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Background: Posterior cruciate ligament (PCL) reconstruction techniques have historically focused on single-bundle (SB) recon-
struction of the larger anterolateral bundle without addressing the codominant posteromedial bundle. The SB technique has been
associated with residual laxity and instability, leading to the development of double-bundle (DB) reconstruction techniques.

Purpose: To perform a meta-analysis of comparative clinical and biomechanical studies to differentiate the pooled outcomes of
SB and DB PCL reconstruction cohorts.

Study Design: Meta-analysis and systematic review: Level of evidence, 3.

Methods: Six databases were queried in February 2022 for literature directly comparing clinical and biomechanical outcomes for
patients or cadaveric specimens undergoing DB PCL reconstruction against SB PCL reconstruction. Biomechanical outcomes
included posterior tibial translational laxity, external rotational laxity, and varus laxity at 30° and 90° of knee flexion. Clinical out-
comes included the side-to-side difference in posterior tibial translation during postoperative stress radiographs, risk of a major
complication, and the following postoperative patient-reported outcome measures: Lysholm, Tegner, and International Knee Doc-
umentation Committee (IKDC) subjective and objective scores. A random-effects model was used to compare pooled clinical and
biomechanical outcomes between the cohorts.

Results: Fifteen biomechanical studies and 13 clinical studies were included in this meta-analysis. The DB group demonstrated
significantly less posterior tibial translation at 30° and 90° of knee flexion (P < .00001). Additionally, the DB group demonstrated
significantly less external rotation laxity at 90° of knee flexion (P = .0002) but not at 30° of knee flexion (P = .33). There was no
difference in varus laxity between the groups at 30° (P = .56) or 90° (P = .24) of knee flexion. There was significantly less translation
on stress radiographs in the DB group (P = .02). Clinically, there was no significant difference between the groups for the Lysholm
score (P = .95), Tegner score (P = .14), or risk of a major complication (P = .93). DB PCL reconstruction led to significantly higher
odds of achieving ‘““normal’ or ‘““near normal’’ objective IKDC outcomes for the included prospective studies (P = .04) and higher
subjective IKDC scores (P = .01).

Conclusion: DB PCL reconstruction leads to superior biomechanical outcomes and clinical outcomes relative to SB PCL recon-
struction. Re-creating native anatomy during PCL reconstruction maximizes biomechanical stability and clinical outcomes.
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The posterior cruciate ligament (PCL) is composed of 2 dis- anatomic bundles, PCL reconstruction techniques have
tinct codominant bundles: the larger anterolateral bundle historically focused on single-bundle (SB) reconstruction
(ALB) and the smaller posteromedial bundle (PMB) (Fig- of the larger ALB without addressing the smaller PMB.
ure 1).236 Despite the presence of these 2 separate Failure to properly address both bundles can lead to

impaired stability of the knee joint.*® Recent studies have

. - suggested that patients undergoing SB reconstruction
zggs"i‘gﬁ;g?gs‘g“g?g 2°f Sports Medicine will continue to demonstrate residual posterior tibial
DOI: 10.1177/03635465221137059 translatio.n on .st.res.s radipgraphs, as .Well. as5 g)(?f(i);erior
© 2022 The Author(s) and rotational tibial instability on examination.”*"™
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Figure 1. Anatomic dissection of the knee demonstrating the codominant anterolateral bundle (ALB) and posteromedial bundle
(PMB) of the posterior cruciate ligament. (A) The trochlear point and medial arch point can be seen as well as the anterior cruciate
ligament (ACL). (B) The medial meniscus (MM), lateral meniscus (LM), and posterior meniscofemoral ligament can also be appre-
ciated (pMFL).

Figure 2. Double-bundle PCL reconstruction as seen in cadaveric specimen demonstration (A, B) and arthroscopic images (C-E).
(A, C) The correct anatomic position for drilling of the anterolateral bundle femoral tunnel and (B, D) the same for the posterome-
dial bundle. (E) Arthroscopic visualization via the anterolateral portal of the femoral tunnels for double-bundle PCL. ALB, antero-
lateral bundle; PCL, posterior cruciate ligament; PMB, posteromedial bundle.
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Figure 3. Single-bundle (SB) posterior cruciate ligament (PCL) reconstruction as seen in arthroscopic visualization via the antero-
lateral portal. (A) The anterolateral and posteromedial bundle footprints of the PCL, as well as the typical placement of the SB
femoral tunnel are illustrated. (B) Guide pin drilling for the SB tunnel is typically placed at the anterior and distal portion of the
anterolateral bundle footprint, on the anterior border of the remnant fibers, 7 mm from the distal cartilage border and at the 1-
o’clock position for the right knee (or 11-0’clock for the left knee). ALB, anterolateral bundle; PMB, posteromedial bundle; SB,

single bundle.

Figure 4. Bilateral kneeling stress radiographs for the objec-
tive evaluation of posterior knee laxity. A padded surface
supports the legs, from the tibial tubercle to the distal tibia,
while the patella and femur are unsupported with the knee
at approximately 90° of flexion. A line along the posterior tib-
ial cortex is drawn, and the perpendicular distance to the far-
thest posterior point of the Blumensaat line is measured for
comparison with the intact contralateral knee.

Kennedy et al?*?® demonstrated a codominant functional
relationship between the ALB and PMB over a full range of
knee flexion angles. This codominant functional relation-
ship between the bundles makes it challenging to ade-
quately restore normal kinematics of the knee with SB
reconstruction alone and prompted the development of the
double-bundle (DB) PCL reconstruction technique to
address PCL insufficiency.*® In this technique, the native
PCL is reconstructed utilizing 2 femoral tunnels and a single
tibial tunnel to re-create the ALB and PMB to restore the
native anatomy and biomechanics of the knee joint (Figures
2 and 3).>"%7% The initial clinical outcomes of DB PCL
reconstruction have been promising with 2 randomized con-
trolled trials showing improved in vivo stability with the DB
technique relative to the SB technique.?®®® Biomechanical

studies have consistently found superior outcomes with
the DB reconstructive technique relative to SB techniques,
but the clinical effect of this biomechanical benefit has
remained controversial to date.*

Therefore, the purpose of this study was to perform
a comprehensive systematic review and meta-analysis of
clinical studies and biomechanical cadaveric studies
directly comparing outcomes between DB PCL reconstruc-
tion and SB PCL reconstruction. We hypothesized that DB
PCL reconstruction would demonstrate superior biome-
chanical outcomes when pooling cadaveric data performed
in a controlled laboratory setting and that DB PCL recon-
struction would yield superior pooled subjective and objec-
tive patient outcomes in the clinical setting.

