RPN Open Access Library Journal

i 2025, Volume 12, e13623
B ISSN Online: 2333-9721
ISSN Print: 2333-9705

Signal Intensity Ratios and Anatomical Factors

as Indicators of Anterior Cruciate Ligament
Graft Healing: A 2-Year MRI Study

Erasme Ngendakumana!?, Abdoul Rachid Mahaman Mallam?!, Mengdong Wang!, Ulrich Mizero?,
Jean Claude Nduwayezus3, Siyu Chen?, Xiaozhuan Wang}, Dionys Nsanzabagenzi4, Quan Zhou!*

'Department of Medical Image, Third Affiliated Hospital of Southern Medical University (Academy of Orthopedics, Guangdong

Province), Guangzhou Guangdong

“Department of Orthopedic Surgery, Nanfang Hospital of Southern Medical University, Guangzhou Guangdong

*Department of Radiology, Zhujiang Hospital of Southern Medical University, Guangzhou, Guangdong

‘Department of Nephrology, Zhujiang Hospital of Southern Medical University, Guangzhou, Guangdong

Email: *zhouquan3777@smu.edu.cn

How to cite this paper: Ngendakumana,
E., Mahaman Mallam, A.R., Wang, M.D.,
Mizero, U., Nduwayezu, J.C., Chen, S.Y.,
Wang, X.Z., Nsanzabagenzi, D. and Zhou,
Q. (2025) Signal Intensity Ratios and
Anatomical Factors as Indicators of
Anterior Cruciate Ligament Graft Healing:
A 2-Year MRI Study. Open Access Library
Journal, 12: e13623.
https://doi.org/10.4236/0alib.1113623

Received: May 18, 2025
Accepted: August 9, 2025
Published: August 12, 2025

Copyright © 2025 by author(s) and Open
Access Library Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Background: Prior studies have established that ACL graft healing is a pro-
longed process, which often lasts up to two years, with the MRI signal intensity
ratio (SIR) serving as a key indicator of graft maturity. However, the factors in-
fluencing delayed healing, particularly anatomical variation, remain poorly un-
derstood. Purpose: To analyze magnetic resonance imaging changes in graft heal-
ing 2 years after anterior cruciate ligament reconstruction and identify inde-
pendent factors associated with poor ACL graft healing. Study Design: Cross-
sectional study. Methods: A total of 54 patients who underwent ACL surgery
and had knee MRI examinations 2 years post-operation were included in the
study; graft healing was assessed via MRI signal intensity ratios (SIRs) by di-
viding the mean graft signal by the PCL signal. The ITK-SNAP software was
used to outline the boundaries of both the ACL graft and the fossa intercondy-
lar femur and calculate the area of each layer automatically. Univariate and
multivariate logistic regression models were created to evaluate independently
correlated factors. Results: The mean SIR in the femoral aperture was signifi-
cantly greater than that in the tibial aperture (3.70 + 1.05 vs 2.70 + 0.83, respec-
tively, P = 0.001). Univariate regression analysis revealed several factors signif-
icantly associated with the proximal graft SIR, including a small fossa intercon-
dylar femur (P = 0.001), a larger graft size (P = 0.033), and alarge LCAPD/PTAPD
ratio (P = 0.026). Multivariate regression analysis revealed two significant fac-
tors: the LCAPD/PTAPD ratio, which was associated with the proximal graft SIR
(P =0.009), and the femoral aperture graft SIR (P = 0.005), and the fossa inter-
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condylar femur, which was associated with both the proximal graft SIR (P =
0.011) and the femoral aperture graft SIR (P = 0.009). Conclusion: Most grafts
presented an increased signal intensity ratio, particularly in the femoral and prox-
imal regions. Additionally, a larger LCAPD/PTAPD ratio and a small fossa inter-
condylar femur were identified as independent factors associated with delayed
or poor graft healing.
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Clinical Research
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1. Introduction

The conventional treatment for a complete rupture of the anterior cruciate liga-
ment (ACL) is reconstruction of the torn ligament with an autograft or allograft
tendon [1] [2]. Anterior cruciate ligament reconstruction (ACLR) aims to restore
knee stability and normal knee function. This allows a safe return to activity and
reduces the risk of reinjury [3]. The long-term objective of anterior cruciate liga-
ment (ACL) reconstruction is to avoid subsequent osteoarthritis owing to insta-
bility [4]. However, the incidence of graft failure in this frequent surgical tech-
nique remains rather high, with some publications reporting failure rates of up to
13.3% [5].

