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Background: An appropriate tunnel position, tunnel angle, and tunnel-graft angle are important factors for maintaining the sta-
bility and mechanical properties of a posterior cruciate ligament (PCL) graft.

Purpose: To evaluate the association between tunnel position, tunnel angle, graft signal intensity ratio (SIR), and graft thickness
after remnant-preserving PCL reconstruction.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Included were patients who had undergone remnant-preserving single-bundle PCL reconstruction using a tibialis ante-
rior allograft between March 2014 and September 2020 and who had minimum 12-month postoperative magnetic resonance
imaging scans. Tunnel position and angle were evaluated via 3-dimensional computed tomography, and their association with
graft SIR on both the femoral and the tibial sides was determined. Graft thickness and SIR at 3 areas of the graft were evaluated
and compared, and their association with tunnel-graft angle was also determined.

Results: Overall, 50 knees (50 patients; 43 male, 7 female) were included. The mean time to postoperative magnetic resonance
imaging was 25.8 = 15.8 months. The mean SIR of the graft’s midportion was higher compared with that of the proximal and
distal portions (P = .028 and P < .001, respectively), and the SIR of the proximal portion was higher compared with that of
the distal portion (P = .002). The femoral tunnel-graft angle was more acute than the tibial tunnel-graft angle (P = .004). A
more anteriorly and distally located femoral tunnel led to a less acute femoral tunnel-graft angle (P = .005) and a decreased
SIR of the proximal portion (P = .040), and a more laterally located tibial tunnel was associated with a less acute tibial tunnel-graft
angle (P = .024) and a reduced SIR of the distal portion (P = .044). The mean thicknesses of the graft’s midportion and distal por-
tion were larger than that of the proximal portion (P < .001). The SIR of the graft’s midportion was positively correlated with its
thickness (r = 0.321; P = .023).

Conclusion: The SIR of the proximal portion of the graft around the femoral tunnel was higher than that of the distal portion
around the tibial tunnel. An anteriorly and distally positioned femoral tunnel and a laterally positioned tibial tunnel resulted in
less acute tunnel-graft angles that were associated with decreased signal intensity.
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Most studies on posterior cruciate ligament (PCL) recon- to improve stability and clinical outcomes and to overcome
struction (PCLR) have reported concerns such as residual these inferior outcomes.?*” The proper placement of the
laxity and lower activity levels than before the tibial tunnel is also important because its location can
injury.1*232° Proper tunnel positioning has been proposed directly affect stability.”

An acute angle between a PCL graft and a tunnel may
result in increased shear stress, internal graft pressure,
The Orthopaedic Journal of Sports Medicine, 11(7), 23259671231168893 and early graft failure.® In comparison with anterior cruci-
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turns when it exits the tibial and femoral tunnels.'* This
acute angle of the graft at the tunnel exit, called the “killer
turn,” is considered a possible cause of PCL graft
failure.”®%°

As a noninvasive tool, magnetic resonance imaging
(MRI) plays a crucial role in evaluating reconstructed
grafts and monitoring the graft status after cruciate liga-
ment reconstruction.®?? Graft signal intensity has been
described as a critical marker of graft healing and matura-
tion.®> High signal intensity on MRI likely indicates
a decrease in the mechanical properties of a reconstructed
graft. 1720

Therefore, this study was performed to evaluate the
effect of tunnel position and angle on graft signal intensity
in remnant-preserving PCLR. We hypothesized that the
tunnel position and angle on the tibial side would affect
signal intensity to a greater extent than those on the fem-
oral side.

METHODS

Patient Selection

A total of 104 consecutive patients who underwent PCLR
from March 2014 to September 2020 were enrolled in
this retrospective study. All operative procedures were per-
formed by a senior surgeon (Y.S.L.) using the arthroscopic
transtibial PCLR approach. Patients who were diagnosed
with a PCL injury, underwent remnant-preserving PCLR
or combined PCL-posterolateral corner sling (PLCS)
reconstruction, and underwent MRI >1 year after surgery
were included. The exclusion criteria were as follows: (1)
peri-knee fracture or osteotomy (11 cases), (2) anterior cru-
ciate ligament reconstruction (12 cases), (3) revision PCLR
(5 cases), and (4) no postoperative MRI (26 cases). Ulti-
mately, 50 patients were included in this retrospective
analysis (Figure 1). This study was approved by our insti-
tutional review board, and the requirements for informed
consent were waived, considering the retrospective study
design and the use of anonymized data.