METHODS

Article ldentification and Selection

The study was conducted in accordance with the 2020
PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) statement.*’ The Cochrane
Database of Systematic Reviews, the Cochrane Register of
Controlled Trials, PubMed, MEDLINE, Web of Science,
and SCOPUS were queried in February 2022 for literature
comparing the biomechanical and clinical outcomes for
patients or cadaveric knee specimens that underwent an
SB or DB PCL reconstruction. The following search terms
were used: “posterior cruciate ligament” AND “bundle” OR
“PCL” AND “bundle.” The inclusion criteria were as follows:
(1) either a biomechanical study that utilized cadaveric
specimens or a clinical study with kinematic outcomes,

*References 5-7, 12, 16, 26, 27, 29, 30, 53, 54.
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radiographic outcomes, and/or patient-reported outcome
measures; (2) direct comparison of SB and DB PCL recon-
struction; (3) clinical studies with a level of evidence 1, 2,
or 3; (4) biomechanical studies that utilized cadaveric
human knee specimens in a controlled laboratory setting;
and (5) English language. Exclusion criteria were as follows:
(1) single-arm noncomparative studies and (2) any animal
study, editorial article, survey, letter to the editor, special
topic, or expert review. Two investigators (A.A.W. and
J.J.C.) independently screened articles by title, abstract,
and full text, when appropriate. For any disagreements,
these 2 authors discussed the study, and a consensus deci-
sion was made.

Outcome Measures and Data Extraction

The primary biomechanical outcome measures evaluated
in this meta-analysis were (1) posterior tibial translational
laxity in the controlled laboratory setting at 30° and 90° of
knee flexion, (2) external rotational laxity in the controlled
laboratory setting at 30° and 90° of knee flexion, and (3)
varus laxity in the controlled laboratory setting at 30°
and 90° of knee flexion. The primary clinical outcome
measures evaluated in this meta-analysis were (1) the
side-to-side difference in posterior tibial translation during
postoperative stress radiographs (Figure 4); (2) postopera-
tive Lysholm scores; (3) postoperative Tegner scores; (4)
postoperative International Knee Documentation Commit-
tee (IKDC) subjective scores; (5) postoperative IKDC objec-
tive scores; and (6) major complications, which were
defined as severe restriction of range of motion (ROM),
ROM deficit as defined by the respective authors, postoper-
ative failure as defined by the respective authors, require-
ment of additional surgery, and tunnel collapse as defined
by femoral fracture between separate drilled tunnels in DB
PCL reconstructions. A customized data extraction spread-
sheet was created to record all relevant data from the
included studies: publication information, study design,
level of evidence, demographic information (age, sex, donor
age), time from injury to surgery, time at final follow-up,
concomitant injuries, postoperative rehabilitation, the
aforementioned primary outcomes of this study, and the
surgical technique (graft type, positioning, and fixation).
Before inclusion, all data were qualitatively analyzed by
their methods, results, discussion, and conclusion. For
any study where the data were not explicitly reported in
the text or tables, data were extracted from the previous
meta-analyses by Chahla et al,® Lee et al,?® and Krott
et al.2¢ If the study was not in one of these meta-analyses,
then values were approximated from the figures. For val-
ues reported as median and range, the mean and standard
deviation were approximated using the methods described
by Hozo et al.*?

Risk of Bias Assessment

Two investigators (A.A.W. and J.J.C.) independently
assessed the risk of bias of nonrandomized clinical studies
using the methodological index for nonrandomized studies
(MINORS) criteria.*® In summary, the numerical scale is
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composed of 12 questions for nonrandomized studies. Items
are scored O for not reported, 1 for reported but inadequate,
and 2 for reported and adequate. For a comparative study,
an ideal score would be 24 points. For randomized studies,
the Cochrane risk of bias tool was implemented.*® Domains
assessed include bias arising from the randomization pro-
cess, deviations from the intended intervention, missing
outcome data, measurement of the outcome, and selection
of the reported result. The domains were assessed as hav-
ing high, some, or low concern for bias. The risk of bias of
the biomechanical studies was assessed using the Quality
Appraisal for Cadaveric Studies (QUACS) scale.’! In sum-
mary, the QUACS bias analysis tool is composed of 13 com-
ponents that are graded 1 for yes/present and O for no/
absent. An ideal score would be 13 points, and a score
>10 is indicated as low risk of bias.2” Any disagreement
between the investigators was resolved by review of a third
investigator (Z.A.K.).

Statistical Analysis

A random-effects model was chosen by the variable design
of the studies and the methodology used for sampling the
data.* Weighted mean differences (WMDs) and 95% Cls
were used to assess the mean and range of true means
for each continuous numerical outcome measure based on
the studies. For continuous numerical outcomes, an
inverse variance model was used. For the postoperative
IKDC objective score, a pooled odds ratio (OR) with
a 95% CI was used to compare the odds of a patient being
classified as “normal” or “near normal” between the recon-
struction techniques. A risk difference (RD) with a 95% CI
was used to compare the risk of a major complication based
on the PCL reconstruction technique implemented. For
dichotomous outcomes, a Mantel-Haenszel model was
implemented. An alpha <.05 was assigned as significant.
The percentage of variance in the true effect value and
the percentage of variance from the sampling error were
determined using I% Statistical analysis was performed
using Review Manager 5 (Nordic Cochrane Center) and
IBM SPSS Statistics (Version 28.0).

