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Background: The cross-sectional area (CSA) of the anterior cruciate ligament (ACL) and reconstructed graft has direct implica-
tions on its strength and knee function. Little is known regarding how the CSA changes along the ligament length and how those
changes vary between treated and native ligaments over time.

Hypothesis: It was hypothesized that (1) the CSA of reconstructed ACLs and restored ACLs via bridge-enhanced ACL restoration
(BEAR) is heterogeneous along the length. (2) Differences in CSA between treated and native ACLs decrease over time. (3) CSA of
the surgically treated ACLs is correlated significantly with body size (ie, height, weight, body mass index) and knee size (ie,
bicondylar and notch width).

Study Design: Cohort study; Level of evidence, 2.

Methods: Magnetic resonance imaging scans of treated and contralateral knees of 98 patients (n ¼ 33 ACL reconstruction,
65 BEAR) at 6, 12, and 24 months post-operation were used to measure the ligament CSA at 1% increments along the ACL length
(tibial insertion, 0%; femoral insertion, 100%). Statistical parametric mapping was used to evaluate the differences in CSA between
6 and 24 months. Correlations between body and knee size and treated ligament CSA along its length were also assessed.

Results: Hamstring autografts had larger CSAs than native ACLs at all time points (P < .001), with region of difference decreasing
from proximal 95% of length (6 months) to proximal 77% of length (24 months). Restored ACLs had larger CSAs than native ACLs
at 6 and 12 months, with larger than native CSA only along a small midsubstance region at 24 months (P < .001). Graft CSA was
correlated significantly with weight (6 and 12 months), bicondylar width (all time points), and notch width (24 months). Restored
ACL CSA was significantly correlated with bicondylar width (6 months) and notch width (6 and 12 months).

Conclusion: Surgically treated ACLs remodel continuously within the first 2 years after surgery, leading to ligaments/grafts with
heterogeneous CSAs along the length, similar to the native ACL. While reconstructed ACLs remained significantly larger, the
restored ACL had a CSA profile comparable with that of the contralateral native ACL. In addition to size and morphology
differences, there were fundamental differences in factors contributing to CSA profile between the ACL reconstruction and BEAR
procedures.

Registration: NCT 02664545 (ClinicalTrials.gov identifier).

Keywords: ACL; ACL reconstruction; bridge-enhanced ACL restoration; cross-sectional area

Several studies have used cross-sectional area (CSA) as a
measure of size in the anterior cruciate ligament (ACL)
and investigated its effect on the function of the
ligament.4,5,7,8,14,18,28,36 CSA has an effect on the biome-
chanical behavior of the healthy ACL, such as the ability
to withstand loads, and is therefore crucial for better under-
standing of mechanisms of injury.5 It is important to note

that increased CSA, especially during the early stages of
ligamentization–a time of decreased mechanical properties–
may be attributed to hypertrophy due to revascularization
and remodeling.11 Thus, increased CSA during early remo-
deling does not necessarily directly correlate with improved
biomechanical properties. Still, it is a useful metric by
which to estimate structural properties. Among the impor-
tant structural properties indicative of ligament rupture,
energy at failure, elongation at failure, and linear stiffness
have been shown to be size sensitive.7 While a larger recon-
structed graft or restored ACL may withstand higher
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loads, it may not fully result in native knee biomechanics.
An accurate measure of the CSA is thus crucial for the pre-
diction of ACL injuries and would help optimize surgical
treatment (eg, graft selection and sizing) to restore the native
ACL function and knee biomechanics.

Optimizing ACL reconstruction to mimic the complex
morphology of the native ACL, including similar size (ie,
CSA) has been a topic of extensive study.1,22,28,37 Neverthe-
less, inconsistencies in optimal graft size have been
reported in the literature. Several previous studies have
reported a larger graft CSA compared with the native ACL,
with this size discrepancy remaining over time.6,18,28,31,36

These measurements were performed primarily on a single
location (eg, midsubstance of the graft) or reported as an
average along the length of the graft.18,28,31,36 Although
those measures inform us about the graft size, they lack
necessary details on how the graft CSA may vary along its
length and how successfully ACL reconstructions may rep-
licate the complex morphology of the native ACL. Such
information may help better interpret the outcomes of ACL
surgery and its ability to restore knee function and biome-
chanics. It may also help with assessing the relative
efficacy of new surgical treatments, such as bridge-
enhanced ACL restoration (BEAR), with the ultimate aim
of restoring the ACL as close to its native state as possible.

