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Background: Currently, no consensus exists for the optimal graft fixation angle for anatomic single-bundle (SB) posterior cruciate
ligament reconstructions (PCLRs). Additionally, direct graft forces have not been measured. Alternative graft fixation angles and
the resultant graft forces should be investigated to optimize the stability of SB PCLRs without overconstraining the knee.

Hypothesis: Graft fixation angles of 75°, 90°, and 105° for SB PCLR were hypothesized to improve knee stability compared with
the sectioned posterior cruciate ligament state with no evidence of knee overconstraint.

Study Design: Controlled laboratory study.

Methods: Nine fresh-frozen human cadaveric knees were biomechanically evaluated for the intact, sectioned, and SB PCLR
states with the anterolateral bundle graft fixed at 75°, 90°, and 105°. A 6 degrees of freedom robotic system assessed knee laxity
with a 134-N posterior load applied at 0° to 120° and 5-N-m external, 5-N-m internal, and 10-N-m valgus rotation torques applied
at 60° to 120°. By securing the graft to an external load cell, graft forces were measured throughout kinematic testing.

Results: No significant kinematic differences were found among the 3 fixation angles. Each fixation angle resulted in significantly
less posterior translation than in the sectioned state at all flexion angles (P < .05), with 4.1 mm of average residual laxity during an
applied posterior loading. For all graft fixation angles, internal rotation was significantly increased between 60° and 120° of flexion,
and external rotation was significantly increased at 90°, 105°, and 120° of flexion compared with the intact state. Graft forces were
not significantly different among the 3 fixation angles and remained below reported loads observed during activities of daily living.

Conclusion: All tested SB PCLR graft fixation angles restored knee laxity to similar levels; however, persistent laxity resulted in
significant increases in knee laxity compared with the intact state during posterior tibial loading at all flexion angles, internal rota-
tion at flexion angles >60°, and external rotation at >75° of flexion.

Clinical Relevance: The results of this study suggest that SB PCL graft fixation angles of 75°, 90°, and 105° were comparable in
restoring knee kinematics and exposed the graft to similar time-zero loads. However, SB PCLRs did not fully reduce knee laxity to
the intact state.
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The posterior cruciate ligament (PCL) is the largest intra- reportedly tensions in knee flexion, while the smaller post-

articular ligament in the tibiofemoral joint. It is composed eromedial bundle has been reported to become taut during

of 2 functional bundles, the anterolateral bundle (ALB) and extension.!%?22435 Punctionally, the PCL is a primary

the posteromedial bundle, with each demonstrating the restraint to posterior tibial translation at all flexion angles

ability to resist posterior tibial translation throughout and internal rotation beyond 90° and a supplemental

a full range of knee motion."'®? The larger ALB restraint to external tibial rotation beyond 90° of
flexion, 10:15:17.19

Single-bundle (SB) PCL reconstruction (PCLR) remains
The American Journal of Sports Medicine, Vol. XX, No. X t}}e m%sztlchmcally 1mp.lement.ed 1ntraop.erat1ve PCLR tech-
DOI: 10.1177/0363546514541225 nique.™’ Reconstruction typlcally consists of an SB PCLR
© 2014 The Author(s) graft primarily aiming to restore the function of the
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ALB.?%38 Although advances in SB PCLR objective biome-
chanical outcomes have been achieved through investiga-
tion into optimal tunnel placement and type of
fixation,>1%:1425.31.33.38 there has been limited research
regarding optimal graft fixation angles.!* Identification of
the optimal angle for graft fixation is essential to PCLR
success. Less-than-optimal graft fixation angles can poten-
tially introduce either overconstraint, which may limit the
joint’s range of motion and predispose the graft to prema-
ture failure, or underconstraint, which may lead to
residual laxity. With clinical and biomechanical reports
suggesting that residual laxity remains after SB
PCLR,?2%3738 optimization of SB PCLR graft fixation
angle may confer additional reductions in laxity and conse-
quently lead to improved objective clinical outcomes for SB
PCLR.