RESULTS

Study Selection

A total of 28 studies (15% biomechanical and 13 clinical”)
met the inclusion/exclusion criteria and were included in
this investigation (Figure 5). Among the 15 biomechanical
studies, 2 did not report data in a fashion that could be
included in a formal meta-analysis.?®3® Furthermore, the
data for these studies were not in the previous meta-
analysis of biomechanical PCL reconstruction outcomes.?®
As a result, of the 15 biomechanical studies included for

ﬁReferences 1-8, 15, 16, 22, 23, 33-35, 37, 38, 42, 48, 50.
References 11, 14, 17, 21, 24, 25, 30, 44, 47, 52-54.
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Figure 5. PRISMA (Preferred Reporting Iltems for Systematic
Reviews and Meta-Analyses) flowchart.

qualitative assessment in the present systematic review,
only 13 had quantitative data in formal meta-analysis.
Kim et al?® compared the transtibial SB technique, arthro-
scopic inlay SB technique, and arthroscopic inlay DB tech-
nique. This study was included in the present meta-
analysis as 2 separate studies, which is consistent with
methodology used in previous meta-analyses.>?% Addition-
ally, a study by Kennedy et al???3 was divided into a part 1
and part 2 component but tested the SB and DB groups in
the same experimental setting. This study was considered
a single study within the present meta-analysis, which is
consistent with a previous meta-analysis.?®

Study Characteristics and Demographics

All 15 biomechanical studies were controlled laboratory
studies performed on fresh-frozen human cadaveric knee
specimens. Among the 13 comparative clinical studies, 8
were nonrandomized retrospective studies, 2 were non-
randomized prospective studies, and 3 were randomized
controlled trials. Among the 15 biomechanical studies, there
were 129 cadaveric specimens treated with DB PCL recon-
struction and 129 treated with SB PCL reconstruction
(Table 1). The weighted mean of the donor age for the speci-
mens in this meta-analysis was 59.4 years (range, 35.1-78).
The 13 clinical studies consisted of 275 patients with a mean
age of 29.4 years (range, 23.5-36.0) who were treated with
a DB PCL reconstruction technique at final follow-up and
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320 patients with a mean age of 30.6 years (range, 25.1-
34.0) who were treated with an SB PCL reconstruction tech-
nique at final follow-up (Table 2). The weighted mean final
follow-up was 40.9 months (range, 10.4-150).

Literature Quality Assessment

Bias analysis of the 15 biomechanical studies was per-
formed using the QUACS bias analysis tool (Appendix Fig-
ure Al, available in the online version of this article). The
mean score was 9.5 (range, 6-12). Among the 13 clinical
studies, there were 10 nonrandomized comparative studies
assessed with the MINORS tool (Appendix Figure A2) and
3 randomized controlled trials assessed with the Cochrane
risk of bias tool (Appendix Figure A3). For the nonrandom-
ized comparative studies, the mean MINORS score was
18.5 (range, 14-22). There were 2 prospective nonrandom-
ized clinical studies and 8 retrospective nonrandomized
clinical studies in this meta-analysis. Bias assessment of
the 3 randomized controlled trials was performed using
the Cochrane risk of bias tool. There was low concern for
bias among these 3 studies.

Surgical Technique and Postoperative Rehabilitation

There was relative heterogeneity with respect to surgical
technique for the clinical and biomechanical studies. All
in vitro and in vivo DB techniques implemented a single
common tibial fixation location except for a randomized
controlled trial by Li et al,>° where the authors utilized 2
tibial tunnels. This clinical investigation by Li et al was
included in the present meta-analysis to remain consistent
with the previous meta-analyses by Chahla et al,’ Zhao
et al,?® and Krott et al,?® which had all included this ran-
domized controlled trial in their studies.

It is important to note that there was substantial varia-
tion in regard to graft choice, size, positioning, and fixation
device for the SB and DB techniques of the studies. For
example, Achilles tendon grafts and patellar tendon grafts
were the most commonly implemented grafts in the biome-
chanical studies; however, there was variation in graft
choice among the studies with reported implementation
of gracilis with semitendinosus tendon, tibialis anterior
tendon, and tibialis posterior tendon. This variation was
also noted among the clinical studies, for which the Achil-
les tendon was the most typically used. Like graft choice,
there was similar variation with regard to specific fixation
devices and angles used across the techniques. The biome-
chanical studies most often used interference screws, tita-
nium and biocomposite, for femoral fixation, followed by
custom-made fixation devices, cylindrical stainless-steel
bone grips, and titanium EndoButtons. For tibial fixation,
cortical screws and washers were most often utilized, with
cancellous screws, custom fixation devices, and bone
cement augmentation being implemented to a lesser
extent. Clinical studies demonstrated similar variation in
fixation technique. Bioabsorbable interference screws and
EndoButtons were most often used for femoral fixation.
For tibial fixation, interference screws were nearly always
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TABLE 1
Study Characteristics and Demographic Information of the Included Biomechanical Studies®

Study (Year)” Technique No. of Specimens (M:F) Donor Age, y Biomechanical Outcomes Tested

Guo™ (2018) SB 7 (NR) <60 Posterior tibial translation, external rotation
DB 7 (NR) <60 laxity (dial test), varus laxity

Nuelle®® (2017) SB 4 (NR) NR Posterior tibial translation
DB 4 (NR) NR

Milles®” (2017) SB 4 (NR) NR Posterior tibial translation
DB 4 (NR) NR

Kennedy22’23’c (2014-2013) SB 9 (6:3) 52.3 Posterior tibial translation, external rotation
DB 9 (6:3) 52.3 laxity (dial test)

Wijdicks49 (2013) SB 9 (5:4) 54.8 Posterior tibial translation, external rotation
DB 9 (5:4) 54.8 laxity (dial test), varus laxity

