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Background: Postoperatively, signal changes of the reconstructed anterior cruciate ligament (ACL) graft on magnetic resonance
imaging (MRI) images commonly occurs, which may be a cause for concern. The signal intensity changes are usually expressed by
signal/noise quotient (SNQ) value, representing graft maturity. To date, little is known about the factors influencing the SNQ value of
the reconstructed ACL graft.

Purpose: To evaluate ACL graft SNQ value and associated factors after ACL reconstruction.

Study Design: Case series; Level of evidence, 4.

Methods: Male patients who underwent ACL reconstruction using autograft or allograft tendon from September 2004 to
September 2011 were randomly invited to take part in this investigation, including functional scores, physical examination,
and MRI scan. The femoral side graft was fixed with Endobutton CL or Rigidfix pins, and the tibial side graft was fixed with a
bio-intrafix. SNQ values of each graft were measured on MRI to represent graft maturity. Sagittal ACL angle, ACL–Blumensaat
line angle, and medial and lateral posterior tibial slope (PTS) were measured using MRI 3-dimensional dual-echo steady-state
images. Potential risk factors, including age, body mass index, postoperative time, Tegner activity scale (TAS), sagittal ACL
angle, ACL–Blumensaat line angle, medial PTS, lateral PTS, and primary graft diameter, were tested for their association with
the graft SNQ value by multivariate stepwise regression analysis.

Results: A total of 104 male subjects (mean follow-up, 30.7 months) were examined, including 62 allograft and 42 autograft
reconstructions. There was a significant association between graft SNQ and postoperative time (r ¼ �0.431, P < .001), TAS
(r ¼ 0.295, P ¼ .002), and ACL–Blumensaat line angle (r ¼ �0.304, P ¼ .002). Univariate regression analysis showed that TAS
(b ¼ 6.15, P < .001) positively correlated, postoperative time (b ¼ �0.26, P < .001) negatively correlated, and ACL–Blumensaat
line angle (b¼�0.40, P¼ .038) negatively correlated with graft SNQ. Multivariate stepwise regression analysis showed that TAS,
postoperative time, ACL–Blumensaat line angle, and age were significant independent factors associated with graft SNQ.

Conclusion: The graft SNQ value had a significant positive correlation with physical activity level and a significant negative
correlation with postoperative time in this study. Males with a shorter postoperative time and a higher physical activity level had
higher graft signal intensity postoperatively.
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In the management of the anterior cruciate ligament
(ACL) injury, reconstruction with autograft or allograft
tendons has been a widely accepted procedure used to
restore joint stability and improve knee function.12,14 The
increased number of ACL reconstructions has led to the
need for better postoperative evaluation of the recon-
structed graft. As a noninvasive tool, magnetic resonance
imaging (MRI) has been used to monitor graft status after
implantation.1,25,26 Postoperatively, high signal intensity
of the reconstructed graft on MRI images is commonly
observed, which may be cause for concern.16,19,34

A previous investigation reported that quantitative
analysis of graft strength was possible by measuring graft
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signal intensity on MRI.5 As reported, graft signal intensity
has a significant negative linear correlation with the
material strength of the ACL graft.2,11,37 High signal
intensity on MRI indicates a decrease of mechanical prop-
erties of the reconstructed graft. Based on MRI images,
the signal/noise quotient (SNQ) represents graft matu-
rity22: A high graft signal intensity represents high SNQ
value, which indicates inferior graft maturity.

In addition, an increasing number of studies have inves-
tigated the failure rate of allograft and autograft ACL
reconstructions.4,20,28 Potential risk factors influencing
the incidence of graft failure have been identified through
clinical investigation, including age, sex, body weight,
postoperative time, graft type, irradiation of allografts,
graft placement, posterior tibial slope (PTS), and physical
activity level.21,29,30,35 It has been reported that higher
activity level can cause an increased failure rate of ACL
reconstructions.3,36 However, little is known about the
correlation of these factors with the maturity of the rec-
onstructed ACL graft. Understanding the factors that
influence graft maturity is critical in the prevention and
management of graft failure.