Previous studies have reported different clinical and biological methods for as-
sessing the healing phase of an ACL graft at various stages. Different imaging mo-
dalities, arthroscopies, and biopsies have been utilized clinically to detect changes
in the tendon graft following ACL reconstruction. Magnetic resonance imaging
has previously been utilized in preclinical [6] and clinical [7] research to assess
ACL graft quality and related outcomes. In large animal studies, the combination
of ACL graft size (a measure of tissue quantity) and signal intensity (a measure
of tissue quality) assessed from specific MRI sequences was linked with the me-
chanical [6] [8] and histological qualities of the graft following ACL reconstruc-
tion [9].

Recently, interest in determining whether MRI can be used as a tool to detect
graft healing after anterior cruciate ligament reconstruction, and to guide prein-
jury activities and sports has increased. Therefore, the use of graft signal intensity
measurement methods in different regions of interest (ROIs) has increased. Signal
intensity ratios (SIRs) and signal-to-noise quotients (SNQs) are common ways to
express these measurements [3] [10]. SIR = ACL graft signal intensity/PCL signal
intensity. A decrease in SIR indicates reduced water content and theoretically bet-
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ter maturity and healing of the graft, and an increase in SIR for an ACL graft in-
dicates higher water content, and delayed or incomplete healing [11]. Some stud-
ies have demonstrated a high SIR in the proximal and femoral aperture regions due
to the different biological properties of these areas [10]. Some potential risk factors
that impact graft healing outcomes have been identified in previous studies, includ-
ing patient characteristics such as sex; anatomic features such as tibial slope and
femoral notch size; and operative details such as graft type, size orientation, and
fixation [12].

Despite advancements in technical procedures and the implementation of effec-
tive rehabilitation protocols for ACL reconstruction, there continues to be a lack of
consensus among studies regarding the specific MRI findings and the exact timeline
for individuals to safely return to their preinjury level of activity. The factors that
impact graft healing remain unidentified.

The purpose of this study was to analyze the magnetic resonance imaging changes
of graft healing 2 years after anterior cruciate ligament reconstruction and identify
independent factors associated with poor ACL graft healing.

2. Materials and Methods
2.1. Study Design

The study was a retrospective observational analysis with the approval of the eth-
ics committee of the Third Affiliated Hospital of Southern Medical University. The
participant’s data and information were anonymized and identified before analy-

sis; therefore, no written informed consent was presented.

2.2. Population Study

| ACLR patients with 2-years MRI scan n=65 |

I
v v

59 patients History ok knee surgery/multiple ligament injuries
(0=6)
poor MRI quality/
] incomplete data (n=5)
—> 54 patients

Figure 1. Patient recruitment flow diagram: anterior cruciate ligament reconstruction (ACLR)
and magnetic resonance imaging (MRI).

The MR images of patients who underwent knee joint MRI scans for two years after
surgery between January 2017 and December 2020 were obtained from the picture
archiving and communication system (PACS) at Southern Medical University’s
Third Affiliated Hospital. This query was performed by a radiologist with years of
clinical experience and diagnostic imaging skills. All subjects’ DICOM MR vol-
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umes were acquired via axial proton density-weighted spectral attenuated inver-
sion recovery (PDW-SPAIR) sequences. Initially, 65 individuals of various ages
were collected. Patients with a history of knee surgery were excluded to prevent
confounding factors that could obscure the findings. Individuals with multiple-lig-
ament injuries, incomplete data, or poor MRI image quality were also excluded.
Finally, 54 individuals who fulfilled the inclusion and exclusion criteria were enrolled

in this study (see Figure 1).

2.3. Surgical Technique

All patients underwent anterior cruciate ligament reconstruction using a hamstring
autograft. The ACL remnant was removed via a 4 cm longitudinal incision medial
to the tibial tubercle. The gracilis and semitendinosus tendons were combined to
form a 4-strand graft, measured for optimal diameter (6.5 - 8.0 mm), and secured
with an Endobutton. Femoral tunnels were drilled at the 10:30 position on the me-
dial side of the lateral femoral condyle with dimensions of either 4.5 mm x 8 mm +
®9.0 mm x 26 mm or 4.5 mm x 8 mm + ®8.0 mm X 28 mm, at angles between 30°
and 60° relative to the femur. Tibial tunnels were created with diameters of 9.0 mm
or 8.0 mm at angles between 45° and 60° relative to the tibial. The graft was intro-
duced through the tibial tunnel and tensioned by flexing and extending the knee
20 times, then fixed at the tibial end using a Biosure HA polylactic acid hydroxyap-

atite screw (9 mm X 30 mm or 8 mm X 30 mm).