Markolf®® (2010) SB 10 (NR) 35.1 Posterior tibial translation
DB 10 (NR) 35.1

Whiddon*® (2008) SB 9 (5:4) 71 Posterior tibial translation, external rotation
DB 9 (5:4) 71 laxity (dial test)

Apsingi1 (2008) SB 9 (6:3) 72 Posterior tibial translation, external rotation
DB 9 (6:3) 72 laxity (dial test), varus laxity

Apsingi? (2008) SB 10 (6:4) 78 Posterior tibial translation, external rotation
DB 10 (6:4) 78 laxity (dial test), varus laxity

Markolf3* (2006) SB 13 (NR) 38.4 Posterior tibial translation
DB 13 (NR) 38.4

Wiley50 (2006) DB 8 (5:3) 73 Posterior tibial translation, external rotation
DB 8 (5:3) 73 laxity (dial test), varus laxity

Bergfeld® (2005) SB 8 (4:4) 48.5 Posterior tibial translation
DB 8 (4:4) 48.5

Mannor®? (2000) SB 11 (7:4) 77.2 Posterior tibial translation
DB 11 (7:4) 77.2

Harner'® (2000) SB 10 (NR) 39-73¢ Posterior tibial translation
DB 10 (NR) 39-734

Race®? (1998) SB 8 (NR) 60 Posterior tibial translation
DB 8 (NR) 60

“DB, double bundle; F, female; M, male; NR, not reported; SB, single bundle.
®Each study design: controlled laboratory testing of fresh-frozen human cadaveric specimens.

‘Parts 1 and 2.
9Range.

used, with few studies implementing staples, suture wash-
ers, or cancellous screws. Fixation angle among biome-
chanical and clinical techniques had similar variation,
but most angles for the SB technique or ALB of the DB
technique ranged from 70° to 90° of flexion, within the
parameters recommended in current literature.®?2
Detailed information regarding the surgical techniques
for the biomechanical studies and clinical studies are pre-
sented in Appendix Tables Al and A2 (available online).

There was variation in the postoperative rehabilitation
protocols implemented for the clinical studies. All but 117 of
the studies clearly stated the use of a postoperative brace.
A detailed summary of the postoperative rehabilitation proto-
cols and postoperative braces used in the studies is summa-
rized in Appendix Table A3 (available online).

Biomechanical Outcomes

Posterior Tibial Translational Laxity. Twelve studies
reported on posterior tibial translational laxity at 30° of
knee flexion (Figure 6, top). There were 99 cadaveric knees

tested with an SB reconstruction technique and 97 specimens
tested with a DB reconstruction technique. There was signif-
icantly lower posterior tibial translation (WMD, 1.26 mm) in
the specimens that underwent DB reconstruction versus SB
reconstruction (95% CI, 0.76-1.75; P < .00001). Thirteen
studies examined posterior tibial translational laxity at 90°
of knee flexion (Figure 6, bottom). For both reconstruction
groups, 108 specimens were examined for a total of 216
cadaveric knees. There was significantly lower posterior tib-
ial translation (WMD), 1.58 mm) in the specimens that under-
went DB reconstruction relative to the SB reconstruction
group (95% CI, 0.96-2.19; P < .00001).

External Rotation Laxity. Six studies reported on laxity
when an external rotation force was applied at 30° of knee
flexion (Figure 7, top). There were 52 cadaveric knees tested
in each reconstruction group for a total of 104 specimens.
While the DB group had less external rotatory laxity than
the SB group, this difference was not significant at 30° of
knee flexion (WMD, 1.05; 95% CI, —1.07 to 3.18; P = .33).
When external rotation laxity was examined at 90° of
knee flexion, 7 studies compared the relative resistance pro-
vided by SB and DB PCL reconstruction techniques (Figure
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TABLE 2
Study Characteristics and Demographic Information of the Included Clinical Studies®
Time From
No. of Mean  Final Follow- Injury to Objective and Subjective
Study (Year) LoE Study Design Technique  Patients (M:F)  Age, y up, mo Surgery, mo Concomitant Injuries Outcomes
Xu®? 2 Prospective SB 60 (42:18) 33.6 28 4.5 Meniscal tear: 10; cartilage ROM, Lysholm
(2019) cohort injury: 11
DB 30 (22:8) 31.5 28 5 Meniscal tear, 6; cartilage
injury, 5
Yoon®* 3 Retrospective SB 28 (22:6) 29.1 104 10.2 Medial meniscus, 4; lateral Stress radiography with
(2019) cohort meniscus, 2; cartilage Telos, Lysholm, Tegner,
injury, 5 IKDC
DB 36 (33:3) 27 10.9 9.8 Medial meniscus, 3; lateral
meniscus, 2; cartilage
injury, 4
Jain?! 3 Retrospective SB 22 (22:0) 26.4 28.2 3.4 None Stress radiography, KT1000,
(2016) cohort posterior drawer, Lysholm,
DB 18 (18:0) 27.44 28.2 3.8 None IKDC
Deie'? 3 Retrospective SB 27 (18:9) 34 150 NR ACL, 1; MCL, 4; PLC, 4 Lysholm
(2015) cohort
DB 13 (11:2) 32 150 NR ACL, 1; MCL, 2; PLC, 3
Li%° (2014) 2 Randomized SB 22 (15:7) 25.1 28.7 1.9 None; KT1000, Lysholm, Tegner,
controlled IKDC
trial
DB 24 (18:6) 23.5 30.4 1.5 None
Fanelli'? 3 Retrospective SB 45 (NR) NR 24-72 NR ACL, collateral ligament Stress radiography with
(2012) cohort Telos, KT1000, Lysholm,
DB 45 (NR) NR 46.4 NR ACL, collateral ligament Tegner
Kim?* 3 Retrospective SB 23 (19:4) 30.7 51.2 11.2 PLC reconstruction, partial Stress radiography with
(2011) cohort meniscectomies Telos, Lysholm, IKDC
DB 19 (15:4) 31.3 445 12.7 PLC, all patients; lateral
meniscus, 1; medial
meniscus, 1
Yoon® 2 Randomized SB 25 (20:5) 28.5 31 37 Medial meniscus, 4; lateral Stress radiography with
(2011) controlled meniscus, 2; cartilage Telos, ROM, Lysholm,
trial injury, 5 Tegner, IKDC
DB 28 (25:3) 274 33 35 Medial meniscus, 3; lateral
meniscus, 2; cartilage
injury, 4
Shon* 3 Retrospective SB 14 (11:3) 34 90.5 11.3 Meniscal injury, 2; Stress radiography with
(2010) cohort chondromalacia (grade II), Telos, posterior drawer,
2 Lysholm, Tegner
DB 16 (15:1) 36 64 71 Meniscal injury, 1;
chondromalacia III of PFJ,
2
Kim? Al 3 Case-control SB 11 (8:3) 31.9 36.3 9.4 None Stress radiography, ROM,
(2009) Lysholm
DB 10 (7:3) 33.6 29.4 9.4 None
Kim? TT 3 Case-control SB 8 (5:3) 32.4 46.4 9.4 None Stress radiography, ROM,
(2009) Lysholm
DB NA NA NA NA NA
Hatayama®’ 3 Retrospective SB 10 (7:3) 29.6 24 NR ACL, 2; MCL, 2; LCL, 2 Stress radiography, IKDC
(2006) cohort
DB 10 (7:3) 34.5 24 NR ACL, 2; ACL and MCL, 2;
LCL, 1
Houe®® 2 Prospective SB 6 (NR) 31° 35° >6 None Lysholm, Tegner
(2004) cohort
DB 10 (NR) 31° 35° >6 None
Wang?*” 2 Randomized SB 19 (14:5) 29.4 41 8.5 Femur fractures, 2; tibia KT1000, posterior drawer,
(2004) controlled trial fracture, 1; meniscal tears, reverse Lachman,
4 Lysholm, Tegner, IKDC
DB 16 (12:4) 28.2 28.2 6.5 Chondral injury, 1; meniscal