The purpose of this study, therefore, was to identify
factors that influenced graft maturity after anatomic
ACL reconstruction based on 3.0-T MRI. We hypothe-
sized that physical activity level would be significantly
correlated to increased graft maturity after anatomic
ACL reconstruction.

METHODS

Male patients with unilateral ACL reconstruction from
September 2004 to September 2011 were invited to partic-
ipate in this investigation. Females were excluded because
of different hormonal level, which might greatly influence
graft maturity. One senior surgeon (S. Chen) performed all
the operations using arthroscopic single-bundle ACL recon-
struction techniques as described by Li et al.22 For the
autograft reconstruction, the semitendinosus and gracilis
tendons were harvested and prepared as a 4-strand
double-looped hamstring autograft with a minimum of
12 cm in length. In the allograft group, a fresh-frozen
tibialis anterior allograft tendon (Osteolink Biomaterial
Co) was thawed in sterile physiologic fluid at room tem-
perature and prepared as a 4-strand double-looped graft
similar to the autograft. Subsequently, the tibial and
femoral holes were made using a transtibial technique.
After graft passage, the femoral side graft was fixed with
an Endobutton CL (Smith & Nephew) or Rigidfix pins
(Mitek Inc), and on the tibial side, the graft was fixed with
a bio-intrafix (Mitek Inc). The inclusion criterion were (1)
a unilateral ACL reconstruction, (2) no history of reinjury
of the reconstructed knee, (3) time from the injury to sur-
gery ranging from 3 months to 1 year, and (4) minimum
follow-up time of 1 year. Exclusion criteria were (1) knee
instability, (2) osteoarthritis, (3) ACL reconstruction com-
bined with ligament reconstruction, and (4) severe synovial
reaction at the time of surgery. The study was approved by
the ethics committee of our hospital.

Clinical Evaluation

Patients were asked to return for examination and MRI at
a minimum of 1 year after surgery. Clinical examination,
including subjective, functional, and physical examina-
tions, was performed on the same day as the MRI. Subjec-
tive functional examinations consisted of International
Knee Documentation Committee (IKDC) score and Tegner
activity scale (TAS).10 Physical examinations consisted of
the anterior drawer test and Lachman test.

MRI Scan and Image Analysis

After resting for 1 hour, the knees were imaged in a
relaxed extended position with a 3.0-T MRI scanner
(MAGNETOM Verio, A Tim system; Siemens). Sagittal
oblique fat-saturated proton density images were obtained
as follows: repetition time, 3000 ms; echo time, 28 ms; flip
angle, 160�; matrix, 320 � 272; field of view, 15 � 15 cm;
slice thickness, 3 mm; scan time, 2 minutes 41 seconds.
Three-dimensional dual-echo steady-state (3D-DESS)
imaging: repetition time, 14.1 ms; echo time, 5 ms; flip
angle, 25 degree; matrix, 256 � 238; field of view, 15 �
15 cm; slice thickness, 0.6 mm; scan time, 5 minutes 58
seconds. Image data were transferred into Siemens Soft-
ware Packages workstation (NUMARIS/4, SyngoMR
B17; Siemens) for calculation.

The SNQ of each graft site (femoral-adjacent, middle,
and tibial-adjacent) was estimated using the following
equation: SNQ ¼ (signal of ACL graft � signal of quadri-
ceps tendon)/signal of background (Figure 1).22 The SNQ

Figure 1. Sagittal magnetic resonance image of the knee
shows the positions of the 5 regions of interest (area of the
circle, 0.10 cm2), which included the (1) distal third, (2) middle
third, (3) proximal third, (4) quadriceps tendon, and (5) back-
ground site (approximately 2 cm anterior to the quadriceps
tendon).
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value of the graft was calculated by averaging the SNQ
value of the 3 sites. In addition, the sagittal ACL angle and
the ACL–Blumensaat line angle were measured. Measure-
ments of the medial and lateral PTS using MRI 3D-DESS
images were performed according to a previous method.23

All measurements were made by the same investigator,
and repeated measurements were made on 2 days at least
1 week apart.