Surgical Technique

A routine arthroscopic examination was performed using
standard anteromedial and anterolateral portals. Postero-
medial and posterolateral portals were also established
for observation of and approach to the posterior compart-
ment. The posteromedial and posterolateral compartments
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Remnant-preserving PCLR
From March 2014 to September 2020

104 patients

28 patients were excluded:
Combined peri-knee fracture or osteotomy (11)
Combined ACLR (12)

Revision PCLR (5)

26 patients were excluded:

No follow-up MRI at least 1 year
after surgery

50 patients included for analysis:
Isolated PCLR (26)

Combined PCL-posterolateral
corner sling reconstruction (24)

Figure 1. Flowchart of patient enroliment. ACLR, anterior
cruciate ligament reconstruction; MRI, magnetic resonance
imaging; PCL, posterior cruciate ligament; PCLR, PCL
reconstruction.

were connected through a trans-septal portal. A 1-cm lon-
gitudinal skin incision was made medial to the tibial tuber-
osity, and a guide sleeve was inserted. A drill guide
(RetroConstruction Drill Guide Set; Arthrex) was oriented
at 50° to the tibia and inserted via the anteromedial portal.
The PCL fovea landmark technique was used with the
trans-septal portal, and retrograde reaming was performed
using a FlipCutter drill (Arthrex). For the femoral tunnel,
an arthroscope was introduced from the anterolateral por-
tal, and a PCL femoral guide (RetroConstruction Drill
Guide Set) was introduced through the anteromedial por-
tal. It was placed at the site of the PCL remnant on the
medial femoral condyle, and a longitudinal skin incision
was made along the medial border of the vastus medialis
muscle at the level of the patella’s superior pole. After
soft tissue was dissected, the entrance to the tunnel was
marked on the medial femoral cortex without removing
the remnant PCL. The tip was positioned 5 or 6 mm prox-
imal to the distal border of the articular cartilage of the
medial femoral condyle, which was at the 1-o0’clock position
in the right knee and at the 11-0’clock position in the left
knee. Outside-in femoral drilling was performed. For the
graft material, a looped tibialis anterior tendon was used
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Right knee:

Figure 2. (A) Preparation of a tibialis anterior tendon allograft
for posterior cruciate ligament (PCL) reconstruction. (B) As
viewed from the anterolateral portal in a right knee, the fem-
oral graft (asterisk) is located inside remnant PCL tissue. (C)
As viewed from the posteromedial portal in a right knee, the
tibial graft (asterisk) is positioned over remnant PCL tissue.

as an allograft (9- or 10-mm diameter). The looped end of
the graft was passed through the femoral tunnel, advanced
through the space between the remnant PCL and medial
femoral condyle, and then passed into the tibial socket pos-
terior to the remnant PCL (Figure 2).

After passing the graft, tibial suspensory fixation was
performed using TightRope RT (Arthrex). The graft was
tensioned manually on the femoral side. As tension was
being applied to the graft, the knee was positioned at 90°
of flexion. Then, the graft was fixed on the femoral side
with an interference screw (BioComposite screw; Arthrex),
and post-tie augmentation was performed using a spiked
washer and screw.

Evaluation of Tunnel Position and Angle Via Computed
Tomography

Femoral and tibial tunnel positions were analyzed using 3-
dimensional (3D) computed tomography (CT) (SOMATOM
Definition [Siemens] or MX8000, Brilliance 64, or Brilliance
iCT [Philips]). The CT protocol involved a tube voltage of 120
kV, tube current of 200 mAs, slice thickness of 3 mm, and
standard resolution. 3D CT was conducted on the day after
surgery. Using INFINITT software (Version 5.0.9.2; INFIN-
ITT), 2 orthopaedic fellows not involved in the surgical proce-
dures (S.Y.P. and H.S.N.) made measurements at 2 separate
time points, 6 weeks apart. Coronal reconstructions were
performed parallel to the line joining the posterior femoral
condyle, whereas sagittal reconstructions were conducted
parallel to the lateral femoral condyle. Then, 3D surface mod-
els were produced using Somaris/7 syngo CT 2008G (syngo
CT Workplace version VA20A; Siemens).