tears, 3

“ACL, anterior cruciate ligament; Al, arthroscopic inlay; DB, double bundle; F, female; IKDC, International Knee Documentation Committee; LoE, level of
evidence; LCL, lateral collateral ligament; M, male; MCL, medial collateral ligament; NA, not applicable; NR, not reported; PFJ, patellofemoral joint; PLC, pos-
terolateral corner; ROM, range of motion; SB, single bundle; TT, transtibial.

*Median.

# of patients at final follow-up

7, bottom). At 90° of knee flexion, DB PCL reconstruction

had significantly higher resistance to external rotation
forces at the knee relative to the SB PCL reconstruction
group. This difference was statistically significant with
a WMD of 1.36° (95% CI, 0.64 to 2.09; P = .0002).

Varus Laxity. Five studies reported on resistance to
varus forces at 30° (Figure 8, top) and 90° (Figure 8, bot-
tom) of knee flexion. At both knee flexion angles, there
were 43 specimens treated with SB reconstruction and 43

specimens treated with DB reconstruction. There was no
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Study or Subgroup

Single Bundle

Mean

SD Total Mean

Double Bundle

SD Total Weight

Mean Difference
IV, Random, 95% CI

The American Journal of Sports Medicine

Mean Difference
IV, Random, 95% CI

Apsingi 2008 (AJSM) 58 2.1 9 5 29 9 4.1%
Apsingi 2008 (KSSTA) 6.4 2.2 10 57 25 10 5.1%
Bergfeld 2005 6.7 04 8 51 04 8 34.2%
Guo 2018 15.1. 2.9 7 126 3.2 7 2.3%
Harner 2000 7.7 3.8 10 56 3.5 10 2.3%
Kennedy 2014 3.5 26 9 25 1.4 9 5.7%
Markolf 2006 158 2.4 13 143 1.8 11 7.2%
Milles 2017 8.5 2.1 4 74 1.2 4 4.0%
Nuelle 2017 7 3 4 6.7 2 4 1.9%
Race 1998 44 0.6 8 4 0.7 8 25.2%
Wijdicks 2013 4 17 9 14 23 9 6.1%
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Figure 6. Forest plot demonstrating the weighted mean difference for posterior tibial translation (in mm) of single- and double-
bundle posterior cruciate ligament reconstruction techniques in a controlled laboratory setting with cadaveric human knees at 30°
(top) and 90° (bottom) of flexion. This includes a summary estimate (center of the diamond) and a 95% CI (width of the diamond)
for the true mean difference. The size of each square represents the relative weight given to each study. AUSM, American Journal
of Sports Medicine; KSSTA, Knee Surgery, Sports Traumatology, Arthroscopy; IV, inverse variance.

difference between the groups at 30° (WMD, 0.11; 95% CI,
—0.25 t0 0.47; P = .56) or 90° (WMD, 0.50; 95% CI, —0.33 to
1.33; P = .24) of knee flexion.

Clinical Outcomes

Stress Radiographs. Eight studies measured the side-to-
side difference in posterior tibial translational laxity using
stress radiographs in the clinical setting (Figure 9). A total
of 174 patients treated with a DB PCL reconstruction and
165 patients treated with an SB PCL reconstruction were
in the subsequent analysis. For this outcome measure, the
DB group had significantly lower side-to-side differences
in posterior tibial translational laxity relative to the SB
group, with a WMD of 0.49 mm (95% CI, 0.07-0.91; P = .02).

Lysholm. Thirteen studies reported postoperative
Lysholm scores for patients treated with a DB or SB PCL
reconstruction (Figure 10). Of these 13 studies, 5 were pro-
spective and 8 were retrospective comparative studies. For
this outcome, 272 patients treated with a DB PCL reconstruc-
tion procedure and 311 patients treated with an SB PCL
reconstruction procedure were in subsequent analysis. There

was no difference between the groups for postoperative
Lysholm scores (WMD, —0.07; 95% CI, —1.98 to 1.85; P = .95).