Statistical Analysis

All analyses were carried out using SPSS 18.0 software
(PASW Statistics v18.0; SPSS Inc), and the results were
reported as mean and standard deviation for description.
The intraclass correlation coefficient (ICC) was assessed
by examining the intraobserver reliabilities. The coeffi-
cients were interpreted as poor if ICC < 0.4, marginal if
0.4 � ICC � 0.75, and as good if ICC > 0.75. Spearman
correlation coefficients were calculated between graft
SNQ value and potential risk factors, including age, body
mass index (BMI), postoperative time, TAS, primary graft
diameter, medial PTS, lateral PTS, sagittal ACL angle,
and ACL–Blumensaat line angle. Multivariate stepwise
regression analysis was performed to further assess the
independent correlated factors of graft SNQ value.
The level of significance was set as P < .05.

RESULTS

A total of 104 male subjects using allograft or autograft
tendons aged between 20 and 47 years (mean, 29.5 years)
took part in this study, including 62 tibialis anterior

tendon allograft and 42 hamstring tendon autograft re-
constructions. The mean follow-up time was 30.7 months
(range, 12-114 months). The demographic data of the
participants are presented in Table 1, including age, BMI,
operative side, primary graft diameter, graft type, follow-up
time, and IKDC score.

The ICC index of intraobserver reliabilities was 0.85 for
the SNQ value of the graft. Possible associations between
potential risk factors and SNQ value of the graft were
explored. There was no significant association between
graft SNQ value and age, BMI, sagittal ACL angle, medial
PTS, lateral PTS, or primary graft diameter. Graft SNQ
had a significant association with postoperative time
(r ¼ �0.431, P < .001), TAS (r ¼ 0.295, P ¼ .002), and
ACL–Blumensaat line angle (r ¼ �0.304, P ¼ .002). The
graft SNQ of the allograft tendon group was significantly
higher than that of the autograft tendon group (14.4 ±
13.8 vs 9.2 ± 9.9, respectively; P ¼ .038). For the allograft,
graft SNQ had a significant association with postoperative
time (r ¼ �0.467, P < .001) and TAS (r ¼ 0.385, P < .001).
For the autograft, graft SNQ had a significant association
with TAS (r ¼ 0.392, P ¼ .01) and ACL–Blumensaat line
angle (r¼�0.322, P ¼ .038). Scatter plots of the graft SNQ
according to the postoperative time, the TAS, and the
ACL–Blumensaat line angle are shown in Figures 2 to 4.

Univariate regression analysis (Table 2) showed that
postoperative time (b ¼ �0.26, P < .001), TAS (b ¼ 6.15,
P < .001), and ACL–Blumensaat line angle (b ¼ �0.40,
P ¼ .038) correlated with graft SNQ value for the total
104 grafts. For the allograft, postoperative time (b ¼
�0.51, P < .001) and TAS (b ¼ 8.10, P < .001) correlated
with graft SNQ value. Multivariate stepwise regression
analysis (Table 3) showed that TAS, postoperative time,

TABLE 1
Characteristics of Study Participantsa

Variable
Total

(N ¼ 104)
Allograft
(n ¼ 62)

Autograft
(n ¼ 42)

Age, y 29.5 ± 6.3 29.9 ± 6.9 29.0 ± 5.5
Body mass index, kg/m2 24.3 ± 2.7 24.0 ± 2.8 24.7 ± 2.6
Operative side, left/right 40/64 25/37 15/27
Graft diameter, n

7 mm 17 10 7
8 mm 87 52 35

Follow-up time, mo 30.7 ± 15.5 28.1 ± 11.4 34.4 ± 19.7
TAS 3.4 ± 0.8 3.5 ± 0.8 3.3 ± 0.8
IKDC score 92.2 ± 5.8 92.1 ± 6.1 92.2 ± 5.8
Sagittal ACL angle, deg 64.3 ± 6.9 63.6 ± 7.4 65.3 ± 6.1
ACL–Blumensaat line

angle, deg
17.5 ± 7.5 17.6 ± 7.3 17.5 ± 7.8

Medial PTS 6.7 ± 3.4 6.7 ± 3.4 6.6 ± 3.3
Lateral PTS 7.2 ± 3.3 7.1 ± 3.5 7.3 ± 3.0
Femoral fixation type, n

Endobutton CL 47 27 20
Rigidfix pins 57 35 22

aValues are reported as mean ± SD unless otherwise indicated.
ACL, anterior cruciate ligament; IKDC, International Knee Docu-
mentation Committee; PTS, posterior tibial slope; TAS, Tegner
activity scale.