A previous biomechanical study evaluated the effect of
fixation angles on SB PCLR performance.'* Harner
et al' examined 0°, 60°, and 90° as potential graft fixation
angles and reported significant differences among the
angles in kinematics and cadaveric in situ forces. In addi-
tion, other studies have suggested that PCL graft fixation
at 90° might provide the best opportunity of restoring knee
kinematics to the intact state, especially at increased flex-
ion angles.?®3° Yet the selection of the 90° fixation angle
was stated as a limitation in prior work,?® because this sin-
gle tested fixation angle was based on a limited quantity of
biomechanical research. However, in a recent study,
Kennedy et al'® evaluated an increased flexion range
(0°-120°) for testing and reported that complete sectioning
of the PCL resulted in the largest increase in posterior
translation at 105°. To our knowledge, no studies have
reported on the effects of varying SB PCLR graft fixation
angles on knee kinematics and graft forces throughout
the range of 0° to 120°. Moreover, there are limited biome-
chanical data characterizing the effect that graft fixation
angle has for flexion angles beyond 90° or when comparing
clinically reported fixation angles between 75° and
105057163236 Ag 3 result, biomechanical analysis is
needed to validate this range of SB PCLR graft fixation
angles to validate future clinical use.

Currently, there exists no consensus on the optimal
angles for graft fixation during SB PCLR. Therefore, the
purpose of this study was to assess graft force and kine-
matic differences between clinically relevant SB PCLR
graft fixation angles compared with the intact and sec-
tioned PCL states. It was hypothesized that all graft fixa-
tion angles would significantly reduce laxity compared
with the sectioned state and prevent graft overload but
that fixation at 105° would result in the greatest reduction
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in laxity and the best approximation of the intact PCL
state. It was anticipated that this information would pro-
vide biomechanical data to support the use of different
graft fixation angles in SB PCLR.

MATERIALS AND METHODS

Specimen Preparation

Nine fresh-frozen human cadaveric knees (mean age,
52.3 years; range, 29-63 years; mean body mass index,
23.0 kg/m?; 6 male, 3 female; 4 right, 5 left) were used in
this study. The contralateral knees of each specimen
were used in part 2 of this study,'® investigating double-
bundle PCLR graft fixation angles. The right and left
knees of each pair were randomized between parts 1 and
2 of this study. Only knees without evidence of prior injury,
surgery, or abnormality were included in this study. Speci-
mens were stored at —20°C and thawed 24 hours before
use. All soft tissue was removed 10 cm from the joint line
on both the femur and tibia. The proximal end of the femur
and distal end of the tibia were potted in poly(methyl
methacrylate) (Fricke Dental) to mount them in the testing
apparatus.

Robotic Setup

Intact, reconstructed, and sectioned PCL state biomechan-
ics were collected using a previously described 6 degrees of
freedom robotic system (KUKA KR 60-3; KUKA Robot-
ics).11:193839 The knees were mounted in an inverted orien-
tation with the potted tibia and fibula attached to a custom
fixture mounted to a universal force-torque sensor (Delta
F/T Transducer; ATI Industrial Automation) at the robotic
end effector (Figure 1). A coordinate system was defined for
each knee using a coordinate measuring device (Micro-
Scribe MX; GoMeasure3D) to select palpable anatomic
landmarks while the knee was neutrally aligned and in
full extension.'?4°

The passive flexion-extension path of each knee from 0°
(or full extension) to 120° was determined in 1° flexion
increments using robotic position and force control. A
10-N axial load was applied to ensure proper contact
between the tibial plateau and femoral condyles while
forces and torques at each flexion angle in the remaining
5 degrees of freedom were minimized (<5 N and
<0.5 N-m, respectively). The knee positions determined
from collecting the passive path were used as the starting
points for laxity measurement for each testing condition.
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Figure 1. A left knee is shown mounted within the robotic
system in an inverted orientation. The femur is fixed to a sta-
tionary pedestal, and the tibia and fibula are attached to a uni-
versal force-torque sensor affixed to the end effector of
a KUKA KR 60-3 robotic system. A single-bundle posterior
cruciate ligament reconstruction is shown, with the graft
fixed to an external load cell for concurrent acquisition of
graft force measurements. ALB, anterolateral bundle.

