpoint lines technique on MRI (n = 26), studies
that used the midpoint lines technique on standard radio-
graphs (n = 17), and studies that used the circles technique
on MRI (n = 23). There were also 2 studies that used the
anterior tibial cortex'®®” and 3 studies that used the poste-
rior tibial cortex for their measurement techniques.*>4486

Results of Meta-Analysis

The average medial and lateral PTS for each subgroup is
shown in Table 4, and forest plots for each analysis are
provided as supplemental material. The meta-analysis
demonstrated that the failed ACLR group had the largest
average lateral PTS (9.55°; 95% CI, 8.47°-10.63°) (Supple-
mental Figure S1), followed by the primary ACL tear group
(7.18°; 95% CI, 6.58°-7.67°) (Supplemental Figure S2) and
the intact ACL group (5.57°; 95% CI, 5.03°-6.11°) (Supple-
mental Figure S3). The differences between each of these
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means were found to be significant (P < .001) for each pos-
sible interaction (ie, intact ACL vs primary ACL tear, intact
ACL vs revision ACL tear, primary ACL tear vs failed
ACLR). An additional analysis demonstrated that the failed
ACLR group had a significantly larger medial PTS (9.05°;
95% CI, 7.80°-10.30°) than the primary (6.24°; 95% CI,
5.71°-6.78°) or intact ACL (6.28°; 95% CI, 5.21°-7.35°)
groups (P < .001) (Supplemental Figures S4-S6). The dif-
ference between mean medial PTS measurements from
both the intact ACL and primary ACL groups compared
with the failed ACLR group was found to be statistically
significant (P < .001). The difference in mean medial PTS
between the intact ACL and primary ACL groups was not
statistically significant (6.28° vs 6.24°, respectively; P =
.948).

The mean slope of the failed ACLR group was more than
2° larger than either the intact or primary ACL tear group
in both the medial and lateral PTS measurements, which
was greater than the previously established MCID (>2°
difference).'®

Risk of Bias

Each of the studies were evaluated for quality and risk of
bias using the MINORS tool. In total, there were 76 studies
that were considered a low risk for bias and 6 studies with a
medium risk for bias. The full results of this portion of the
study can be viewed in Supplemental Table S1.

DISCUSSION

The primary finding of this systematic review and meta-
analysis was that patients with failed ACLRs had signifi-
cantly greater medial and lateral PTS than those with
either intact native ACLs or those that had primary ACL
tears. Moreover, the difference in mean PTS between the
failed ACLR group and either the intact or primary ACL
tear cohorts was greater than the previously established
MCID.!® Ultimately, our hypothesis that patients with
torn ACLR grafts would have significantly larger lateral
PTS compared with patients with native ACLs or those
with primary ACL tears was supported by the findings of
the current analysis.