The quadrant method was used to localize the position
of the femoral tunnel.® The femoral tunnel position was
evaluated on the lateral wall of the medial femoral condyle
via 3D CT. A rectangular frame was applied to the 3D CT
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image of the medial femoral condyle by placing the supe-
rior border at the intercondylar notch roof (Figure 3A).
The x-axis was aligned along the Blumensaat line. The
inferior border of this rectangle was a line tangential to
the distal subchondral bone contour of the condyle. The
y-axis was perpendicular to the x-axis. The location of the
femoral tunnel was expressed as a percentage from the
center of the tunnel to the deepest subchondral bone con-
tour (x-axis) and the intercondylar notch roof (y-axis). An
increase in the x-axis meant that the femoral tunnel was
located more distally and anteriorly, and an increase in
the y-axis meant that the femoral tunnel was located
more distally and posteriorly.

The tibial tunnel position was evaluated using 2 param-
eters'®: (1) S/TS, where “S” is the sagittal tibial tunnel dis-
tance (measured from the center of the tibial tunnel
aperture to the posterior edge of the PCL fovea) and “TS”
is the total sagittal distance (measured from the posterior
border of the tibial spine to the posterior edge of the PCL
fovea) (Figure 3, B and C), and (2) C/TC, where “C” is
the coronal tibial tunnel distance (measured from the cen-
ter of the tibial tunnel aperture to the medial edge of the
PCL fovea) and “TC” is the total coronal distance (mea-
sured along the coronal dimension of the PCL fovea from
medial to lateral) (Figure 3, D and E).

Subsequently, digital imaging and communications in
medicine data were extracted from the INFINITT picture
archiving and communication system and imported into
OsiriX (Version 3.8; http:/www.osirix-viewer.com). The
imported MRI base image was transformed into an arbi-
trary plane aligned with the tunnel direction using a 3D
multiplanar reconstruction tool. The femoral coronal angle
was measured from the oblique coronal plane that was
accurately realigned parallel to the femoral tunnel axis
supported by sagittal imaging. The femoral coronal angle
consisted of a line connecting the knee joint line and the
axis of the tunnel in the oblique coronal plane (Figure
4A). The femoral sagittal angle was measured from the
oblique sagittal plane that was accurately realigned paral-
lel to the femoral tunnel axis supported by axial imaging.
The femoral sagittal angle consisted of a line perpendicular
to the femoral axis and the axis of the femoral tunnel in the
oblique sagittal plane (Figure 4B).

The tibial coronal angle was measured from the oblique
coronal plane that was accurately realigned parallel to the
tibial tunnel axis supported by sagittal imaging. The tibial
coronal angle consisted of a line connecting the tibial pla-
teau and the axis of the tunnel (Figure 5A). The tibial sag-
ittal angle was measured from the oblique sagittal plane
that was accurately realigned parallel to the tibial tunnel
axis supported by axial imaging. The tibial sagittal angle
consisted of a line perpendicular to the tibial axis and
the axis of the tunnel (Figure 5B).

Evaluation of Signal Intensity, Graft Angle, and Graft
Thickness Via MRI

Postoperative MRI scans were obtained using a 3.0-T mag-
netic resonance scanner (Achieva; Philips) with a dedicated
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anterior

posterior

Figure 3. (A) The total sagittal diameter of the medial femoral condyle was measured along the Blumensaat line, the height of the
intercondylar notch was measured from the Blumensaat line to a line tangent to the distal subchondral bone contour of the con-
dyle, and the location of the femoral tunnel was expressed as a percentage from the center of the tunnel (0%) to the deepest
subchondral bone contour (x-axis) and the intercondylar notch roof (y-axis). (B-D) The tibial tunnel position. The sagittal distance
was measured as the ratio of the (B) distance between the center of the tibial tunnel aperture and the posterior edge of the PCL
fovea (S) to the (C) distance between the posterior border of the tibial spine and the posterior edge of the posterior cruciate lig-
ament (PCL) fovea (TS). The coronal distance was measured as the ratio of the (D) distance between the center of the tibial tunnel
aperture and the medial edge of the PCL fovea (C) to the (E) distance between the lateral edge and the medial edge of the PCL
fovea (TC).