Graft Preparation

Achilles tendon allografts (AlloSource) were used to recon-
struct the ALB of the PCL for the SB PCLR. Grafts were
prepared in a similar fashion to previously reported biome-
chanical and clinical studies.>**® The tendinous end was
trimmed and tubularized using braided polyblend No. 5
suture (FiberWire; Arthrex) to 11 mm in diameter from
the calcaneal bone block to a point on the tendon 150 mm
proximal using a graft sizing block. The calcaneal bone
plug was prepared to be 11 mm in diameter and 25 mm
in length. The calcaneal bone plug was also prepared
with 2 passing sutures placed through the plug.

SB PCLR Technique

A single orthopaedic surgeon (S.F.C.) performed all surgical
procedures while the knee remained mounted in the robot
in an inverted orientation. The SB PCLR technique has
been previously described®® and is similar to a previously
reported clinical technique.®* In brief, the knee was first
positioned at 0° of flexion, and a posteromedial incision
was used to visualize and identify the tibial footprint of
both bundles of the PCL. Both bundles were then carefully
transected at the tibial footprint to preserve the integrity of
the ligament of Wrisberg (when present). The tibial bundle
ridge, an osseous landmark that has been reported to iden-
tify the center of the PCL attachment, was then identified.?
An eyelet pin was drilled through the bundle ridge in a man-
ner that allowed it to exit the anterior tibia 1 cm medial to
the tibial tuberosity and 6 cm distal to the joint line. A
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transtibial tunnel was then drilled using an 11-mm acorn-
tipped reamer (Arthrex).

Next, the knee was positioned at 90° of flexion. The PCL
femoral footprint was visualized through an anterolateral
parapatellar arthrotomy, and both bundles were transected
at the femoral attachments. The ALB femoral footprint was
used as an anatomic landmark for creating the ALB graft’s
femoral tunnel. An 11-mm acorn-tipped reamer was centered
over the ALB femoral footprint and used as a guide for insert-
ing the eyelet pin. After insertion of the eyelet pin, the
acorn-tipped reamer was used to ream a closed socket,
11 mm-diameter femoral tunnel to a depth of 25 mm. With
the eyelet pin positioned in the femoral tunnel, the passing
suture attached to the calcaneal bone plug was then passed
through the eyelet, and this pin was used to pull the sutures
through the tunnel. This then allowed the calcaneal bone
plug to be pulled into the closed socket tunnel and secured
in the femoral tunnel with a 7 X 25-mm titanium screw
(Cannulated Interference Screw; Arthrex). A tunnel
smoother (9.5-mm Gore Smoother; Smith & Nephew) was
passed from anterior to posterior through the tibial tunnel
to remove any bony debris and to smooth the proximal aper-
ture of the tibial tunnel. The smoother was used to deliver
the passing sutures of the Achilles graft distally through
the tibial tunnel. The graft was then secured in the custom
graft fixation device, as outlined below. The arthrotomy
was closed separately, and the anterior and posterior inci-
sions were sutured closed.

Custom Graft Fixation Device
and Graft Force Data Acquisition

To determine the tension on the ALB graft throughout bio-
mechanical testing, the soft tissue end of the graft that
exited the tibia was inserted into a custom graft clamp
that was attached to a load cell (model 60050-100; Vishay
Intertechnology) rigidly mounted to a custom graft fixation
device attached to the end effector of the robot. The load
cell was calibrated to within 0.25% accuracy using a cali-
brated tensile testing machine (ElectroPuls E10000; Ins-
tron) before biomechanical testing. The graft fixation
device allowed unlimited positional adjustability of the
load cell and graft to ensure axial alignment with the distal
tibial tunnel exit. Once the load cell was aligned, the graft
fixation device was locked in place to provide rigid fixation
relative to the robotic end effector.