In the current analysis, patients in the failed ACLR
cohort were found to have significantly larger medial and
lateral PTS compared with patients in the intact ACL and
primary ACL tear cohorts; the difference in mean PTS was
greater than 2° for both medial and lateral PTS. In addi-
tion, the lateral PTS of the primary ACL tear group was
significantly greater than the intact ACL cohort, whereas
there was no significant difference between these sub-
groups with respect to medial PTS. A previous case series
by Todd et al®® included 140 total patients and concluded
that patients with noncontact ACL injury had significantly
larger PTS (9.39° vs 8.50°). Previous studies reached simi-
lar conclusions with respect to intact ACLs compared with
torn ACLs.14398%81 Additional studies have also reported
increased PTS with 1 or more patients undergoing
revision ACLR compared with those undergoing primary
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TABLE 1
Demographics and Measurement Variables for Intact ACL Cohort®
Total
No. of
Knees Sex, Mean Age, y Measurement Measurement Country PTS: Medial,
Lead Author (Year) Included M/F (Range or SD) Modality Technique® of Origin  Lateral, or Both
Sun (2016)%* 619 NA Age range: Radiograph Midpoint lines (3) China Medial
20-39 (n = 156);
30-39 (n = 145);
40-49 (n = 158);
50-59 (n = 160)
Alentorn-Geli (2015)3 53 53/0 33.7 (16-51) MRI Midpoint lines (1) Spain Both
Kizilgoz (2018)%° 109 63/46 28.6 (0.6) MRI Midpoint lines (1) Turkey Both
Shen (2018)%7 125 65/60 32.4 (9.7 MRI Circles (2) China Both
Bojicic (2017)12 42 21/21 26.5 (8.3) MRI Circles (2) USA Lateral
Bisson (2009)!* 40 20/20 33 (13.5) MRI Midpoint lines (1) USA Both
Vasta (2018)1°? 200  100/100 24.3 (4.7) Radiograph ~ Midpoint lines (3) Ttaly Lateral
Suprasanna (2019)% 33 14/19 30.2 (8.4) MRI Midpoint lines (1) India Both
Raja (2019)"° 55 33/22 31.7 MRI Midpoint lines (1) India Both
Sayit (2015)%3 60 33/27 37 (21) MRI Circles (2) Turkey Both
Rahnemai-Azar (2016)"® 45 45/0 20 (2) MRI Circles (2) USA Both
Dare (2015)%* 76 36/40 14.8 (1.3) MRI Midpoint lines (1) USA Both
Vyas (2011)102 23 NA 14.4 Radiograph ~ Midpoint lines (3) USA Medial
Hudek (2011)*6 55 24/31 M: 32 (9); F: 36 (12) MRI Circles (2) Switzerland Both
Zeng (2016)112 73 53/20 28.1(8.7) Radiograph ~ Midpoint lines (3) China Lateral
Hohmann (2011)** 272 199/73 26.5 (15-54) Radiograph  Posterior tibial cortex (4) Australia  Lateral
Waiwaiole (2016)1%2 109 44/65 36 (14) MRI Circles (2) USA Both
Stijak (2007)%3 33 21/12 30.1(11.1) Radiograph ~ Midpoint lines (3) Serbia Both
DePhillipo (2019)%® 56 30/26 34.1 (15.3) MRI Circles (2) USA Lateral
Chung (2011)*° 20 16/4 28 Radiograph Anterior tibial cortex (4) Hong Kong Medial
Shen (2019)% 50 38/12 27 (4.7) MRI Circles (2) China Both
Senisik (2011)%° 54 54/0 23.8 (2) Radiograph ~ Midpoint lines (3) Turkey Medial
Kililgoz (2019)%¢ 101 59/42 28 (18-49) Radiograph Midpoint lines (3) Turkey Medial
E1 Mansori (2017)3° 100 52/48 18-86 MRI Midpoint lines (1) France Both
Huang (2019)*° 52 32/20 24.5 (5.1) MRI Midpoint lines (1) China Both
Hendrix (2016)*! 50 18/32 28.5 (14.5) Radiograph  Circles (4) USA Lateral
Terauchi (2011)%7 73 33/40 25.5 (14-44) MRI Anterior tibial cortex (4) USA Medial
Hashemi (2009)*° 55 22/33 NA MRI Midpoint lines (1) USA Both
Brandon (2006)* 100 51/49 NA Radiograph ~ Midpoint lines (3) USA Medial
O’Malley (2005)™ 32 24/8 13.1 (9-16) Radiograph ~ Midpoint lines USA Medial
Kizilgoz (2019)%* 81 81/0 NA MRI Midpoint lines (1) Turkey Both
Sonnery Cottet (2011)%2 50 35/15 NA Radiograph Midpoint lines (3) France Medial
Todd (2011)*® 179 126/53 NA Radiograph ~ Midpoint lines (3) USA Medial
Ristic (2014)%° 30 25/5 28.3 (16-56) MRI Circles (2) Serbia Both
Sundar (2016)%° 290 140/150 40 MRI Midpoint lines (1) India Both
Li (2020)%3 32 23/9 37 (10.6) Radiograph Circles (4) China Lateral
Kwak (2021)%° 100 75/5 14.4 (3.6) MRI Circles (2) Korea Both
Zikria (2020)1* 48 19/29 51.6 (13.9) MRI Circles (2) USA Both
Freitas (2021)%* 433 NA NA MRI Circles (2) Brazil Both
Edwards (2021)* 20 15/5 14.8 (2.4) MRI Circles (2) England Both