2.4. Image Acquisition Protocol

A 3T MRI examination was performed at 2 years post-surgery of age via a dedicated
unit (Magnetom Skyra, equipped with an 8-channel phased-array knee coil for both
transmission and reception; Siemens AG Healthcare). The protocol included vol-
umetric and nearly isotropic (0.5 mm X 0.5 mm x 0.65 mm) turbo spin echo se-
quences, which allowed for multiplanar reconstructions both parallel to the graft and
perpendicular to the tunnel apertures [13]. An MRI scan was used as a surrogate
to assess graft healing and integration. High-resolution 3-T MRI signal intensity
ratios (SIRs), defined as the mean graft signal divided by the PCL signal [14], were
estimated at regions of interest (ROIs) via oblique reconstructions parallel and per-
pendicular to the graft and tunnel apertures. The intra-articular graft was assessed
via a sagittal oblique reconstructed image aligned parallel to the graft and three
equal-spaced ROIs (proximal, middle, and distal), as reported in prior studies [15]
[16]. A standardized 4 mm diameter circle was drawn around each area of interest
(ROI), and the imaging software automatically calculated the average MRI signal
intensity [17] [18].

The distal graft region of interest (ROI) was positioned directly proximal to the
tibial aperture, with its distal border aligned with the tibial joint surface. The mid-
dle graft ROI was positioned so that its center was at the level of the anterior-distal

intercondylar notch. The proximal graft ROI was placed next to the femoral ap-
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erture, keeping the same distance as the distal and middle ROIs. The posterior
cruciate ligament (PCL) signal was captured from an ROI near its base, which was
centrally positioned relative to the broad distal connection on the tibia (Figure
2(a)).

The femoral and tibial aperture areas, as well as the graft signal intensity ratio
(SIR), were measured with reconstructed images taken perpendicular to each aper-
ture. The first slice with the tunnel walls entirely visible circumferentially was cho-
sen for analysis. To determine the graft SIR, a circular region of interest (ROI) was
defined throughout the tunnel. Furthermore, the area of this circle was used to esti-
mate the tunnel area, and any tunnel widening was assessed by comparing this meas-

urement to the tunnel size acquired during surgery (Figure 2(b)).

(b)

Figure 2. (a) Final reconstruction to position regions of interest (ROIs) for the intra-artic-
ular graft. The image is parallel to the center of the graft. To determine the signal intensity
ratio, 3 circular ROIs were positioned along the graft and at the root of the posterior cru-
ciate ligament central to its broad tibial attachment. (b) Circular region of interest (ROI)
for measuring the aperture area.

For notch volume measurement, all patients were scanned in the supine posi-
tion using either a 1.5 T Achieva or a 3.0 T Ingenia MRI scanner, equipped with
an eight-channel knee coil (Philips Healthcare, Best, Netherlands). The imag-
ing parameters for the axial PDW-SPAIR sequence were as follows: field-of-view
(FOV) =160 mm x 160 mm x 92 mm, echo time (TE) = 30 ms, repetition time
(TR) = 3000 ms, slice thickness = 4 mm, and flip angle = 90°. The imaging param-
eters for the axFor notch volume measurement, all patients were scanned in the
supine position using either a 1.5 T Achieva or a 3.0 T Ingenia MRI scanner,
equipped with an eight-channel knee coil (Philips Healthcare, Best, Netherlands).
The imaging parameters for the axial PDW-SPAIR sequence were as follows: field-
of-view (FOV) = 160 mm x 160 mm X 92 mm, echo time (TE) = 30 ms, repetition
time (TR) = 3000 ms, slice thickness = 4 mm, and flip angle = 90°. The imaging
parameters for the axial T,-weighted SPAIR sequence were FOV = 160 mm x 160
mm x 105 mm, TE = 65 ms, TR = 2768 ms, slice thickness = 4 mm, and flip angle =
90°. The axial slices (thickness of 4.0 mm and slice gap of 0.4 mm) were chosen to

capture the femoral notch edges continuously, enabling the calculation of its vol-
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ume. This approach was adapted from the methodology described by Zhang et
al. T-weighted SPAIR sequence was FOV = 160 mm x 160 mm x 105 mm, TE =
65 ms, TR = 2768 ms, slice thickness = 4 mm, and flip angle = 90°. The axial slices
(thickness of 4.0 mm and slice gap of 0.4 mm) were chosen to continuously cap-
ture the femoral notch edges, enabling the calculation of its volume. This approach
was adapted from the methodology described by Zhang et al [19].
We used ITK-SNAP software (version 3.6;
https://www.itksnap.org/pmwiki/pmwiki.php) to manually define the boundaries

of each layer of the fossa intercondylar femur based on anatomical landmarks.
The software automatically calculates the 2D area of the fossa for each layer. As
shown in Figure 3, the most proximal limit of the intercondylar fossa was determined
at the level where the femoral condyles and cartilaginous surfaces were clearly vis-
ible (Figure 3(a)). The most distal border was found at the final continuous layer
of the condyle, where the femoral condyles remained anteriorly continuous (Fig-
ure 3(c)). Figure 3(b) shows one of the middle layers of the fossa intercondylar

femur.