Before distal graft fixation within the custom graft
clamp, the graft was manually tensioned to 250 N a total
of 10 times to ensure proper passage of the graft through
the tibial tunnel, minimize creep effects, and eliminate
the potential for initial graft slippage.?” Next, the knee
was robotically cycled through the full range of flexion
angles 5 times before distal graft fixation to the load cell.
For final graft fixation, the distal graft end was secured
in the graft clamp within 3 cm of exiting the tunnel, and
the graft was tensioned to 88 N while a 134-N anterior tib-
ial load was robotically applied to the knee to reduce poste-
rior subluxation of the tibia.'* Load data for each graft
were acquired during testing with a data acquisition
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SB PCLR: Posterior Tibial Translation
during Posterior Tibial Loading

Posterior Translation (mm)

0 15 30 45 60 75 90 105 120
Flexion Angle (°)

M Sectioned PCL  BSBPCLR: 75° @SB PCLR: 90° @SB PCLR: 105°

Figure 2. Changes in posterior translation under an applied
134-N tibial load after complete sectioning of the posterior
cruciate ligament (PCL) and single-bundle (SB) PCL recon-
struction (PCLR) with varying graft fixation angles. Data are
reported as average increases of posterior translation com-
pared with the intact PCL knee, with SD bars included. *Sig-
nificantly different from intact. *Significantly different from
the sectioned PCL state (P < .05).

conditioner (Model D4; Micro-Measurements). Loads were
recorded at maximum displacement for each test condition
after the applied tibio-femoral loads were achieved.

Biomechanical Testing

Intact, reconstructed, and sectioned PCL knees were sub-
jected to a 134-N posterior tibial load:13192328:38 4¢ (o, 15¢,
30°, 45°, 60°, 75°, 90°, 105°, and 120° of flexion, and 5-N-m
external, 5-N-m internal, and 10-N-m valgus rotational tor-
ques were applied at 60°, 75°, 90°, 105°, and 120° of flexion.
The selected flexion angles were based on previously pub-
lished data demonstrating that significant laxity resulted
throughout the range of flexion for the sectioned PCL during
applied loads at these particular flexion angles.'**® SB PCLR
graft fixation angles of 75°, 90° and 105° were investigated
for each specimen, and the order of fixation angle testing
was randomized for all specimens. Between the testing of
each graft fixation angle, the graft was loosened and reten-
sioned to the aforementioned loads before fixation at the
new angle. The orders of flexion angles for biomechanical lax-
ity testing during reconstruction were randomized to limit
incremental testing bias. After the testing of the intact and
reconstructed states, the PCL sectioned state was tested after
the removal of all grafts and hardware.

Statistical Analysis

Student ¢ tests were used to analyzed differences in kine-
matics between intact, reconstructed, and sectioned states
after each applied loading condition (posterior tibial load,
external rotation, internal rotation, and valgus rotation).
One-sample ¢ tests were used to compare the sectioned
and SB PCLR groups individually with the intact state.
Two-sample ¢ tests were used for comparison between the
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Figure 3. Single-bundle (SB) graft forces measured during
an applied 134-N posterior tibial load. Data are reported as
mean graft force with SD bars. ALB, anterolateral bundle;
PCLR, posterior cruciate ligament reconstruction.

SB PCLR groups and the PCL sectioned state. Paired-
samples ¢ tests were used to compare the 3 fixation angles
with one another. A 2-factor mixed model analysis was
used to examine the relationships of both fixation angles
and tested flexion angles and their ability to predict the
desired outcome measure of graft force. All statistical anal-
ysis was performed using SPSS version 20 (IBM). Within
the ¢ test comparisons, the Levene test was used to check
for equality of variance, and the Welch ¢ test was used
when groups had significantly different variances. Bonfer-
roni corrections were performed individually within each
flexion angle for both the intact and sectioned comparisons
and the comparisons among the reconstructed fixation
angle states. For all comparisons, significance was
declared for Bonferroni-corrected P values < .05.

RESULTS

Biomechanical Response to Posterior Tibial Load

When subjected to a 134-N posterior tibial load, the PCL
sectioned state had significantly more posterior tibial trans-
lation compared with the intact state at all flexion angles
(P < .001) (Figure 2). No significant differences in posterior
tibial translation were found among the 3 graft fixation
angles for the SB PCLRs. All 3 fixation angles had signifi-
cantly less posterior translation (Table 1) compared with
the sectioned state but significantly more than the intact
state at all tested angles of flexion (P < .05), except for fix-
ation at 75°, which was not significantly different from
intact (P = .052) at 0° of flexion. At 90° of flexion, at which
the posterior drawer test is performed clinically, there was
an increase in posterior translation of 15.8 = 2.8 mm (P <
.001) for the PCL sectioned state compared with the intact
state. The 75°, 90°, and 105° graft fixation angles had resid-
ual increases in translation of 5.3 = 3.8 mm (P = .006), 5.4 +
4.2 mm (P =.009), and 5.4 = 3.6 mm (P = .004), respectively,
compared with the intact state at 90° of flexion.