“ACL, anterior cruciate ligament; F, female; M, male; MRI, magnetic resonance imaging; NA, not available; PTS, posterior tibial slope.
®The numbers in parentheses correspond to the various measurement techniques: (1) midpoint lines technique using MRI; (2) circles
technique using MRI; (3) midpoint lines using standard radiographs; (4) other (combination of circles on radiographs, posterior tibial cortex,

anterior tibial cortex).

ACLR.203L72 A previous meta-analysis that included 14
studies reported greater lateral PTS in individuals with
ACL injury than in those with intact ACLs.'°” However,
the authors of the aforementioned meta-analysis reported
that they were skeptical of this finding because of the wide
variability in their included studies. We are more confident

in our findings in the current review because of the large
number of studies and patients, and because of the large
difference in pooled means between groups that we
observed.

There was no clinical or statistical difference identified
between the medial PTS of the intact ACL and primary
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TABLE 2

Demographics and Measurement Variables for Primary ACL Tear Cohort®

Total

No. of

Knees Sex, Mean Age, y Measurement Measurement Country PTS: Medial,
Lead Author (Year) Included M/F (Range or SD) Modality Technique® of Origin  Lateral, or Both
Alentorn-Geli (2015)3 46 46/0 33(16-49) MRI Midpoint lines (1) Spain Both
Kiapour (2019)%! 43 15/28  23.7(9.2) MRI Circles (2) USA Both
Grassi (2018)3° 42 36/6 26.3(8.4) MRI Midpoint lines (1) Italy Both
Shen (2018)%7 125 65/60 32.4(9.7) MRI Circles (2) China Both
Li (2014)'! 20 NA NA MRI Midpoint lines (1) China Both
Vasta (2018)°? 200 100/100 24.4 (4.8) Radiograph Midpoint lines (3) Portugal Lateral
Kiapour (2019)%° 20 NA 24 MRI Midpoint lines (1) USA Lateral
Suprasanna (2019)% 33 15/18 NA MRI Midpoint lines (1) India Both
Li (2014)51 104 104/0  29.5 (6.3) MRI Midpoint lines (1) China Both
Lee (2018)%° 64 58/6 31 Radiograph Midpoint lines (3) Korea Medial
Hohmann (2010)*3 68 51/17 28.5(16-49) Radiograph Posterior tibial cortex (4) Australia Medial
Sayit (2015)%3 60 35/25 39 (22) MRI Circles (2) Turkey Both
Song (2020)°1 60 47/9 251 (7.3) Radiograph Other (4) China Lateral
Oshima (2019)"° 98 58/40 31.3(10.3) MRI Midpoint lines (1) Australia Both
Schneider (2019)% 276 138/138  32.5(12) CT Midpoint lines (4) France Medial
E1 Mansori (2018)3° 362 238/124  32.1(11) CT Midpoint lines (4) France Both
Li (2019)%2 119 81/38 32.7(114) MRI Circles (2) China Lateral
Rahenemai-Azar 45 45/0 20 (2) MRI Circles (2) USA Both