Figure 4. (A) The femoral coronal angle consisted of a line connecting the knee joint line and the axis of the tunnel in the oblique
coronal plane. (B) The femoral sagittal angle consisted of a line perpendicular to the femoral axis and the axis of the femoral tunnel
in the oblique sagittal plane.

knee coil. MRI was performed in the standardized position, in a supine position. The MRI protocol included coronal,
with the affected knee fixed with an immobilizing device sagittal, and axial sequences. Each sequence included
and the lower limb fully extended and neutrally rotated T1-, T2-, and proton density—weighted images with or
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Figure 5. (A) The tibial coronal angle consisted of a line connecting the tibial plateau and the axis of the tunnel in the oblique
coronal plane. (B) The tibial sagittal angle consisted of a line perpendicular to the tibial axis and the axis of the tunnel in the oblique

sagittal plane.
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Figure 6. Signal intensity was measured in 7 regions of inter-
est with 0.05-cm? markings (white circles) on the sagittal
image: (1) femoral aperture (FA), (2) middle of the proximal
graft (MP), (3) distal to the proximal graft (DP), (4) proximal
to the distal graft (PD), (5) middle of the distal graft (MD),
(6) tibial aperture (TA), and (7) quadriceps tendon at 1 cm
proximal to the patella (white dotted circle).

without fat suppression. The mean time to postoperative
MRI was 25.8 = 15.8 months.

Signal intensity was evaluated by obtaining measure-
ments in 7 regions of interest with 0.05-cm? circular mark-
ings on the sagittal image: (1) femoral aperture (FA), (2)
middle of the proximal graft (MP), (3) distal to the proxi-
mal graft (DP), (4) proximal to the distal graft (PD), (5)
middle of the distal graft (MD), (6) tibial aperture (TA),

and (7) quadriceps tendon at 1 cm proximal to the patella
(Figure 6).

The signal intensity ratio (SIR) was calculated for each
graft region by using the following formula to quantify
the normalized signal intensity of the PCL graft: SIR =
Sig.;nalpcl/Sig_;nalquadrim,s.18’19’26 Quadriceps signal meas-
urements were made at 1 cm from the base of the patella,
which was arbitrarily determined to normalization. Graft
thickness was measured by the length of a line perpendic-
ular to the direction of each graft at FA, MP, DP, PD, MD,
and TA. The variables of SIR and graft thickness were sim-
plified to the mean values of the 2 points for the proximal
portion, midportion, and distal portion of the graft. The
proximal portion was defined as the mean value of FA
and MP, the midportion of the graft was defined as the
mean value of DP and PD, and the distal portion was
defined as the mean value of MD and TA.

The tunnel-graft angles were measured from the obli-
que sagittal plane that were realigned parallel to the fem-
oral and tibial tunnel directions, and the centers of the
extra- and intra-articular apertures of the femoral and tib-
ial tunnels were shown using OsiriX: (1) the femoral
tunnel-graft angle (A-Proximal) between the central axis
of the femoral tunnel and the proximal portion of the graft
and (2) the tibial tunnel-graft angle (A-Distal) between the
central axis of the tibial tunnel and the distal portion of the
graft (Figure 7).228

Clinical and Stability Evaluations

For the clinical evaluation, the subjective and objective
scores of the International Knee Documentation Commit-
tee (IKDC) and the Lysholm score were obtained preoper-
atively and postoperatively. For the stability evaluation,
the side-to-side difference was examined using Telos stress
radiography (Telos) with the knee at 90° of flexion and
exposed to 150-N posterior stress. From the reference
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Figure 7. The femoral tunnel-graft angle (A--Proximal) con-
sisted of a line between the central axis of the femoral tunnel
and the axis of the proximal portion in the oblique sagittal
plane, and the tibial tunnel-graft angle (A«-Distal) consisted
of a line between the central axis of the tibial tunnel and the
axis of the distal portion in the oblique sagittal plane.

line on the medial tibial plateau, perpendicular lines were
drawn tangentially to the midpoint between the posterior
contour of the medial and lateral femoral condyles and tib-
ial condyles. The distance between these 2 points was then
measured (middle-middle method).®