The primary study objective was to establish variations
in CSA along the length (CSA profile) of ACL reconstruc-
tions and restored ACLs (BEAR), relative to the contralat-
eral intact ACL, within the first 2 years after ACL surgery.
To further shed light on previous reports of the effect of
body size or knee size on treated ACL CSA,7,34 the second-
ary study objective was to systematically investigate the
relationships between body size (ie, height, weight and
body mass index [BMI]) or knee size (ie, bicondylar width
and intercondylar notch width) and regional measure-
ments of CSA along treated ACL length. We hypothesized
that (1) CSA varies along the length of the reconstructed
ACL and restored ACL, with different trends compared

with native contralateral ACL; (2) the difference in CSA
between treated ACLs and native contralateral ACLs
decreases in the time from 6 to 24 months after surgery;
and (3) the CSA of the reconstructed ACL and restored ACL
is correlated with both body size (ie, height, weight, and
BMI) and knee size (ie, bicondylar width and intercondylar
notch width).

METHODS

Participants

The imaging data from the BEAR II randomized clinical
trial (IDE G150268, IRB P00021470, NCT 02664545) were
obtained. The details of the trial including the recruitment
criteria and outcome measures have been presented previ-
ously.24 Briefly, the trial included 100 patients (aged 14-35
years) with complete midsubstance ACL tears who were
eligible for surgery within 45 days from injury. All patients
had closed physes. Patients were excluded if they had a
history of previous ipsilateral knee surgery, history of pre-
vious knee infection, or risk factors that could adversely
affect ligament healing (nicotine/tobacco use, corticoster-
oids in the past 6 months, chemotherapy, diabetes, inflam-
matory arthritis). Patients were also excluded if they had a
displaced bucket-handle tear of the medial meniscus
requiring repair, a full-thickness chondral injury, a grade
3 medial collateral ligament injury, a concurrent complete
patellar dislocation, or an operative posterolateral corner
injury.

Patients were assigned randomly (2:1 ratio) to be treated
with either bridge-enhanced ACL restoration (BEAR
group, n ¼ 65, 57% female, age: 17 years [range, 16-20
years]) or autograft ACL reconstruction (ACLR group, n
¼ 35, 54% female, age: 17 years [range, 15-23 years]).
All patients granted their informed consent before partici-
pating. For this study, patients with revised ACLs/grafts
and contralateral ACL injured cases were excluded. We
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also excluded the 2 bone–patellar tendon–bone autograft
ACL reconstructions considering established mismatch in
graft size between bone–patellar tendon–bone and ham-
string autografts, giving us a total of 98 patients for CSA
analysis (n ¼ 33 ACLR, 65 BEAR).28 This led to total of 84
ACL reconstructions (n ¼ 30 at 6 months; n ¼ 29 at 12
months; n ¼ 25 at 24 months), 179 restored ACLs (n ¼ 64
at 6 months; n ¼ 61 at 12 months; n ¼ 54 at 24 months) and
238 contralateral native ACLs (n ¼ 64 at 6 months; n ¼ 90 at
12 months; n ¼ 84 at 24 months) for final analysis.

Surgical Procedures

ACLR Group. A standard hamstring autograft procedure
was performed using a quadruple semitendinosus-gracilis
graft using a continuous-loop cortical button (Endobutton;
Smith & Nephew) for proximal fixation and a bioabsorb-
able interference screw (BioRCI HA; Smith & Nephew) for
tibial fixation. The femoral tunnel was drilled using an
anteromedial portal technique and a flexible drill guide
system (Clancy Anatomic Cruciate Guide; Smith &
Nephew).

BEAR Group. A knee arthroscopy was performed, and
any meniscal injuries were treated if present. A tibial aimer
(ACUFEX Director Drill Guide; Smith & Nephew) was used
to place a 2.4-mm guide pin through the tibia and the tibial
footprint of the ACL. The pin was overdrilled with a 4.5-mm
reamer (Endoscopic Drill; Smith & Nephew). A guide pin
was then placed in the femoral ACL footprint, drilled
through the femur and then overdrilled with the 4.5-mm
reamer. A whipstitch of No. 2 absorbable braided suture
(Vicryl; Ethicon) was placed into the tibial stump of the torn
ACL either arthroscopically or via arthrotomy. Two No. 2
nonabsorbable braided sutures (Ethibond; Ethicon) were
looped through the 2 center holes of a cortical button (Endo-
button; Smith & Nephew). The free ends of a No. 2 absorb-
able braided suture from the tibial stump were passed
through the cortical button, which was then passed
through the femoral tunnel and engaged on the lateral fem-
oral cortex. Both looped sutures of the No. 2 nonabsorbable
braided (4 matched ends) were passed through the BEAR
implant (Boston Children’s Hospital), which was manufac-
tured from bovine connective tissue as previously