(2016)"®
Rahenemai-Azar 53 36/17 26 (11) MRI Circles (2) USA Both
(2016)"®
Jaecker (2018)*® 69 48/1 31.9(18-68) MRI Midpoint lines (1) Germany Both
Song (2016)%° 106 86/20 26.1(7.3) MRI Circles (2) China Medial
Napier (2019)" 280 210/70  27.7 (2.6) Radiograph Circles (4) Australia Both
Hohmann (2011)** 272 199/73 26 (15-54) Radiograph Posterior tibial cortex (4) Australia Lateral
Waiwaiole (2016)1%3 105 52/53 36 (14) MRI Circles (2) USA Both
Stijak (2007)%2 33 21/12  29.9 (9.8) Radiograph Midpoint lines (3) Serbia Both
DePhillipo (2019)%® 112 60/52 33.5(15.7)  MRI Circles (2) USA Lateral
Christianson (2015)'8 35 21/14 214 MRI Midpoint lines (1) USA Lateral
Chung (2011)*° 28 25/3 26 Radiograph Anterior tibial cortex (4) Hong Kong Medial
Choi (2019)7 148 107/41  24.5 (4.1) MRI Circles (2) Korea Both
Shen (2019)%8 50 30/20 28.5(6.3) MRI Circles (2) China Both
Webb (2013)1%4 131 NA 26 Radiograph Midpoint lines (3) Australia Medial
Sensisik (2011)%° 27 10/17  22.7 (3.5) Radiograph Midpoint lines (3) Turkey Medial
Li (2014)!1? 40 28/12  23.5(6.5) MRI Circles (2) China Both
Dejour (2018)% 151 173/78  29.8 (10.5) Radiograph Midpoint lines (3) France Medial
Mitchell (2018)%° 363 193/170 31 (23-45) Radiograph Circles (4) USA Lateral
El Mansori (2017)%° 100 67/33 NA(18-63) MRI Midpoint lines (1) France Both
Huang (2019)* 52 31/21 25.5(5) MRI Midpoint lines (1) China Both
Hendrix (2016)* 100 48/52  21.9 (11.1) Radiograph Circles (4) USA Lateral
Dekker (2017)%6 58 21/37 14.1(2.2) Radiograph NA USA Lateral
Kolbe (2018)%7 59 37/22 30 (11) MRI Circles (2) Germany Both
Grassi (2019)% 40 34/6  26.2(8.6) MRI Circles (4) Italy Both
Nagai (2018)"° 25 19/6  20.5 (4.3) CT Circles (4) Japan Both
O’Malley (2005)™ 32 23/9 13.1(9-17)  Radiograph Midpoint lines (1) USA Medial
Sauer (2018)%? 54 NA NA MRI Circles (2) New Lateral
Zealand

Todd (2011)%® 179 126/53  25.4 (8.7) Radiograph Midpoint lines (1) USA Medial
Ristic (2014)%° 30 24/6 30.4(9-59)  MRI Circles (2) Serbia Both
Ahn (2017)2 290 270/20 NA Radiograph Midpoint lines (3) Korea Medial
Grassi (2019)*” 43 34/9 23.3 (19.6-23.2) MRI Midpoint lines (1) Ttaly Both
Kililgoz (2018)5° 109 63/46  28.6 (0.6) MRI Midpoint lines (1) Turkey Both
Li (2020)%3 32 23/9 37 (10.8) Radiograph Circles (4) China Lateral
Kim (2020)%2 275 236/39 NA MRI Midpoint lines (1) Korea Both
Batty (2021)° 618 299/319 18.9(3.2) Radiograph Circles (4) Lateral
Ziegler (2021)''3 109 51/58 32 (21-45) MRI Midpoint lines (1) USA Both
Oshima (2020)"® 98 58/41 32.5(11.7) MRI Circles (2) Australia Both

(continued)
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Total

No. of

Knees Sex, Mean Age, y Measurement Measurement Country PTS: Medial,
Lead Author (Year) Included M/F (Range or SD) Modality Technique® of Origin  Lateral, or Both
Freitas (2021)3* 140 NA NA MRI Circles (2) Brazil Both
Bernholt (2021)*° 206 NA NA MRI Circles (2) USA Both
Yoon (2020)1° 232 183/49  28.2(8.9) MRI Circles (2) Korea Both
Tradati (2020)*° 43 28/15 25 (8) MRI Circles (2) Luxembourg Both
Nakazato (2021)" 103 29/74  NA(14-58) CT Circles (4) Japan Both
Shelbourne (2021)%¢ 126 NA NA Radiograph Posterior tibial cortex (4) USA Medial
Mitchell (2021)%° 114 NA NA Radiograph Circles (4) Canada Lateral
Beel (2021)° 56 42/14 26 (7) MRI Circles (2) Luxembourg Both
Hagiwara (2021)38 43 26/17 32.8 (14.8) MRI Midpoint lines (1) Japan Both
Kim (2021)%2 226 192/34 NA MRI Midpoint lines (1) Korea Both
Ni (2020)™ 25 18/7 28.9(8.1) Radiograph Circles (4) China Medial