(b) (©)

Figure 3. Axial slices of knee MR image demonstrating the measurement of fossa intercon-

dylar femur volume. (a) The fossa intercondylar femur at its most proximal position. (b)
One of the middle layers of the fossa intercondylar femur. (c) Most distal level of the fossa
intercondylar femur.
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ITK-SNAP software was used to outline the ACL graft boundary and calculate
the area of each layer automatically. The proximal tibia anterior-posterior distance
(TPAPD) and lateral femoral condylar anterior-posterior distance (LCAPD) were
measured via ITK-SNAP software (see Figure 4).

(a) (b)

Figure 4. (a) Graft volume = Area x Layer Thickness, (b) TPAPD and (LCAPD)/TPAPD
ratio.

2.5. Statistical Analysis

SPSS was used for statistical analysis, and the findings are reported as the means
and standard deviations. A P-value < 0.05 was considered statistically significant.
The sample size was a convenient sample, which included all available cases; hence,
no formal power estimate was possible. The intraclass correlation coefficient (ICC)
was used to assess the agreement between the SIR, fossa intercondylar femur, ACL
volume, TPAPD, and LCAPD values.

The normality of the SIR values was evaluated using the Shapiro-Wilk test. In-
dependent t tests were used to compare SIR values based on categorical variables
such as sex and knee side. A repeated-measures analysis of variance was used to
compare SIR values in five distinct regions of interest (ROIs). Pearson correlation
coefficients were used to determine the associations between tunnel aperture areas
and SIRs.

Univariate regression analyses were carried out on all continuous variables to
identify variables associated with the graft SIR value. Variables with P-values <
0.05 (significant associations) in the univariate analysis were entered into a mul-
tivariate regression model to identify potential risk factors related to high graft SIR.
Moreover, age, sex, and physical activity are known as characteristics linked with
graft healing; hence, they were also included in the multivariate model.

Studies have shown that the signal intensity ratio (SIR) of proximal graft reflects
ACL graft healing: SIR < 4 is a sensitive indicator indicating graft healing [10].
Based on these findings, patients were categorized into two groups: those with an
SIR = 4 and those with an SIR < 4. Receiver operating characteristic (ROC) curves
for independent relevant factors were used to predict sensitivity, specificity, and

cutoff values. An AUC value of 0.7 to 0.8 was considered good, whereas an AUC
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value of 0.8 to 0.9 was considered exceptional. The sensitivity and specificity were

balanced to obtain the cutoff value.

3. Results

The data are presented as the means + SDs. Bold indicates P < 0.05. PTAPD: prox-
imal tibia anterior-posterior distance; LCAPD: lateral femoral condylar anterior-

posterior distance; MRI: magnetic resonance imaging; FIF: fossa intercondylar fe-

mur.

Table 1. Patient demographics and personal characteristics of male and female patients.

Characteristics Total (54) Male (45) Female (9) P-value
Age at the time of
Surgery, y 28.65 £ 7.349 28.44 £7.04 29.67 £9.15 0.653
MRL y 30.65 £ 7.349 30.44 £ 7.04 31.67 £9.15 0.653
Time from
Injury to surgery, wk ~ 11.748 +23.459  11.10 +24.37 14.95+19.11  0.658
Surgery to MRI, mo 23.865 + 1.968 23.86 £2.10 2384 £1.17 0.976
Tunnel size, mm
Femoral 54.746 + 5.012 55.47 + 4.59 51.09 £ 5.67 0.054
Tibial 54.578 + 5.335 55.27 £ 5.04 51.09 £ 5.67 0.030
Aperture area, mm?
Femoral 64.705 + 10.420 63.19+7.32 72.23 +£18.65 0.188
Tibial 60.444 +£12.198 61.13+£12.82 57.00 £8.03 0.359
Volume, cm?®
FIF 6.325 + 0.862 6.37 £ 0.88 6.07 £ 0.76 0.315
Graft 4.465 + 0.714 4.50 £ 0.73 4.26 £ 0.61 0.364
Distance, cm
PTAPD 4.201 £+ 0.498 4.33 +0.39 3.53+0.43 0.001
LCAPD 6.123 + 0.416 6.20 £ 0.40 5.70 £ 0.18 0.001
LCAPD-PTAPD ratio 1.475 +0.188 1.44 £ 0.16 1.63 £ 0.20 0.005