Statistical Analysis

Data were statistically analyzed using the SPSS statistical
package (Version 25.0; IBM) and described as the mean +
SD for continuous variables. The paired ¢ test and Wil-
coxon signed-rank test were used to compare the clinical
and stability outcomes preoperatively and postopera-
tively. The Kolmogorov-Smirnov test was used to confirm
the normality of distributions for all continuous variables.
Differences in categorical and continuous variables were
examined using the Pearson chi-square test and Student
t test, respectively. Correlation analysis was performed
to evaluate the relationship between the clinical out-
comes, stability outcomes, and SIR of the graft. Univari-
ate regression analysis and multivariate stepwise
regression analysis were conducted to further assess the
independent correlated factors of the mean SIRs of the
proximal portion, distal portion, and whole graft. Statisti-
cally significant variables from univariate analysis were
used in multivariate stepwise regression analysis. The
interobserver and intraobserver reliabilities of the meas-
urements were analyzed using the intraclass correlation
coefficient. Data with P < .05 were considered statisti-
cally significant.
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TABLE 1
Tunnel and Graft Characteristics as Well as Clinical
and Stability Outcomes®

Value
CT Evaluation
Tunnel position, %
Femur
x-axis quadrant 68.6 = 10.7
y-axis quadrant 12.3 £ 5.6
Tibia
S/TS 50.1 = 18.1
C/TC 54.3 + 13.6
Tunnel angle, deg
Femoral coronal angle 43.7 = 10.1
Femoral sagittal angle 35.6 = 3.8
Tibial coronal angle 75.3 = 17.0
Tibial sagittal angle 475 = 3.7
MRI Evaluation
Tunnel-graft angle, deg
ArProximal 141.8 = 109
A¢-Distal 147.6 + 8.7
Graft thickness, mm
Proximal portion 6.8 = 1.5
Midportion 89+ 14
Distal portion 8.6 = 1.1
Clinical and Stability Outcomes
Preoperative  Postoperative P
Side-to-side difference, mm 13.1 = 1.7 3.6 = 0.7 <.001
IKDC subjective score 39.5 = 11.3 85.2 = 10.6 <.001
IKDC objective score (A/B/C/D), n 0/0/24/26 16/34/0/0 <.001
Lysholm score 42.7 = 12.7 85.4 = 9.9 <.001

“Data are reported as mean = SD unless otherwise indicated. Ar-Proxi-
mal, femoral tunnel-proximal graft angle; A;-Distal, tibial tunnel-distal
graft angle; CT, computed tomography; C/TC, ratio between the coronal tib-
ial tunnel distance and the total coronal distance; IKDC, International
Knee Documentation Committee; MRI, magnetic resonance imaging;
S/TS, ratio between the sagittal tibial tunnel distance and the total sagittal
distance.

RESULTS

A total of 50 knees (50 patients; 43 male, 7 female) were
finally included in this study. They underwent PCLR (26
cases) and combined PCL-PLCS reconstruction (24 cases).
The mean age at the time of surgery was 36.4 = 12.5 years,
the mean follow-up period was 39.3 + 18.5 months, and the
mean time from injury to surgery was 14.7 = 25.0 months.
The intraclass correlation coefficients for intraobserver
and interobserver agreements ranged between 0.803 and
0.846 for the evaluation of the SIR, between 0.822 and
0.871 for the MRI evaluation, between 0.812 and 0.856
for the radiographic evaluation, and between 0.843 and
0.884 for the CT evaluation. Analysis of the 3 areas of
the graft revealed that the mean thicknesses of the graft’s
midportion and distal portion were significantly larger
than that of the proximal portion (P < .001). The IKDC
subjective and objective scores, Lysholm scores, and side-
to-side differences of all patients had significant postoper-
ative improvements. Tunnel factors, graft characteristics,
and clinical outcomes are summarized in Table 1.
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TABLE 2
Regression Analysis Between Signal Intensity Ratio and
Tunnel Characteristics of Proximal and Distal Portions®
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TABLE 3
Regression Analysis Between Signal Intensity Ratio
and Tunnel Characteristics of Whole Graft®