Tegner. Seven studies reported postoperative Tegner
scores for 169 patients treated with an SB PCL reconstruc-
tion technique and 175 patients treated with a DB PCL
reconstruction technique (Figure 11). Of these 7 studies,
4 were prospective and 3 were retrospective comparative
studies. Pooled Tegner scores for the DB group were statis-
tically similar to the SB group (WMD, —0.49; 95% CI,
—1.14 to 0.16; P = .14).

IKDC Subjective. Three studies reported postoperative
IKDC subjective scores for 75 patients treated with an
SB PCL reconstruction technique and 88 patients treated
with a DB PCL reconstruction technique (Figure 12).
Two of these studies were prospective randomized trials
while 1 study was a retrospective study. The pooled
IKDC subjective scores were significantly lower for the
SB group relative to the DB group, with a WMD of —3.64
(95% CI, —6.41 to —0.88; P = .01).

IKDC Objective. Six studies determined postoperative
IKDC objective scores for their PCL reconstruction groups
(Figure 13). Three of these studies were prospective ran-
domized controlled trials and 3 were retrospective studies.
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Figure 7. Forest plot demonstrating the weighted mean difference for external rotation laxity (in degrees) of single- and double-
bundle posterior cruciate ligament reconstruction techniques in a controlled laboratory setting with cadaveric human knees at 30°
(top) and 90° (bottom) of flexion. This includes a summary estimate (center of the diamond) and a 95% CI (width of the diamond)
for the true mean difference. The size of each square represents the relative weight given to each study. AUSM, American Journal
of Sports Medicine; KSSTA, Knee Surgery, Sports Traumatology, Arthroscopy; IV, inverse variance.
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Figure 8. Forest plot demonstrating the weighted mean difference for varus laxity (in degrees) of single- and double-bundle pos-
terior cruciate ligament reconstruction techniques in a controlled laboratory setting with cadaveric human knees at 30° (top) and
90° (bottom) of flexion. This includes a summary estimate (center of the diamond) and a 95% CI (width of the diamond) for the true
mean difference. The size of each square represents the relative weight given to each study. AUSM, American Journal of Sports
Medicine; KSSTA, Knee Surgery, Sports Traumatology, Arthroscopy; IV, inverse variance.

Of the 121 total patients who underwent SB reconstruc- between the groups (OR, 0.60; 95% CI, 0.31-1.14; P = .12).
tion, 88 were classified as normal or nearly normal. Of Upon further subgroup analysis, there was a significant
the 114 total patients who underwent DB reconstruction, benefit to DB reconstruction when only the prospective
93 were classified as normal or nearly normal. When pro- studies were examined. Pooled ORs from these 3 random-
spective and retrospective studies were included, there ized controlled trials showed an increased odds of achiev-
was no significant difference in the odds of being classified ing normal or nearly normal IKDC objective outcomes

as normal or nearly normal for the IKDC objective outcome (OR, 0.39; 95% CI, 0.16-0.95; P = .04).
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Figure 9. Forest plot demonstrating the weighted mean difference of the side-to-side difference for posterior tibial translation
using stress radiographs (in mm) for patients treated with either a single- or double-bundle posterior cruciate ligament reconstruc-
tion technique. This includes a summary estimate (center of the diamond) and a 95% ClI (width of the diamond) for the true mean
difference. The size of each square represents the relative weight given to each study. Al, arthroscopic inlay; IV, inverse variance;

TT, transtibial.
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Figure 10. Forest plot demonstrating the weighted mean difference of the postoperative Lysholm score for patients treated with
either a single- or double-bundle posterior cruciate ligament reconstruction technique. This includes a summary estimate (center
of the diamond) and a 95% CI (width of the diamond) for the true mean difference. The size of each square represents the relative
weight given to each study. The top diamond is a summary estimate of the included prospective studies. The middle diamond is
a summary estimate of the included retrospective studies. The bottom diamond is a summary estimate of all included studies. Al,

arthroscopic inlay; IV, inverse variance; TT, transtibial.

Major Complications. An RD was used to assess the risk
of a major complication associated with the 2 reconstruc-
tion techniques (Figure 14). For this investigation, a major
complication was defined as severe restriction of ROM,
ROM deficit as defined by the authors, failure as defined
by the authors, requirement of additional surgery, or tun-
nel collapse. Six studies reported the incidence of a major
complication, while the remaining 7 studies did not find
a major complication in either group. For the DB group,
11 of the 291 patients sustained a major complication,

with 5 cases defined as postoperative failures, 1 case
with tunnel collapse, and 5 cases with substantially
restricted postoperative ROM as defined by the authors.
For the SB group, 12 of the 333 patients sustained a major
complication, with 8 cases defined as postoperative failure
and 4 cases with substantially restricted postoperative
ROM as defined by the authors. When the pooled RD
was examined between the groups, there was no signifi-
cant difference in risk (RD = 0.00; 95% CI, —0.02 to 0.03;
P =.93).
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Figure 11. Forest plot demonstrating the weighted mean difference of the postoperative Tegner score for patients treated with
either a single- or double-bundle posterior cruciate ligament reconstruction technique. This includes a summary estimate (center

of the diamond) and a 95% ClI (width of the diamond) for the t

rue mean difference. The size of each square represents the relative

weight given to each study. The top diamond is a summary estimate of the included prospective studies. The middle diamond is
a summary estimate of the included retrospective studies. The bottom diamond is a summary estimate of all included studies. IV,

inverse variance.
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Figure 12. Forest plot demonstrating the weighted mean difference of the postoperative IKDC subjective score for patients trea-
ted with either a single- or double-bundle posterior cruciate ligament reconstruction technique. This includes a summary estimate
(center of the diamond) and a 95% CI (width of the diamond) for the true mean difference. The size of each square represents the
relative weight given to each study. The top diamond is a summary estimate of the included prospective studies. The middle dia-
mond is a summary estimate of the included retrospective studies. The bottom diamond is a summary estimate of all included
studies. IKDC, International Knee Documentation Committee; IV, inverse variance.