described,24 and 10 mL of autologous blood obtained from
the antecubital vein was added to the implant. The scaffold
was then passed up along the sutures into the femoral
notch and the nonabsorbable braided sutures were passed
through the tibial tunnel and tied over a second cortical
button on the anterior tibial cortex with the knee in full
extension. The remaining pair of suture ends coming
through the femur were tied over the femoral cortical but-
ton to bring the ACL stump into the scaffold using an
arthroscopic surgeon’s knot and knot pusher.24

Imaging Outcomes

Magnetic resonance imaging (MRI) scans of the treated and
contralateral knees were obtained using the 3-dimensional
(3D) constructive interference in steady state sequence (rep-
etition time/time to echo ¼ 14/7 ms, flip angle ¼ 35�, 16 cm
field of view, 80� 512� 512 [slice� frequency� phase]) at 6,
12, and 24 months after surgery using a 3-T scanner (Tim
Trio; Siemens) and a 15-channel knee coil (Siemens). An
experienced member of the team (A.M.K.; intraexaminer reli-
ability of the segmentation intraclass correlation coefficient
>0.9) segmented all the ACLs and grafts (Figure 1A) manu-
ally using commercial image processing software (Mimics;
Materialise).14,15,26 A custom MATLAB script (MathWorks)
was developed to turn the segmented ligaments (Figure 1B)
into 3D point clouds (Figure 1C).21 The program used linear
regression to approximate the ligament longitudinal axis in
the sagittal plane (Figure 1C).

The ligament was then reoriented to be horizontal based
on the slope of the fitted regression line (Figure 1D). To
accommodate ligament curvature, the regional longitudi-
nal axis of the ligament was automatically determined for
every 1% of ligament length (black line in Figure 1E). The
regional CSA was then calculated as the area of the cross
section perpendicular to the longitudinal axis at every 1% of
the ligament length (colored slices in Figure 1E). A member
of the team (D.M.) manually reviewed all the images repre-
senting the perpendicular slices along the ligament length
(Figure 1E) to ensure measurement consistency. A subset
of contralateral native ACL MRI scans used in this study
were previously used to comprehensively assess the CSA
profile of the native ACLs using the same approach.21

Figure 1. Measurement technique used to quantify the ACL or graft CSA along its length. (A) Manual ligament segmentation. (B) 3D
ligament model. (C) Ligament point cloud in the original sagittal orientation. (D) Horizontally oriented ligament point cloud. (E)
Regional slices, perpendicular to ligament longitudinal axis (black line), used to measure ligament CSA along its length at 1%
increments. 3D, 3-dimensional; ACL, anterior cruciate ligament; CSA, cross-sectional area; MR, magnetic resonance.
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MRI scans were also used to measure bicondylar width
and intercondylar notch width using techniques described
previously.14,25 Briefly, intercondylar notch width was
measured in the coronal plane, parallel to a line along the
most inferior aspects of the femoral condyles. The measure-
ment was done at the middle of the ACL attachment. Bicon-
dylar width of the femur was also measured at the level of
the popliteal groove in the same coronal view.

Statistical Analysis

CSA profile was defined as the CSA calculated at 1% incre-
ments along the normalized length of the ligament with tibial
insertion at 0% and femoral insertion at 100%. Average CSA
profiles were generated for each group (ie, ACLR, BEAR,
native ACL) at each time point (6, 12, and 24 months) as
means and 95% CIs along the length. Statistical parametric
mapping (SPM) with 1-way analysis of variance (ANOVA)
was used to test differences in the CSA profile along ligament
length between ACLR, BEAR, and native ACL groups at each
timepoint. SPM is based on random field theory and has been
used extensively in time-series data in imaging and biome-
chanics.13,16,17,19,27 SPM accounts for both the magnitude and
the shape of the entire data set and calculates a critical
threshold for each test. The SPM output includes a graph
displaying test statistics along the data set (eg, time series)
highlighting shaded regions where the significant differences
exist (where the test statistics exceed the threshold). In the
event of significant ANOVA test (P < .05), additional
pairwise comparisons were conducted to compare CSA pro-
files between ACLR and native ACL or between BEAR and
native ACL groups. The pairwise comparisons were corrected
for multiple comparisons using Bonferroni correction.