Univariate Analysis Multivariate Analysis

B P B P

Proximal Portion

Femur
Tunnel position
x-axis quadrant -0.439 .001 —0.166 .040
y-axis quadrant —0.285 .045
Tunnel angle
Femoral coronal angle  —0.303 .033
Femoral sagittal angle 0.167 NS
Tunnel-graft angle
Ag-Proximal —0.849 <.001 —0.792 <.001
Distal Portion
Tibia
Tunnel position
S/TS 0.133 NS
C/TC —-0.286 .044
Tunnel angle
Tibial coronal angle 0.019 NS
Tibial sagittal angle -0.075 NS
Tunnel-graft angle
A;-Distal -0.319 .024 -0.319 .024

“AqProximal, femoral tunnel-proximal graft angle; Ai-Distal, tibial tun-
nel-distal graft angle; C/TC, ratio between the coronal tibial tunnel distance
and the total coronal distance; NS, not significant; S/T'S, ratio between the
sagittal tibial tunnel distance and the total sagittal distance.

Signal Intensity of Grafts Via MRI

The mean SIR of the whole graft was 2.1 = 1.3. The mean
SIRs of the proximal portion, midportion, and distal por-
tion were 2.0 + 1.2, 2.8 = 2.0, and 1.1 * 0.8, respectively.
The mean SIR of the midportion was higher than that of
the proximal and distal portions (P = .028 and P < .001,
respectively). The SIR of the proximal portion was higher
than that of the distal portion (P = .002). There was no dif-
ference in the mean SIR of the proximal portion, midpor-
tion, distal portion, and whole graft between the isolated
PCLR and combined PCL-PLCS reconstruction groups.

For the correlation analysis, the SIR of the graft’s mid-
portion was positively associated with the thickness of the
midportion (r = 0.321; P = .023). The SIR of the graft was
not significantly associated with patient age, height,
weight, thickness of the other portions of the graft, or clin-
ical and stability outcomes.

Signal Intensity Versus Tunnel Position and Angle

Regression analysis of the SIR of the proximal and distal
portions with tunnel factors is summarized in Table 2.
For the proximal portion of the graft, univariate regression
analysis revealed that a more anteriorly and distally posi-
tioned femoral tunnel in the x-axis direction (B = —0.439;
P = .001) and a more posteriorly and distally positioned
femoral tunnel in the y-axis direction (3 = —0.285; P =
.045) were associated with a decreased SIR. A less acute

Univariate Analysis R? B P
Tunnel position
x-axis quadrant 0.8 -0.090 NS
y-axis quadrant 14.3 -0.378 .007
S/TS 0.2 0.043 NS
C/TC 5.4 —-0.232 NS
Tunnel angle
Femoral coronal angle 5.6 -0.237 NS
Femoral sagittal angle 0.7 0.084 NS
Tibial coronal angle 0.2 0.041 NS
Tibial sagittal angle 0.5 -0.071 NS
Tunnel-graft angle
AgProximal 44.6 —0.668 <.001
A-Distal 6.6 —0.257 NS
Graft thickness
Proximal portion 0.4 -0.062 NS
Midportion 11.5 0.339 .016
Distal portion 1.8 0.133 NS
Regression Standardized
Coefficient Regression
Multivariate Analysis (Standard Error) Coefficient P
AgProximal —0.079 (0.013) —0.668 <.001

“ArProximal, femoral tunnel-proximal graft angle; Ai-Distal, tibial tun-
nel-distal graft angle; C/TC, ratio between the coronal tibial tunnel dis-
tance and the total coronal distance; NS, not significant; S/T'S, ratio
between the sagittal tibial tunnel distance and the total sagittal distance.

femoral coronal angle (3 = —0.303; P = .033) and a less
acute ArProximal angle (3 = —0.849; P < .001) were also
associated with a decreased SIR. Multivariate regression
analysis indicated that a more anteriorly and distally posi-
tioned femoral tunnel in the x-axis direction (B = —0.166; P
=.040) and a less acute Ar-Proximal angle (3 = —0.792; P <
.001) were significant independent contributing factors of
a decreased SIR of the proximal portion.

For the distal portion of the graft, univariate regression
analysis revealed that a more laterally positioned tibial
tunnel (B = —0.286; P = .044) and a less acute Ai-Distal
angle (B = —0.319; P = .024) were associated with
a decreased SIR. Multivariate regression analysis indi-
cated that a less acute Ai-Distal angle (3 = —0.319; P =
.024) was a significant independent contributing factor of
a decreased SIR of the distal portion (Table 2).