During an applied posterior tibial load, no significant
differences were observed between graft forces for any of
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TABLE 1
SB Posterior Tibial Translation and Graft Forces During an Applied 134-N Posterior Tibial Load®

Graft Fixation Angles for Single-Bundle PCL 5

Posterior Translation, mm

Change in Posterior Translation From Intact, mm

Graft Forces, N

SB PCLR

SB PCLR

Flexion Angle, Intact Sectioned Fixed at 75° Fixed at 90° Fixed at 105° Fixed at 75° Fixed at 90° Fixed at 105°
deg n=9) n=9) n=9) n=9) (n=9) n=9) n=9) n=9)
0 81+ 17 42 +22° 17+19° 18=17% 19 = 14°° 75 + 52 73 + 60 70 + 59
15 9.0 + 1.3 6.2 +24% 27 +23>° 27 +26° 28=20% 93 + 46 91 * 56 88 = 51
30 87 +16 93 +25°% 35 +26> 3528 35+24%° 112+46 110 =55 112 + 54
45 7.2+ 1.8 11.7 = 2.7° 3.9 +3.3>° 43 +35°° 42+29> 126 +49 121 + 53 119 =+ 48
60 6.0 = 1.7 13.6 + 2.7° 4.7 = 3.4%° 48 +3.6%° 48 +3.0%° 134 +50 131 + 52 128 + 47
75 5.2 + 1.0 15.1 = 2.8° 5.1 +3.7°° 54 + 45> 52=36> 138 +56 143 + 44 139 + 43
90 55+ 1.2 15.8 + 2.8° 5.3 =38 54 +425 54+36>° 15245 149 = 44 143 + 44
105 6.3+ 15 14.9 = 42° 50 = 3.1>° 4.6 +3.3>° 50=29> 159 +43 155 + 45 153 + 47
120 74+ 16 14.9 = 1.6° 4.0 =21 39 +29>° 46 =26> 158+39 152 + 39 148 + 46

“Data are expressed as mean = SD. PCLR, posterior cruciate ligament reconstruction; SB, single-bundle.

bSignificant difference (P < .05) from intact state.

“Significant difference (P < .05) from posterior cruciate ligament sectioned state.

the 3 fixation angles (Figure 3). Maximum graft forces for
all 3 graft fixation angles were observed at 105° of flexion
during an applied posterior tibial load; maximum graft
forces for fixation angles of 75°, 90°, and 105° were 159 +
43, 155 = 45, and 153 * 47 N, respectively. Fixation angle
was not a significant contributor to SB PCL graft force
(P =.256), but instead, the tested flexion angle was a signif-
icant contributor to SB PCL graft force (P < .001) when
pooled across the 3 tested fixation angles. The positive lin-
ear relationship between the tested flexion angle and graft
force revealed that for every 1° increase in tested flexion
angle, there was an approximately 0.67-N increase in graft
force.

Biomechanical Response to Internal Rotation Torque

Under an applied 5-N-m internal rotation torque, the PCL
sectioned state resulted in significantly more internal rota-
tion at all flexion angles compared with the intact state
(P < .02). There were no significant differences in internal
rotation among the 3 graft fixation angles (Table 2). Each
of the 3 graft fixation angle groups had significantly
more internal rotation than did the intact state at all flex-
ion angles but significantly less than the sectioned state at
75°, 90°, 105°, and 120° of flexion (P < .05). The 75°, 90°,
and 105° fixation angles resulted in significant increases
in rotation of 1.8° = 1.2° (P < .01), 1.9° + 1.3° (P < .01),
and 1.9° = 1.2° (P < .01), respectively, compared with
the intact state at 90° of flexion.