“ACL, anterior cruciate ligament; CT, computed tomography; F, female; M, male; MRI, magnetic resonance imaging; NA, not available;
PTS, posterior tibial slope.
5The numbers in parentheses correspond to the various measurement techniques: (1) midpoint lines technique using MRI; (2) circles
technique using MRI; (3) midpoint lines using standard radiographs; (4) other (combination of circles on radiographs, posterior tibial cortex,
anterior tibial cortex).

TABLE 3
Demographics and Measurement Variables for Revision ACL Tear Cohort®

Total

No. of

Knees Sex, Age, y Measurement Measurement Country PTS: Medial,
Lead Author (Year) Included M/F (Range or SD) Modality Technique® of Origin Lateral, or Both
Li (2014)"* 20 NA NA MRI Midpoint lines (1)  China Both
Lee (2018)%° 64 58/6 31 Radiograph Midpoint lines (3) Korea Medial
Jaeker (2018)*® 57 37/20  26.6 (18-46) MRI Midpoint lines (1) Germany Both
Christianson 35 21/14 212 MRI Midpoint lines (1) USA Lateral

(2015)'®

Webb (2013)1%4 35 NA 26 Radiograph Midpoint lines (3) Australia Medial
Dejour (2018)% 124 65/59  32.3(12.1) Radiograph Circles (4) USA Lateral
Yoon (2019)1%° 82 65/17 NA Radiograph Midpoint lines (3) Korea Lateral
Dekker (2017)%6 27 13/14 13.6(1.7) Radiograph NA USA Lateral
Grassi (2019)*° 51 45/6  31.6 (10.2) MRI Circles (4) Italy Both
Ahmed (2017)* 29 16/13 26.4 Radiograph Midpoint lines (3) Australia Medial
Sauer (2018)%2 54 32/22  21.8(18.6-26.7) MRI Circles (2) New Zealand Lateral
Grassi (2019)%7 43 34/9 21.8(18.6-26.7) MRI Midpoint lines (1) Ttaly Both
Winkler (2021)1%6 102 53/49  NA (13-58) Radiograph Midpoint lines (3) USA Medial
Ziegler (2021)113 90 46/44 31.5 [IQR: 22.3, 42] MRI Midpoint lines (1) USA Both
Freitas (2021)%* 32 NA NA MRI Circles (2) Brazil Both
Alm (2021)* 53 33/20 NA Radiograph Midpoint lines (3) Germany Medial
Mitchell (2021)%° 39 NA NA Radiograph Circles (4) USA Lateral
Winkler (2021)1%% 260 144/116  26.2 (9.4) Radiograph Midpoint lines (3) USA Both

“ACL, anterior cruciate ligament; F, female; IQR, interquartile range; M, male; MRI, magnetic resonance imaging; NA, not available;
PTS, posterior tibial slope.
5The numbers in parentheses correspond to the various measurement techniques: (1) midpoint lines technique using MRI; (2) circles
technique using MRI; (3) midpoint lines using standard radiographs; (4) other (combination of circles on radiographs, posterior tibial cortex,

anterior tibial cortex).

ACL tear cohorts; these were the only groups that were not
significantly different. This finding is supported in the lit-
erature by several studies that have postulated that the
lateral slope is a more significant risk factor for ACL injury

than the medial slope.?”">931%4 A study by Webb et al'®*
found that ACL-deficient knees had significantly greater
lateral PTS (5.7° vs 3.4°, P < .001) but not medial PTS
(5.4° vs 5.1°, P = .42) compared with those with intact
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TABLE 4
Medial and Lateral PTS Depending on ACL Status®

Lateral PTS, deg Medial PTS, deg

Intact ACL®
Primary ACL tear
Revision ACL tear

5.57 (5.03-6.11)
7.13 (6.58-7.67)
9.55 (8.47-10.63)

6.28 (5.21-7.35)
6.24 (5.71-6.78)
9.05 (7.80-10.30)

“Data are reported as mean (95% CI). ACL, anterior cruciate
ligament; PTS, posterior tibial slope.