DISCUSSION

The major biomechanical findings of this investigation
were as follows: (1) DB PCL reconstruction led to signifi-
cantly reduced posterior tibial translation at 30° and 90°
of knee flexion; (2) the DB group demonstrated signifi-
cantly less external rotational laxity at 90° of knee flexion
but not at 30° of knee flexion; and (3) there was no differ-
ence in varus laxity between the groups at 30° and 90° of
knee flexion. The major clinical findings of this

investigation were as follows: (1) DB PCL reconstruction
led to significantly less in vivo posterior tibial translation
on stress radiographs; (2) DB PCL reconstruction led to
superior subjective IKDC clinical outcomes; (3) DB PCL
reconstruction led to improved objective IKDC clinical out-
comes when pooling prospective randomized controlled
data, but this benefit was not maintained when including
retrospective data; and (4) there was no significant differ-
ence between the groups for Lysholm scores, Tegner
scores, or risk for a major complication. These results are
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Figure 13. Forest plot demonstrating the odds ratio for PCL reconstruction patients achieving a postoperative IKDC objective
score of “‘normal” or ““nearly normal.” This includes a summary estimate (center of the diamond) and a 95% CI (width of the dia-
mond) for the true odds ratio. The size of each square represents the relative weight given to each study. The top diamond is
a summary estimate of the included prospective studies. The middle diamond is a summary estimate of the included retrospective
studies. The bottom diamond is a summary estimate of all included studies. IKDC, International Knee Documentation Committee;
M-H, Mantel-Haenszel.
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Figure 14. Forest plot demonstrating the risk difference for patients undergoing posterior cruciate ligament reconstruction with
a major complication. For this investigation, a major complication was defined as severe restriction or deficit of range of motion as
defined by the respective authors, failure as defined by the respective authors, requirement of additional surgery, or tunnel col-
lapse. This includes a summary estimate (center of the diamond) and a 95% CI (width of the diamond) for the true risk difference.
The size of each square represents the relative weight given to each study. Al, arthroscopic inlay; M-H: Mantel-Haenszel; TT,
transtibial.

relevant in that they suggest that DB PCL reconstruction
leads to improved biomechanical outcomes that translate
to the in vivo setting and a statistically significant benefit
to IKDC outcomes, albeit of unclear clinical significance.
SB PCL reconstruction remains the most clinically
implemented PCL reconstruction technique; however, clin-
ical and biomechanical investigations have suggested that

there remains residual laxity after the procedure.?® This is
clinically significant, as residual laxity/instability can pre-
dispose patients to early degenerative osteoarthritis and
poorer long-term prognosis.!®354% Given these limitations
of an SB reconstruction approach, the DB technique was
developed. While technically challenging, DB PCL recon-
struction is better able to reproduce intact in vitro knee
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mechanics by addressing both codominant PCL bun-
dles.®71622 A biomechanical investigation by Harner
et al'® demonstrated this significant biomechanical benefit
of DB PCL reconstruction relative to the SB technique and
reported that the DB technique effectively restored knee
stability back to the intact state.

The primary biomechanical function of the PCL is to
stabilize the knee joint by resisting posterior tibial transla-
tion at all flexion angles and limit rotatory instability at
higher degrees of knee flexion.?” Multiple studies have
shown that isolated PCL ruptures have the greatest effect
at 90° of knee flexion, suggesting that it is most important
to clinically assess PCL integrity at 90° of knee flex-
ion.'®1%32 This is consistent with the results in this inves-
tigation. The biomechanical findings of this meta-analysis
identified a significant benefit of resisting posterior tibial
translation at 30° and 90° of knee flexion for the DB recon-
struction group, echoing the previously described codomi-
nant functional behavior of the 2 PCL bundles.
Additionally, the significant benefit in rotatory stability
of the DB PCL reconstruction was demonstrated at 90° of
knee flexion but not at 30° of knee flexion. Kennedy
et al®® reported that the PMB provided the majority of
rotational control at increased degrees of knee flexion,
which supports the improved relative rotatory stability
observed in the DB group when the knee was flexed for
our study.?” Last, there was no significant difference
between the techniques when addressing varus laxity.
The PCL’s role in resisting varus laxity is less pronounced
in the intact knee than its role in rotatory and transla-
tional stability. The posterolateral corner is the primary
restraint to varus rotation, and a recent meta-analysis by
Lee et al?® revealed that PCL reconstruction alone, regard-
less of technique, is unable to restore varus stability when
the posterolateral corner is also deficient. As a result, it is
possible that there was no significant pooled benefit to the
DB group in this meta-analysis because the majority of bio-
mechanical studies utilized specimens with an intact pos-
terolateral corner.

While the present study found a significant biomechani-
cal benefit to DB PCL reconstruction versus SB PCL recon-
struction, it is important to place the pooled in vitro
biomechanical results of this meta-analysis in the proper
clinical context. Over the past decade, there has been a sim-
ilar interest in DB anterior cruciate ligament (ACL) recon-
struction, where studies had demonstrated
a biomechanically significant benefit to the DB ACL recon-
struction technique relative to SB ACL reconstruction,
which failed to translate clinically when pooling randomized
controlled data.'®3 It is critical to note that SB ACL recon-
struction, DB ACL reconstruction, and DB PCL reconstruc-
tion all restored stability to a level similar to the intact
native ACL/PCL state, while SB PCL reconstruction was
unable to restore stability to the native state in the con-
trolled laboratory setting.'®3° This may account for the
translated clinical benefit of DB PCL reconstruction versus
SB PCL reconstruction observed in our study that was pre-
viously absent when examining DB/SB ACL reconstruc-
tion.!° Additionally, there have been concerns with the in
vivo application of in vitro models. For example, a 2016
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investigation by Hulsart-Billstrom et al®® demonstrated
a poor correlation between in vitro and in vivo testing of bio-
materials for bone regeneration. Furthermore, in vitro mod-
els test for laxity at a time point immediately after the
reconstructive procedure, while in vivo models examine lax-
ity at a subsequent postoperative time point, making it chal-
lenging to predict the in vivo benefit of an in vitro
observation. Despite these concerns, in the present meta-
analysis, the improved pooled in vitro stability demonstrated
by the DB group did translate to improved pooled in vivo sta-
bility, as patients treated with DB PCL reconstruction had
decreased laxity on stress radiographs as compared with
patients treated with SB PCL reconstruction.