Graft forces measured during an applied internal rota-
tion torque demonstrated no significant differences between
graft fixation angles. Maximum graft forces were observed
at 120° of flexion for fixation at 75° with a graft force of
94 + 27 N; at 105° and 120° of flexion for fixation at 90°
with graft forces of 90 + 39 and 90 = 25 N, respectively;
and at 105° of flexion for fixation at 105° with a graft force
of 85 = 38 N.

Biomechanical Response to External Rotation Torque

When subjected to a 5-N-m external rotation torque, the
PCL sectioned state had significantly more external rota-
tion compared with the intact state for all tested flexion
angles greater than 60° of flexion (P < .05; P = .145 for
60° of flexion). No significant differences existed among
the 3 graft fixation angles (Table 2). All 3 fixation angles
had significantly more external rotation than did the intact
state at flexion angles >75° (P < .05), but none were signif-
icantly different from the sectioned state. Compared with
the intact state, the 75° 90°, and 105° fixation angles
had significant increases in rotation of 1.9° = 1.8° (P <
.03), 2.0° + 1.8° (P < .03), and 1.8° * 1.6° (P < .02), respec-
tively, at 90° of flexion.

Graft forces measured during an applied external rota-
tion torque demonstrated no significant differences among
graft fixation angles. The magnitude of the measured graft
force increased as flexion angle increased for all 3 fixation
angles. The maximum graft forces were observed at 120° of
flexion, at which the observed forces were 115 + 44, 109 =
34, and 99 + 37 N for fixation angles of 75°, 90°, and 105°,
respectively. Notably, measured graft forces at 120° of flex-
ion were approximately double the observed forces at 60° of
flexion.

Biomechanical Response to Valgus Rotation Torque

After PCL sectioning, there were significant increases in
valgus rotation at 60°, 75°, and 90° of flexion (P < .05). No
significant differences in valgus rotation existed among
the 3 graft fixation angles (Table 3). Each of the 3 graft fix-
ation angles had significantly less valgus rotation than did
the sectioned state at 90° of flexion (P < .05). No differences
existed between the fixation angles and the intact state.
Graft forces measured during an applied valgus rotation
torque demonstrated no significant differences among
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TABLE 2
SB Tibial Rotation and Graft Forces During Applied 5-N-m Internal and External Torques

Internal Rotation

Change in Internal Rotation From Intact, deg

Graft Forces, N

Internal Rotation, deg

SB PCLR

SB PCLR

Flexion Intact Sectioned Fixed at 75° Fixed at 90° Fixed at 105° Fixed at 75° Fixed at 90° Fixed at 105°
Angle, deg n=9) n=9) n=9) n=9) n=9) n=9) n=9) n=9)
60 19.2 + 10.2 2.6 +2.1° 1.5+ 1.3° 1.5 + 1.6° 1.4 + 1.5° 55 + 36 53 * 40 47 + 35
75 18.2 + 9.3 3.2 + 15° 1.6 = 1.0°¢ 1.6 * 1.1°¢ 1.4 + 0.85¢ 77 + 35 73 * 41 66 = 37
90 179 + 9.1 43+ 1.7° 1.8 + 1.25¢ 1.9 + 1.3%¢ 1.9 + 1.25¢ 82 + 33 80 + 39 68 + 39
105 18.0 = 9.1 47 + 1.5° 2.4 = 15%¢ 2.3 = 1.6%¢ 2.3 = 1.4%¢ 93 + 32 90 * 39 85 + 38
120 18.9 + 9.2 4.7 = 2.0° 2.4 + 1.5%¢ 2.4 + 1.7%¢ 2.3 = 1.5%¢ 94 + 27 90 + 25 83 + 33
External Rotation
Change in External Rotation From Intact, deg Graft Forces, N
External Rotation, deg SB PCLR SB PCLR
Flexion Intact Sectioned Fixed at 75° Fixed at 90° Fixed at 105° Fixed at 75° Fixed at 90° Fixed at 105°
Angle, deg n=9) n=9) n=9) (n=9) n=9) (n=9) n=9) (n=9)
60 18.8 + 10.8 45+ 6.6 3.8+ 6.6 3.8 * 6.8 3.7+ 6.7 55 + 38 55 + 48 48 + 45
75 20.7 + 8.7 2.6 + 2.4° 19+ 21 2.0 =23 1.8 + 1.6° 78 + 36 74 + 48 66 + 49
90 21.5 + 8.3 2.4 + 2.9° 1.9 + 1.8° 2.0 + 1.8 1.8 + 1.6° 91 + 43 89 + 46 79 + 51
105 22.0 + 8.1 2.7 + 1.8° 1.9 = 1.3° 2.0 + 1.3° 1.8 = 1.2° 107 + 39 106 *+ 39 92 + 51
120 21.8 + 7.8 2.3+ 1.9° 1.3 + 1.3° 1.4+ 1.1° 1.3 = 1.4° 115 * 44 109 + 34 99 + 37