Two-year MRI was performed 23.86 + 1.96 months after surgery, with a mean
age of 28.65 + 7.34 years. Table 1 displays the characteristics of the participants,
including descriptive and operative data. The ICC index of interobserver reliabil-
ity was 0.92 for the graft SIR value and 0.88 for the fossa intercondylar femur assess-
ment. For the graft SIR value, the ICC index of intraobserver reliability was 0.90,
whereas for the fossa intercondylar femur, it was 0.94. The ICC index of in-

terobserver reliability for the ACL graft volume assessment was 0.85, whereas the
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LCAPD/PTAPD ratio was 0.82. The intraobserver reliability ICCs for the ACL graft
volume and the LCAPD/PTAPD ratio were 0.79 and 0.89, respectively.

The signal intensity ratio (SIR) was calculated by comparing the graft signal
intensity to that of the posterior cruciate ligament (PCL). The MRI analysis included
54 individuals (16.6% of whom were female). Most patients had grafts with higher
signal intensity than the PCL, as evidenced by SIR values greater than one.

The mean SIR values for the five graft regions were as follows: femoral aperture,
3.70 £ 1.05; proximal, 3.30 + 1.22; middle, 3.11 + 1.26; distal, 2.64 + 0.90; and tibial
aperture, 2.70 * 0.83. Notably, the SIR in the femoral aperture was significantly
greater than that in the distal and tibial aperture areas (P < 0.001). Similarly, the
SIR in the proximal area was greater than that in the distal and tibial apertures (P <
0.001 and 0.003, respectively).

There were no significant differences in the mean graft SIR values between male
and female patients throughout the five regions. The femoral aperture had an SIR
of 3.63 + 1.00 in males and 4.04 + 1.28 in females (P = 0.288). In the proximal area,
males had an SIR of 3.30 + 1.28, whereas females had an SIR of 3.27 + 0.96 (P =
0.938). The SIR in the middle area was 3.14 + 1.35 for males and 2.99 + 0.76 for
females (P = 0.746). The SIR in the distal area was 2.67 + 0.90 in males and 2.45 +
0.97 in females (P = 0.506). At the tibial aperture, men had an SIR of 2.79 + 0.85,
whereas females had an SIR of 2.24 + 0.55 (P = 0.075).

However, no significant changes in the mean graft SIR values were observed be-
tween the right and left sides. The mean femoral aperture SIR was 3.61 = 1.01 on
the right side and 3.79 + 1.09 on the left (P = 0.515). In the proximal area, the right
side had a mean score of 3.37 £ 1.11, whereas the left side had a mean score of 3.22 +
1.35 (P = 0.662). In the center region, the right side had a value of 3.12 + 1.42, whereas
the left side had 3.11 £ 1.11. (P = 0.971). On the distal side, the mean score of the
right side was 2.68 + 1.02, whereas that of the left side was 2.59 + 0.78 (P = 0.732).
Finally, the right side had a mean tibial aperture SIR of 2.76 + 0.92, whereas the
left side had 2.63 + 0.74 (P = 0.583).

Tunnel widening was detected in both the femoral and tibial tunnels, with a sig-
nificantly greater increase in the femoral tunnel (P < 0.001) than in the tibial tunnel
(P =0.001).

The data are presented as coefficient B (P-value). Bolded P-values < 0.05 indicate
statistically significant associations between variables and SIRs. PTAPD: proximal
tibial anterior-posterior distance; LCAPA: lateral femoral condylar anterior-pos-
terior distance; MRI: magnetic resonance imaging; FIF: fossa intercondylar femur;
F. aperture, femoral aperture; T. aperture, tibial aperture.

Univariate regression analysis revealed that fossa intercondylar femur (P =
0.001), graft volume (P = 0.028), and LCAPD (P = 0.044) were significantly asso-
ciated with the femoral aperture SIR value; femoral tunnel size (P = 0.002), tibial
tunnel size (P = 0.003), femoral tunnel aperture area (P = 0.032), fossa intercon-
dylar femur (P < 0.001), graft volume (P = 0.033), PTAPD (P = 0.002), LCAPD (P =
0.040), and the LCAPD/PTAPD ratio (P = 0.026) were significantly associated
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with proximal graft SIR; femoral tunnel size (P = 0.007), tibial tunnel size (P =
0.013), femoral tunnel aperture area (P = 0.042), tibial aperture area (P = 0.048),
fossa intercondylar femur (P < 0.001), PTAPD (P = 0.001), and the LCAPD/PTAPD
ratio (P = 0.001) were significantly associated with middle graft SIRs (see Table
2).