®Measurements for the intact ACL group were obtained from
patients who had non-ACL pathologies. These measurements were
not obtained from the contralateral limb of patients with ACL
tears.

ACLs. This conclusion is also supported by the biomechan-
ical literature, which suggests that an increased lateral PT-
S is associated with greater anterior motion of the lateral
compartment, which creates a net internal rotation that
increases the strain on the ACL.%®? Despite the findings
from the current study and the supporting literature that
lateral PTS likely has a greater effect on overall ACL strain
than does medial PTS, several studies have shown that
severe inclinations at either plateau can significantly affect
overall ACL strain and that both the medial and lateral
PTS likely affect ACL stability.*®”

The current meta-analysis also provides accurate,
updated normative values for 3 distinct cohorts based on
ACL integrity: intact ACL, primary ACL tear, and failed
ACLR. Specifically, for knee surgeons and sports medicine
researchers, PTS is a growing area of interest and clini-
cians/researchers are often forced to reference larger case
series when attempting to identify the average PTS of
patients. The current study provides a large meta-
analysis comprising more than 12,000 patients that sur-
mises an accumulation of recent literature to accurately
represent the global averages in slope based on ACL sta-
tus/integrity.

This systematic review further highlights the true vari-
ety of imaging modalities and measurement strategies used
to report PTS. Although the purpose of the current analysis
was not to compare these modalities statistically, this
systematic review of literature brought attention to this
diversity. In the current analysis, 38% of studies reported
measurements from lateral radiographs and 57% used
MRI. A previous study concluded that MRI measurements
tended to be smaller than those obtained from radio-
graphs.*” In addition, 18% of studies included in the cur-
rent analysis reported only lateral PTS measurements and
27% reported strictly medial PTS; the literature shows that
these values are significantly different.*? Finally, there are
a variety of measurement techniques, including those that
consider the anatomic axis, which is commonly identified
using either the circle or midpoint lines technique; the
mechanical axis; the posterior tibial cortex; or the anterior
tibial cortex. Several studies have noted significant differ-
ences between measurement values from these measure-
ment techniques.!®23-65:108 Qpecifically, one study with
140 total patients reported a significant difference in PTS
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measurement techniques that utilized the anatomic axis
from lateral long-leg tibia radiographs (11.6°) and standard
lateral radiographs (11.8°) compared with those that con-
sidered the mechanical axis obtained from lateral long-leg
tibia radiographs (9.5°); 55% of measurements from this
study were more than 2° different when comparing the
anatomic axis and mechanical axis for an individual on
the same lateral radiograph.?3

We acknowledge that this systematic review and meta-
analysis has some limitations. First, many of the included
studies either did not include all demographic variables or
did not provide measures of variation for these variables,
and we were unable to include these data in the final anal-
ysis. As such, we are unable to exclude these as possible
confounding variables that may have contributed to our
findings. In addition, there were a variety of measurement
techniques across the included studies, including 3 differ-
ent imaging modalities. While all included techniques have
been validated in the literature, we recognize that this
could contribute to the variability within groups of the cur-
rent analysis. Finally, the failed ACLR group is relatively
heterogenous as many of these studies included patients
who underwent multiple rerevisions and because the spe-
cific reason for ACLR failure was not always noted in the
individual studies.

CONCLUSION

This systematic review and meta-analysis found that both
lateral and medial PTS measurements are greater in
patients who had failed previous ACLR than those with a
primary ACL tear or with an intact native ACL. In addi-
tion, the lateral PTS of patients with primary ACL tears is
greater than those with an intact native ACL. Finally, the
current analysis highlights the variety of measurement
techniques and modalities used in the literature and
emphasizes the importance of continuity in measurement
reporting and referencing.

Supplemental material for this article is available at
http://journals.sagepub.com/doi/suppl/10.1177/
23259671221079380.
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