Figure 2. Correlation between postoperative time and the
mean signal/noise quotient (SNQ) value. There was a
significant negative association between the postoperative
time and graft SNQ value in the total group and the allograft
group.
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ACL–Blumensaat line angle, and age were significant
independent correlated factors of graft SNQ value (b ¼ 6.36
[TAS], �0.25 [postoperative time], �0.39 [ACL–Blumensaat
line angle], 0.34 [age]; P < .05). For the allograft, high TAS
and short postoperative time were significant independent
predictors of high graft SNQ value (b ¼ �0.55 [postopera-
tive time], 8.03 [TAS]; P < .001).

DISCUSSION

The present study investigated associations between SNQ
value and age, BMI, postoperative time, TAS, sagittal ACL
angle, ACL–Blumensaat line angle, medial PTS, lateral
PTS, and graft diameter in 104 patients. The most signifi-
cant finding of the present study was that the SNQ value
of the reconstructed graft was significantly positively asso-
ciated with the TAS, which represents physical activity
level. Furthermore, graft SNQ had a significant negative
association with postoperative time and ACL–Blumensaat
line angle.

In this study, graft SNQ was found to have a significant
association with postoperative time. Autograft or allograft
tendons undergo a healing process after implantation in
the knee joint that includes initial avascular necrosis,
revascularization, cell repopulation and resynovialization,
and finally, remodeling.9,32 The tendon grafts undergo a
series of changes, including initial avascular necrosis,
revascularization, cellular repopulation and resynoviali-
zation, and finally, remodeling. The amount of revascul-
arization tissue influences the MRI signal intensity of
the graft, particularly during the first 2 years postopera-
tively.27 The MRI signal intensity of the graft varies

considerably depending on the time interval since surgery.13

Muramatsu et al25 reported that graft SNQ decreased gra-
dually after 1 year postoperatively. More recently, Miyawaki
et al24 reported that graft signal intensity has a correlation
with postoperative time. Furthermore, there was a signif-
icant association between graft SNQ and postoperative
time for the autografts in this study. The reason might
be due to the fact that the mean follow-up time of the auto-
graft group was 34.4 months in the study. The grafts have
no further changes at longer periods after surgery (48-120
months).38 No significant association was seen between
graft signal intensity and postoperative time, with a mean
follow-up time of 52 to 144 months.31

In this study, a high SNQ value was significantly posi-
tively associated with a high activity level. As mentioned
before, patients with a higher activity level may have an
increased rate of ACL graft failure.3,36 Stratum-specific
odds ratios showed a multiplicative interaction between the
higher activity level after ACL reconstruction and allograft
use, greatly increasing the odds for ACL graft failure.6 Pre-
viously, Barrett et al4 found that active patients recon-
structed with allografts were 2.6 to 4.2 times more likely
to fail compared with less active patients.

In addition, younger patients tend to have higher activity
levels, as demonstrated by higher TAS scores. Younger
male soccer players are the most likely to return to sports
after ACL reconstruction.8,17 Younger patients participated
in more strenuous activities both before and after surgery
than older patients.33 It was possible that the SNQ value
might be associated with age. In this study, there was no
association of SNQ values with age, regardless of the
graft. This might be explained by the fact that the parti-
cipants were all older than 22 years. Previously, it was

Figure 3. Correlation between the Tegner activity scale (TAS)
and the mean signal/noise quotient (SNQ) value. There was a
significant positive association between the TAS and graft
SNQ value in the total group, the allograft group, and the
autograft group.

Figure 4. Correlation between the anterior cruciate ligament–
Blumensaat line angle and the mean signal/noise quotient
(SNQ) value. There was a significant negative association
between the angle and graft SNQ value in the total group and
the autograft group.
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found that patients younger than 20 years are at signifi-
cantly increased risk for reconstructed graft rupture.36

Interestingly, in the present study, age was an indepen-
dently correlated factor with graft SNQ value in multi-
variate stepwise regression analysis. It was presumed
that older patients might have an inferior graft maturity.