Table 2. Univariate regression analysis of specific ROIs.

Intra-articular

Variables F. Aperture Proximal Middle Distal T. aperture
Age at the time of
Surgery, y —0.154 (0.268) 0.015 (0.916)  —0.140 (0.314) —0.243 (0.077) 0.005 (0.974)
MRI, y ~0.154 (0.268) 0.015 (0.916)  —0.140 (0.314) —0.243 (0.77) —0.005 (0.974)
Time from

Injury to surgery, wk —0.139 (0.316) —0.137 (0.322)  —-0.139 (0.318) —0.151 (0.276) 0.009 (0.951)

Surgery to MR, mo  0.064 (0.647)  0.168 (0.225)  0.039 (0.780)  0.108 (0.436) —0.178 (0.197)

Tunnel size, mm

Femoral

Tibial

—0.261 (0.057) —0.415 (0.002) —0.362 (0.007) —0.241 (0.079) —0.094 (0.498)
—0.197 (0.153) —30.129 (0.003) —0.335 (0.013) —0.265 (0.053) —0.166 (0.230)

Aperture area,

Femoral

Tibial

mm?
0.244 (0.075)  0.292 (0.032)  0.278 (0.042)  0.327 (0.016) 0.193 (0.162)
0.052 (0.710)  0.057 (0.684)  0.270 (0.048)  0.132 (0.341) 0.418 (0.002)

Volume, cm?

FIF
Graft

~0.523 (0.001) —0.807 (0.001) —0.680 (0.001) —0.546 (0.001) —0.251 (0.048)
0.299 (0.028) 0.291 (0.033)  0.160 (0.246)  0.195 (0.158)  0.073 (0.600)

Distance, cm

PTAPD

LCAPD

~0.584 (0.095) —10.213 (0.002) —10.402 (0.001) —0.846 (0.004) —0.615 (0.026)

0.762 (0.044) 0.878 (0.040) 0.795 (0.066)  0.833 (0.009) 0.319 (0.290)

LCAPD-PTAPD ratio 0.004 (0.961) 0.198 (0.026)  0.638 (0.001)  0.063 (0.356) 0.117 (0.059)

The data are presented in Exp(B) (P-value). Bolded P-values < 0.05 indicate an
independent factor related to high SIRs. PTAPD: proximal tibial anterior-poste-
rior distance; LCAPA: lateral femoral condylar anterior-posterior distance; FIF:
fossa intercondylar femur (see Table 3).

Multivariate regression analysis revealed two significant predictors of high graft
SIRs in the femoral aperture area: the fossa intercondylar femur (P = 0.009) and
the LCAPD/PTAPD ratio (P = 0.005). Similarly, in the proximal area, the fossa in-
tercondylar femur (P = 0.011) and the LCAPD/PTAPD ratio (P = 0.009) signifi-
cantly contributed. Furthermore, the LCAPD/PTAPD ratio was a significant pre-
dictor of high graft SIRs for the middle section (P = 0.014).
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Table 3. Multivariate regression analysis for factors related to SIR values at specific ROIs.

Variables

F. Aperture

Proximal

Middle

Distal

T. Aperture

Age at the time of surg.

0.937 (0.235)

1.079 (0.328)

1.041 (0.586)

0.881 (0.241)

1.077 (0.188)

Tunnel size, mm

Sex

Femoral
Tibial

Volume, cm?

0.876 (0.923)

0.703 (0.768)
1.263 (0.845)

0.038 (0.215)

0.572 (0.791)
1.178 (0.938)

0.482 (0.715)

0.906 (0.929)
1.084 (0.942)

0.479 (0.813)

0.009 (0.867)
98.612 (0.870)

0.768 (0.873)

0.942 (0.439)
0.890 (0.135)

FIF
Graft

0.150 (0.009)
2.291 (0.147)

0.151 (0.011)
1.681 (0.609)

1.342 (0.599)
0.568 (0.378)

0.361 (0.100)
3.889 (0.234)

0.998 (0.998)
1.928 (0.369)

Distance, cm
LCAPD
PTAPD

2.857 (0.286)
3.265 (0.355)

10.856 (0.097)
22.075 (0.803)

3.318 (0.462)
1.121 (0.873)