“Data are expressed as mean = SD. PCLR, posterior cruciate ligament reconstruction; SB, single-bundle.

bSignificant difference (P < .05) from intact state.

“Significant difference (P < .05) from posterior cruciate ligament sectioned state.

TABLE 3
SB Tibial Rotation and Graft Forces During an Applied 10-N-m Valgus Torque

Change in Valgus Rotation From Intact, deg

Graft Forces, N

Valgus Rotation, deg SB PCLR SB PCLR
Flexion Intact Sectioned Fixed at 75° Fixed at 90° Fixed at 105° Fixed at 75° Fixed at 90° Fixed at 105°
Angle, deg n=9) n=9) n=9) n=9) n=9) n=9) n=9) n=9)
60 4.7 + 2.4 1.1 + 1.0° 0.5+ 1.0 0.5 + 1.0 0.4 +09 43 + 21 43 = 27 38 + 25
75 44 + 2.1 1.3 = 1.1° 0.2 + 0.5° 0.4 + 0.7 0.3 + 0.6 57 + 27 55 + 28 49 + 30
90 4.7 + 2.2 1.5 = 1.2° 0.1 + 0.6° 0.1 + 0.5° 0.2 = 0.5° 62 + 25 61 + 28 53 + 32
105 6.0 + 3.2 0.3 + 2.0 0.4+ 18 —-0.4+16 02+ 15 77 + 30 76 + 31 66 + 35
120 7.0 = 3.8 0.8 +2.0 -0.6 =24 -0.5 =21 0.2 = 0.7 94 + 52 85 + 41 72 + 35

“Data are expressed as mean = SD. PCLR, posterior cruciate ligament reconstruction; SB, single-bundle.

bSignificant difference (P < .05) from intact state.

“Significant difference (P < .05) from posterior cruciate ligament sectioned state.

fixation angles. For flexion angles >60°, graft forces for
graft fixation at 75° were consistently greater than forces
for graft fixation at 90°, which were greater than forces
for graft fixation at 105°, although these differences were
not significant. The magnitude of the measured graft force
increased as flexion angle increased for all 3 fixation
angles, and the maximum graft forces were observed at
120° of flexion, at which the observed forces were 94 =
52, 85 * 41, and 72 = 35 N for fixation angles of 75°,
90°, and 105°, respectively.

DISCUSSION

The results of this study demonstrated that SB PCLR graft
fixation angles of 75° to 105° significantly reduced poste-
rior tibial translation compared with the PCL sectioned
state without overconstraining the knee or causing signif-
icant changes in graft loading throughout the full range of
tested flexion angles. Additionally, there were no significant
kinematic differences among the 3 different SB PCL graft
fixation angles for posterior translation, internal rotation,
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external rotation, or valgus rotation. Although the SB PCLR
graft fixation angles were effective in significantly reducing
the sectioned state’s posterior translation and internal rota-
tion, significant increases in posterior translation, internal
rotation, and external rotation compared with the intact
state demonstrated residual laxity despite investigation
into an optimized graft fixation angle. This observation is
in agreement with reported biomechanical and clinical lax-
ity remaining after SB PCLR.*20:37:38

Kinematic similarities among the tested graft fixation
angles in this study may be explained through anatomic
PCL bundle motion and interaction analyses. Ahmad
et al' and Papannagari et al®® both reported that the
native ALB remains nearly constant in length between
90° and 120° of flexion. In the present study, the measured
graft forces and translations during an applied posterior
tibial load were similar between 75° and 120° of flexion
for all fixation angles. Constant ALB length throughout
this range of motion may impart similar kinematics and
result in similar transmission of forces through the graft
for all graft fixation angles in this range.