Previous clinical investigations have attempted to
examine whether the biomechanical benefit of DB recon-
struction observed in a controlled laboratory setting trans-
lates to clinical practice. Several studies have reported that
anatomic DB PCL reconstruction led to improved IKDC
scores, reduced posterior tibial translation, and enhanced
restoration of native knee kinematic function relative to
the SB technique.®?” Furthermore, randomized controlled
trials by Yoon et al®® and Li et al®* demonstrated superior
clinical outcomes associated with DB reconstruction versus
SB reconstruction. The present meta-analysis reflected the
findings of these previous clinical investigations and
revealed a statistically significant benefit in the majority
of clinical outcomes. However, it is important to note that
the WMD observed in the subjective IKDC score was just
3.64 points, which is of unclear clinical significance. Addi-
tionally, there have been concerns with the implementa-
tion of the technically challenging DB PCL
reconstruction procedure because it introduces the risk of
femoral fracture through tunnel collapse when reaming
the second tunnel.®” While valid, this concern can be offset
with slight divergence of the femoral tunnels.%” The pres-
ent meta-analysis found that DB PCL reconstruction had
no difference in risk of a major complication relative to
the SB technique, suggesting that it is a safe and effica-
cious procedure. Thus, in the context of the previous clini-
cal literature, the results of this meta-analysis reflect
a significant clinical benefit to DB PCL reconstruction
and suggest that the biomechanical benefit observed
when reconstructing native anatomy in cadaveric speci-
mens translated to improved clinical patient outcomes
and with a similar safety profile.

Three previous meta-analyses aimed to summarize the
literature comparing the DB and SB PCL reconstruction
techniques.>?%?° In a 2017 meta-analysis, Lee et al®®
pooled 10 cadaveric biomechanical studies and demon-
strated a significant biomechanical benefit of DB PCL
reconstruction when resisting posterior tibial translation
but no difference between the groups for external rota-
tional laxity and varus laxity. It is important to note that
the authors were able to pool only 2 to 4 biomechanical
studies when assessing external rotation/varus laxity,
and this may have contributed to nonsignificant results
with external rotation at higher knee flexion angles. Like
the study by Lee et al,?® the biomechanical results of the
present meta-analysis reflect superior resistance to poste-
rior tibial translation in the DB PCL reconstruction
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group. Novel to our study, DB PCL reconstruction also
demonstrated superior resistance to external rotation at
90° of knee flexion when pooling the biomechanical results
of 7 controlled laboratory investigations.

In a 2022 meta-analysis of 13 comparative clinical
investigations, Krott et al?® reported no benefit to DB
PCL reconstruction beyond objective translational laxity.
It is interesting that the authors concluded that there
was no difference between the reconstruction techniques,
despite their results showing an objective clinical benefit
with decreased tibial translation measured on Telos stress
radiographs for DB PCL. Like the findings by Krott et al,
our results did not initially reveal a significant difference
in objective IKDC scores between the groups. However,
upon subgroup analysis of the randomized controlled trials,
our results suggest that DB PCL reconstruction leads to sig-
nificantly higher odds of achieving normal or nearly normal
objective IKDC outcomes. These findings likely accounted
for the different conclusions reached between their study
and ours. Additionally, similar to the previous meta-analy-
sis, the present study revealed a significant objective benefit
to DB PCL reconstruction during stress radiographs.
Finally, unlike the study by Krott et al, the present meta-
analysis found a statistically significant clinical benefit in
the form of superior subjective IKDC outcomes.

Our presented meta-analysis is not without limitations.
First, as a meta-analysis, it is inherently limited by the
study design of the publications as well as inevitable varia-
tions in surgical techniques among the authors. Addition-
ally, like any systematic review or meta-analysis, it is
possible that a relevant article or patient population was
not identified with our search criteria/screen. Further-
more, several outcomes were not explicitly reported by
the authors and thus were extracted from a subsequent
meta-analysis that included that investigation or were
approximated from figures in the study. There is also
a paucity of high-quality clinical literature examining
these PCL reconstruction techniques, as 8 of the 13 clinical
studies are level 3 evidence and 5 are level 2 evidence,
which intrinsically limit the applicability of these findings.

Another major limitation of this investigation is that the
clinical studies did not report outcomes as number of patients
reaching the minimal clinically important difference, which
made it challenging to assess the true clinical value of the
statistically significant observations in this meta-analysis.
In addition, it is unclear what degree of instability or poste-
rior tibial translation is clinically relevant with regard to
patient symptoms and risk of future degenerative changes.
The ex vivo biomechanical findings of this meta-analysis
also have limited applicability to in vivo applications and
do not factor tissue healing or other biologic processes during
evaluation. Furthermore, the biomechanical studies largely
used cadaveric specimens from elderly donors. Thus, the
findings in these investigations may not be representative
of the younger, more active patient populations that typically
undergo PCL reconstruction.

Last, the investigations may have had concomitant
pathology and procedures, which may have influenced out-
comes in this meta-analysis. Future randomized investiga-
tions are necessary to evaluate the true biomechanical and
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clinical benefit of DB PCL reconstruction relative to SB
PCL reconstruction.

CONCLUSION

DB PCL reconstruction leads to superior biomechanical
outcomes and clinical outcomes relative to SB PCL recon-
struction. Re-creating native anatomy during PCL recon-
struction maximizes biomechanical stability and clinical
outcomes.
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