30.825 (0.144)
0.045 (0.468)

LCAPD-PTAPD ratio 673.425 (0.005) 2123.150 (0.009) 317.472 (0.014) 0.805 (0.727)

0.301 (0.401)
0.120 (0.385)
5.966 (0.395)

In the proximal section of the intraarticular graft, a cutoff LCAPD/TPAPD ratio
of 1.50 had a sensitivity of 87.5% and specificity of 68.4% for poor graft healing
(AUC of 0.85), as well as 72.2% sensitivity and 63.9% specificity for poor graft heal-
ing at the femoral aperture (AUC of 0.72). A cutoff FIF of 6.2 in the proximal region
had a sensitivity of 81.6% and a specificity of 75% for good graft healing (AUC of
0.84), as did 77.8% sensitivity and 61.1% specificity (AUC of 0.73).

4. Discussion

This study aimed to analyze the magnetic resonance imaging changes of graft heal-
ing 2 years following anterior cruciate ligament reconstruction and identify inde-
pendent factors associated with poor ACL graft healing. Importantly, the signal
intensity of the reconstructed graft was greater than that of the PCL. Furthermore,
the LCAPD/PTAPD ratio and the fossa intercondylar femur were found to be in-
dependent factors associated with poor graft healing outcomes.

Most ACL grafts have shown high signal intensity two years after surgery, indi-
cating ongoing healing and remodeling, which is crucial for the success of the pro-
cedure in restoring knee stability and function. This aligns with prior research that
showed similar graft maturation patterns [20] [21]. The SIR in the femoral aper-
ture of the ACL grafts was significantly greater than that in the distal and tibial ap-
erture areas. Similarly, the SIR in the proximal area was greater than that in the distal
region and tibial aperture. The difference may be due to the greater vascular supply
and cellular activity in the femoral tunnel and proximal regions than in the distal
and tibial tunnel regions, which is essential for optimal graft integration and heal-
ing processes. These findings contribute to the existing evidence indicating that
the proximal femoral region of the intra-articular graft may be the most important

region for complete graft healing [22]. Previous studies have used MRI to analyze
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ACL reconstruction graft changes and have shown a greater signal intensity ratio
in the proximal region and within the femoral tunnel area [23]. Furthermore, these
studies revealed that tunnel widening is more severe in the femur than in the tibia
[24]. Putnis et al [23] aimed to establish whether a hamstring tendon autograft
for ACLR changes in appearance on MRI after 1 or 2 years, and whether this
change affects a patient’s ability to return to sports. This study showed that the
graft SIR of the femoral aperture was considerably greater than that of the tibial
aperture.

In contrast, the SNQ of 24 patients who underwent primary ACL reconstruc-
tion via an autologous quadriceps tendon and a bone plug was measured in three
different locations (proximal, mid-substance, and distal), and after 24 months, no
significant differences were detected among the three regions [18].

Three phases of ACL graft ligamentization have been described, corresponding
to the observed structural changes [25]: early (healing), remodeling, and matura-
tion. Although the general sequence of these phases is widely accepted in literature,
their duration is debated. Although Scheffler et al [26] observed that ACL graft
maturation is nearly complete at six months, others have described the process as
lasting two to four years postoperatively [27] or even longer for complete graft ma-
turity [28]. In a comprehensive literature review on return to play after ACL re-
construction, Barber-Westin and Noyes [29] found that in 32% of the studies, time
after surgery was the sole factor used to determine whether patients could return
to sports. However, it was determined that this criterion alone was insufficient,
which is plausible considering the variety of reported graft maturation durations.
MRI is a non-invasive alternative [3] [30]. Using routine MRI sequences, a low
signal in the graft, similar to that observed in the native PCL, has been proposed to
indicate advanced maturation [3]. In contrast, hyperintense signals in the graft
have been associated with inferior biomechanical properties and hypervascu-
lar/hypercellular reparative tissues [30]. However, subjective outcome and clinical
examination of knee laxity remain important to assess the treatment success and
to allow to return to sports.

Waltz et al. [31] reported a variable correlation between MRI graft appearances
and arthroscopic evaluation of the graft. Lutz et al [3] discovered no association
between ACL MRI graft signal and clinical outcome scores or KT-1000 measurements
over two years.