Similar to the kinematic response, the forces within the
SB PCLR graft during the simulated clinical examinations
did not vary significantly across the 3 fixation angles.
Although there were no significant differences in the amount
of graft load, we believe that there may potentially be some
clinical relevance to the higher measured loads that resulted
from the 75° fixation angle. Thus, in light of there being no
difference in the joint kinematics among the 3 tested graft
fixation angles, we recommend future studies examine
whether preferentially fixing SB PCLRs at 90° or 105°,
rather than at 75°, may minimize the risk for graft overload.

The graft forces observed in this study were higher than
those in previously reported PCL graft force investiga-
tions.'>1* Harner et al'* reported calculated in situ forces
ranging from 24 to 117 N throughout 0° to 120° of flexion
for an applied posterior tibial load of 134 N in an SB
PCLR knee with the graft fixed at 90°. In contrast, we
report directly measured graft forces ranging from 73 to
155 N throughout 0° to 120° of flexion for a 134-N applied
posterior tibial load in an SB PCLR knee similarly fixed at
90°. This disparity may be attributed to differences in force
data acquisition methods. In another study, Markolf et al%®
reported decreased graft forces measured at the tibial graft
end compared with the femoral end and attributed this
finding to frictional losses incurred by the patellar tendon
graft as it wrapped around the tibial corner. Additional
studies using a femoral force acquisition methodology
reported loads in a similar range; however, it is important
to distinguish that this methodology prevents the collec-
tion of independent graft forces, which was required for
part 2 of this study.?? Similar to the study by Harner
et al,'* our study found that graft force increases with
knee flexion angle, and both ranged a similar span of graft
forces with a range of 82 N (maximal force minus minimal
force) for the present study and 93 N for Harner et al.
Moreover, this study found that for every 1° increase in
flexion angle, there was a 0.67-N increase in graft force.
Additionally, both the present study and that by Harner
et al reported that the minimum graft force was at 0° of

Graft Fixation Angles for Single-Bundle PCL 7

flexion during an applied posterior tibial load and the max-
imum graft force was at higher flexion angles (90° for
Harner et al and 105° for the present study). Despite the
difference in graft force values between Harner et al’s
and our studies, comparable trends were observed for the
relationship of graft force versus flexion angle.

We acknowledge limitations to this study. Inherent to
a time-zero cadaveric study, the results of this study do
not reflect biological healing or graft incorporation effects
on reconstruction graft performance. We did not intend to
simulate long-term stability that would be observed after
thousands of cycles or replicate stability produced by the
knee musculature. Also, the application of multiple loading
conditions at each flexion angle may have introduced laxity
into the surrounding soft tissues structures. This effect was
limited by randomizing the order of graft fixation angles
and knee flexion angles during testing. The results of this
study may apply only to SB PCLRs. Additionally, the meas-
urements of graft forces at the tibial tunnel could result in
measurements that do not precisely match the graft forces
seen intra-articularly, because of the geometry of the knee
and the tibial corner. Previous work?® using an isometric
patellar tendon graft with 2 bone plugs described a loss of
force intra-articularly compared with forces at the tibial
tunnel; the consistency of this force reduction suggests
that increases or decreases in graft force at the tibial tunnel
can be used as a surrogate for changes observed intra-
articularly due to changes in graft fixation method. Finally,
only fixation angles within the most clinically reported
range were tested. As seen in Harner et al,'* investigation
of fixation at clinically irrelevant angles, such as full exten-
sion, demonstrated rather significant adverse effects, and
investigation of such angles may have better emphasized
the importance of remaining within the reported range of
fixation angles to prevent adverse outcomes.

CONCLUSION

We found that graft fixation angles for SB PCLRs within
the clinically reported range of 75° to 105° were successful
in significantly improving knee kinematics compared with
the sectioned state. However, persistent laxity remained
compared with the intact state during posterior tibial load-
ing at all flexion angles, internal rotation at flexion angles
>60°, and external rotation >75° of flexion. SB graft fixa-
tion at 75°, 90°, and 105° reduced knee laxity to relatively
the same degree, with no significant differences in kine-
matics among the 3 groups.
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