For the whole graft, univariate regression analysis
showed that a more posteriorly and distally positioned femo-
ral tunnel in the y-axis direction (8 = —0.378; P =.007), a less
acute Ar-Proximal angle (8 = —0.668; P < .001), and a thinner
thickness of the graft’s midportion (3 = 0.339; P = .016) were
associated with a decreased SIR. Multivariate regression
analysis indicated that a less acute ArProximal angle (B =
—0.668; P < .001) was a significant independent contributing
factor of a decreased SIR of the whole graft (Table 3).

Relationship Between Tunnel-Graft Angle and Tunnel
Position and Angle

The association between graft angle and tunnel factors is
summarized in Table 4. The ArProximal angle was found
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TABLE 4
Regression Analysis Between Graft Angle
and Tunnel Factors®

Univariate Multivariate
Analysis Analysis
B P g p
AgProximal Angle
Femur
Tunnel position
x-axis quadrant 0.345 .014 0.373 .005
y-axis quadrant 0.339 .016 0.367 .006
Tunnel angle
Femoral coronal angle 0.320 .024
Femoral sagittal angle —0.070 NS
Ai-Distal Angle
Tibia
Tunnel position
S/TS -0.232 NS
C/TC 0.946 <.001 0946 <.001
Tunnel angle
Tibial coronal angle -0.234 NS
Tibial sagittal angle 0.060 NS

“ArProximal, femoral tunnel-proximal graft angle; A;-Distal,
tibial tunnel-distal graft angle; C/TC, ratio between the coronal
tibial tunnel distance and the total coronal distance; NS, not sig-
nificant; S/TS, ratio between the sagittal tibial tunnel distance
and the total sagittal distance.

to be smaller than the A-Distal angle, indicating that the
femoral tunnel-graft angle was more acute than the tibial
tunnel-graft angle (P = .004). Multivariate regression anal-
ysis showed that an anteriorly and distally positioned fem-
oral tunnel in the x-axis direction (8 = 0.373; P = .005) and
a posteriorly and distally positioned femoral tunnel in the
y-axis direction (B = 0.367; P = .006) were significant inde-
pendent contributing factors of a less acute AgProximal
angle. Multivariate regression analysis revealed that a later-
ally positioned tibial tunnel was the only significant inde-
pendent contributing factor of a less acute Ai-Distal angle
(B = 0.946; P < .001).

DISCUSSION

The principal findings of this study were as follows: (1) an
anteriorly and distally located femoral tunnel and a later-
ally located tibial tunnel formed a less acute tunnel-graft
angle that was associated with lower signal intensity; (2)
a less acute femoral tunnel-graft angle was an independent
contributing factor of lower signal intensity of the whole
graft; and (3) the SIR of the graft around the femoral tun-
nel was higher than that around the tibial tunnel. Our
study identified tunnel formation and assessed its associa-
tion with the SIR of the reconstructed PCL. The hypothesis
in this study was rejected.

The success of PCLR depends on the biological process
of graft healing, and tunnel position, tunnel angle, and
graft maturation can be considered important factors for
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this purpose. The SIR on MRI has been described to be
an important tool for assessing graft healing, and a low
SIR has been reported as indicating enhanced graft proper-
ties and biomechanical properties. Conversely, an
increased SIR is associated with poor graft maturity and
reruptures.’®?® Our study evaluated the relationship of
the SIR with tunnel position and angle. Femoral tunnel
position is regarded as an important factor of stability.?®
Markolf et al?! reported that a graft placed in the antero-
lateral bundle located at the anterior and distal portions
of the femoral footprint efficiently replicates PCL force pro-
files. On the contrary, a proximally positioned femoral tun-
nel widens the diameter of the widest site in the femoral
tunnel and creates a more acute graft angle.'? Our results
also showed similar results in terms of angle formation
between grafts and tunnels, and it was related to the SIR
of the graft.