Two independent factors were associated with high SIR values in this current
study: the LCAPD/PTAPD ratio (particularly in the femoral aperture, proximal,
and middle regions) and the fossa intercondylar femur (in the proximal region and
femoral tunnel area). These findings offer valuable insights into the role of anatom-
ical and structural factors in graft healing and their potential relationship with
long-term outcomes after ACL reconstruction. However, we did not observe any
significant sex differences in graft signal intensity, indicating that biological fac-
tors related to sex may not significantly influence graft healing at two years post-

surgery. Similarly, the side of surgery (right vs. left knee) did not significantly af-
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fect graft healing, suggesting that surgical techniques and other patient-specific
factors may play a more substantial role in determining graft outcomes. Notably,
a high LCAPD/PTAPD ratio may increase mechanical stress on the graft, poten-
tially impeding its healing. This finding indicates that the alignment and position-
ing of the femoral and tibial components, as indicated by the LCAPD/PTAPD ratio,
are important factors in graft healing. These findings are consistent with those of
previous studies:

Misir et al. aimed to determine individual anatomic parameters that are inde-
pendently related to ACL rupture and their diagnostic value. They discovered that
the LCAPD/TPAPD ratio may be utilized to differentiate between patients at risk
of ACL rupture and those who are not [32] [33].

Other studies have similarly highlighted the significance of the graft position in
ACL outcomes. For instance, Kazemi et a/. [34] showed that inadequate graft place-
ment, particularly at the femoral or tibial tunnel site, negatively impacts ACL re-
construction outcomes, such as rerupture rates and MRI signal intensity.

The small-fossa intercondylar femur was also revealed to be a factor associated
with high SIR values in both the proximal and femoral tunnel areas. These find-
ings are consistent with those of SE. Putnis ez a/ [10] One-year postoperative MRI
was used to assess the graft of hamstring autograft ACL reconstruction (ACLR)
and identify individuals at high risk of graft rupture. The proximal region of the
ACL graft may have high signal intensity, which is connected to the likelihood of
graft failure and might be impacted by the fossa intercondylar femur (notch volume).
The fossa intercondylar femur is an important anatomical feature in ACL reconstruc-
tion, and its size can have several ramifications for the effectiveness of the surgery,
particularly in terms of graft healing and overall results [35]. Because it is inti-
mately engaged in the graft insertion location and integration into the femoral
tunnel, the closeness and fit of the graft within the fossa intercondylar femur have
been identified as key parameters influencing biological healing and mechanical
performance [36].

Park et al [37] determined the relationship between patient-specific geometric
factors and tunnel placement in graft impingement, and the MRI signal intensity
of ACL grafts was used. They discovered that a low notch was a more significant con-
tributing factor to increased signal intensities of the ACL graft and recommended
a more focused approach on intercondylar notch anatomy during tibial tunnel place-
ment to avoid roof impingement.

In contrast, Moon et al. reported that the surgical results of anatomical single-
bundle ACL reconstruction in patients with relatively small intercondylar notch
volumes were comparable to those in patients with large notch volumes [38]. Alt-
hough still debatable, a small intercondylar notch is generally recognized as a pos-
sible risk factor for ACL injuries [39] [40].

Putnis et al [41] discovered that graft impingement was more common in cases
when the graft size exceeded the dimensions of the femoral notch. This suggests that

larger grafts may be more susceptible to impingement, which could explain the
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high SIR found in our study. Furthermore, Tashiro et al. [18] found that graft
bending angles and tunnel orientation have a substantial impact on early graft
healing, with larger grafts likely leading to poor positioning and higher signal in-
tensity.

The anatomical risk factors identified in this study, including the LCAPD/PTAPD
ratio and the size of the fossa intercondylar femur, have significant clinical impli-
cations. Surgeons can optimize surgical techniques to improve graft alignment and
positioning, thereby enhancing the LCAPD/PTAPD ratio. Rehabilitation strategies
can be tailored based on the size of the FIF to ensure conservative management and

optimal graft healing.

5. Conclusion

This study demonstrated that most grafts presented elevated signal intensity, par-
ticularly in the femoral and proximal regions, indicating ongoing healing and re-
modeling. A larger LCAPD/PTAPD ratio and a smaller fossa intercondylar femur
were identified as independent factors associated with poorer or delayed ACL graft

healing.

6. Limitations and Future Directions

While this study provides valuable insights into the factors influencing ACL graft
healing, it is important to note several limitations. The relatively small sample size
and retrospective nature of the study, which is subject to some limitations such as
selection bias, missing data, and lack of randomization, may limit the generaliza-
bility of our findings. Furthermore, the use of a single imaging modality may not
adequately represent the complex biological processes involved in graft recovery.

Future studies should aim to address these limitations through larger sample sizes,
prospective designs, and the inclusion of multiple imaging modalities to provide a

more comprehensive understanding of ACL graft healing.
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