Furthermore, there was a tendency for the ACL–
Blumensaat line angle to be negatively associated with
graft SNQ. A small ACL–Blumensaat line angle may
cause graft impingement. As reported,18 the high signal
intensity of the ACL graft on MRI was found to be caused
by graft impingement. ACL implant failure is often caused
by bone impingement in knee extension. The location of
the drill tunnels is the decisive determinant of graft
impingement.15 To prevent impingement and graft rein-
jury, ACL reconstruction should include anatomic graft
placement.7

Admittedly, there were limitations to this study. First,
we only included men in this study. Our findings cannot
be generalized to women as the associations we found may
be sex specific. Future in-depth studies in this field would
provide valuable information regarding female patients.
Second, there was a lack of baseline value to study the
longitudinal change of the graft maturity. It was difficult

to accurately measure the graft signal at the time of
implantation due to edema or effusion. Furthermore, graft
size for these patients is extremely small, with 15% of
patients having a 7-mm graft and no patients with a graft
>8 mm in our study. Finally, 2 types of fixation (Endobut-
ton CL and Rigidfix cross pins) were employed in the
femoral tunnel. The femoral fixation was with the Endo-
button CL (n ¼ 20 in the autograft group and n ¼ 27 in the
allograft group) or Rigidfix pins (n ¼ 22 in the autograft
group and n ¼ 35 in the allograft group). It was thought
that the femoral fixation might have minimal effect on the
intra-articular site of the graft.

CONCLUSION

Collectively, the Tegner activity score, postoperative time,
and ACL–Blumensaat line angle were significant indepen-
dent correlated factors of graft signal intensity. Graft SNQ
value has a significant positive correlation with physical
activity level and a significant negative correlation with
postoperative time from 12 to 114 months postoperatively.
Patients who were further out from surgery or had lower
activity levels had more mature appearing grafts.

TABLE 2
Univariate Regression Analysisa

Variable

Total (N ¼ 104) Allograft (n ¼ 62) Autograft (n ¼ 42)

b P Value b P Value b P Value

Age 0.39 .024 0.41 .050 �0.20 .551
BMI �0.39 .327 �0.29 .568 �0.15 .822
Postoperative time �0.26 <.001 �0.51 <.001 �0.07 .468
TAS 6.15 <.001 8.10 <.001 2.21 .303
Sagittal ACL angle 0.07 .731 �0.10 .695 0.39 .396
ACL–Blumensaat line angle �0.40 .038 �0.28 .290 �0.54 .119
Medial PTS 0.01 .986 0.51 .353 �0.42 .549
Lateral PTS 0.57 .183 �0.08 .884 0.98 .186
Graft diameter �34.67 .252 �55.18 .181 0.92 .983

aUnivariate analysis with age, BMI, postoperative time, TAS score, sagittal ACL angle, ACL–Blumensaat line angle, medial PTS, and lat-
eral PTS. ACL, anterior cruciate ligament; BMI, body mass index; PTS, posterior tibial slope; TAS, Tegner activity scale.

TABLE 3
Multivariate Stepwise Regression Analysis of SNQ Valuesa

Variable Regression Coefficient (95% CI) SE Standard Regression Coefficient P Value

Total (N ¼ 104)
TAS 6.36 (3.62 to 9.10) 1.38 0.39 <.001
Follow-up time �0.25 (�0.39 to �0.11) 0.07 �0.31 <.001
ACL–Blumensaat line angle �0.39 (�0.68 to �0.11) 0.14 �0.23 .007
Age 0.34 (0.01 to 0.68) 0.17 0.17 .046

Allograft (n ¼ 62)
Time �0.55 (�0.80 to �0.29) 0.13 �0.45 <.001
TAS 8.03 (4.28 to 11.79) 1.88 0.45 <.001

aVariables of the original model included the following: age, BMI, postoperative time, TAS, primary graft diameter, medial PTS, lateral
PTS, sagittal ACL angle, and ACL–Blumensaat line angle. ACL, anterior cruciate ligament; BMI, body mass index; PTS, posterior tibial slope;
SNQ, signal/noise quotient; TAS, Tegner activity scale.
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