Traditionally, the killer turn effect has been an impor-
tant concern in understanding the tibial tunnel. The rem-
nant preservation technique in PCLR is believed to
prevent the killer turn effect by the cushioning function
of remnant tissue.!®®! Our study showed that the killer
turn was similar between the femoral and tibial tunnels
and that, by altering the tibial tunnel position more later-
ally, a less acute tibial tunnel-graft angle was formed that
was associated with lower signal intensity of the graft. A
tibial tunnel in remnant-preserving PCLR should be
located in the lateral and distal portions of the remnant
PCL.*1¢ Generally, a PCL graft should pass from the ante-
rior side to the back side of the tibia. Afterward, it turns to
the femoral tunnel at the anteriorly distal wall of the
medial femoral condyle. If the tibial tunnel is positioned
laterally, the PCL graft goes around remnant tissue and
passes the medial border of the remnant PCL toward the
femoral tunnel. We did not directly assess the role of the
PCL remnant, but it was assumed that remnant tissue
might work as a soft tissue cushion that prevents an acute
angle, causing the killer turn effect described in previous
studies.®! Further prospective studies are needed to pro-
vide evidence for it.

An acute graft angle has been regarded as an important
factor of graft failure.® An acute tunnel-graft angle formed
by the interface between the tunnel entrance and the graft
may contribute to repetitive graft abrasion, increased
shear stress, and early graft failure.® In other words,
a low SIR can reflect good graft properties with an anteri-
orly and distally located femoral tunnel and a laterally
located tibial tunnel in which tunnel-graft angles are less
acute. These locations also correspond well with proper
locations for the biomechanical stability and prevention
of impingement with the medial femoral condyle. In addi-
tion, acute angle formation was more prominent on the
femoral side, which was contrary to our expectation that
the killer turn could be a crucial concern in transtibial
PCLR.

The graft was the thickest at the midportion. The graft
on the tibial side was also thick, but it did not significantly
affect the overall increase in signal intensity compared
with that on the middle or proximal femoral side.'® The
SIR of the graft’s midportion was significantly higher
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than that of the proximal and distal portions. The high SIR
of the midportion may be caused by revascularization and
ligamentization.?* We speculated that the high SIR of the
midportion might be attributed to the influence of the rem-
nant PCL that resulted in a heterogeneous SIR of the graft
and because of delayed maturation of the graft, given the
increased distance from the blood supply. In addition, the
midportion was thicker, and it was assumed that the rem-
nant and graft were not tightly intermingled in the midpor-
tion. On the contrary, the distal and proximal portions were
inserted into the tunnel, winding and compressing the rem-
nant tightly, and this might have caused the thinner thick-
ness in the proximal and distal portions that resulted in
a low signal of the graft.

Limitations

This study has several limitations. First, this study ana-
lyzed retrospective data from a single institution in which
26 patients were lost to follow-up, creating the possibility
of selection bias in the follow-up cohort. In addition, iso-
lated and combined PCLR procedures were mixed, with
equal proportions of isolated PCLR and combined PCL-
PLCS reconstruction. Second, the PCL graft was only mea-
sured in the extended knee position because MRI was per-
formed at this angle. If we considered the major role of the
anterolateral bundle that prevented posterior tibial trans-
lation at 90° of knee flexion, evaluations at this angle
would help to elucidate the changes in the graft-bending
angle according to the knee flexion angle. Third, a direct
assessment on the composition of the graft and remnant
was impossible, and it was only assumed that the graft
was thickest with higher signal intensity in the midpor-
tion. Fourth, clinical outcomes and tunnel and graft factors
were not statistically analyzed. The reconstructed PCL
was evaluated according to the area of the graft to identify
the difference in the inner portions of the graft. Therefore,
an overall comparison between patients was not the main
goal of our study. Fifth, no assessment was performed on
where the PCL injury occurred, which is likely to be
related to graft thickness. However, the cases were too het-
erogeneous in terms of chronicity, tear pattern, and rem-
nant status, and it was impossible to evaluate them
homogeneously. Finally, no standard method for measur-
ing the SIR of the PCL graft was available. Studies on
the SIR of a reconstructed graft in PCLR are lacking.
Therefore, the quadriceps tendon was chosen for tissue
normalization.

CONCLUSION

The increase in signal intensity of the proximal portion of
the graft around the femoral tunnel was greater than
that of the distal portion of the graft around the tibial tun-
nel. An anteriorly and distally positioned femoral tunnel
and a laterally positioned tibial tunnel resulted in a less
acute tunnel-graft angle that was associated with decreased
signal intensity.
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