The peak CSA was compared between the groups at each
time point using ANOVA with Bonferroni correction for mul-
tiple comparisons. Repeated-measures ANOVA with Bonfer-
roni correction for multiple comparisons was used to compare
the changes in peak CSA from 6 to 24 months after surgery in
both reconstructed and restored ACLs. Pearson correlation
was used to assess the correlations between regional liga-
ment CSA and measures of body size (ie, weight, height, and
BMI) and knee size (ie, bicondylar width and intercondylar
notch width) for surgically treated ACLs. Separate analyses
were performed for each treatment group and each time
point. Benjamini-Hochberg correction was used to control the
false discovery rate and minimize type I error associated with
multiple correlation testing. Pearson correlation coefficients
(r) for significant correlations were then plotted along the
normalized (%) ACL length. All P values are 2-sided, and the
statistical significance was set at P < .05. Analyses were
performed with statistical software (Prism v 9.0; GraphPad
Software Inc).

RESULTS

Group Differences in Ligament CSA Profile

The mean values and 95% CIs of CSA profiles for recon-
structed ACLs, restored ACLs, and contralateral native

ACLs are shown in Figure 2 A-C. At 6 months, the ACLR
group CSA peaked at 67% ± 11% of length (average peak
CSA, 90.4 ± 12.7 mm2) and the BEAR group CSA peaked at
52% ± 21% of length (average peak CSA, 53.4 ± 7.4 mm2),
whereas the native ACL group CSA peaked at 37% ± 20% of
length (average peak CSA, 44.5 ± 6.6 mm2) (Figure 2A).
There were significant differences in CSA profile between
the groups (ANOVA, F ¼ 5.7; P < .001). Compared with
native ACLs, reconstructed ACLs had larger CSA between
5% and 100% of the length (P < .001) (Figure 2D), whereas
the restored ACL CSA was larger, at between 41% and 94%

of the length (P < .001) (Figure 2G). At 6 months, the peak
CSAs of reconstructed ACLs and restored ACLs were sig-
nificantly larger than those of contralateral native ACLs (P
< .001). The reconstructed ACLs also had a larger peak
CSA than restored ACLs (P < .001).

At 12 months, CSA peaked at 65% ± 17% of the length for
the ACLR group (average peak CSA, 84.6 ± 13.1 mm2), at
56% ± 21% of length for the BEAR group (average peak
CSA, 50.3 ± 6.9 mm2), and at 35% ± 15% of length for the
native ACL group (average peak CSA, 42.9 ± 5.9 mm2)
(Figure 2B). There were significant differences in CSA
profile between the groups (ANOVA, F ¼ 5.6; P < .001).
Compared with native ACLs, reconstructed ACLs had
larger CSAs between 10% and 100% of the length (P <
.001) (Figure 2E), whereas the restored ACL CSA was
larger, at between 47% and 87% of the length (P < .001)
(Figure 2H). At 12 months, the peak CSA of reconstructed
ACLs and restored ACLs were significantly larger than
those of contralateral native ACLs (P < .001). The recon-
structed ACLs also had a larger peak CSA than restored
ACLs (P < .001).

At 24 months, CSA peaked at 69% ± 20% of the length for
the ACLR group (average peak CSA, 73.5 ± 12.6 mm2), at
61% ± 19% of length for the BEAR group (average peak
CSA, 47.4 ± 6.3 mm2), and at 42% ± 21% of length for the
native ACL group (average peak CSA, 44.4 ± 4.2 mm2)
(Figure 2C). There were significant differences in CSA pro-
file between the groups (ANOVA, F ¼ 5.5; P < .001). Com-
pared with native ACLs, reconstructed ACLs had larger
CSA between 23% and 100% of the length (P< .001) (Figure
2F), whereas the restored ACL CSA was only larger
between 58% and 71% of the length (P < .001) (Figure 2I).
At 24 months, the peak CSA of reconstructed ACLs was
significantly larger than restored ACLs and contralateral
native ACLs (P < .001). There were no differences in peak
CSA of the restored ACLs and contralateral native ACLs
(P ¼ .831).

Peak CSA of the reconstructed ACLs dropped signifi-
cantly from 6 to 24 months after surgery (P ¼ .006)
(Figure 3). There were no differences in peak CSA of the
reconstructed ACLs between 6 and 12 (P¼ .525) or between
12 and 24 (P ¼ .162) months after surgery. Peak CSA of the
restored ACLs dropped significantly from 6 to 24 months
after surgery (P ¼ .048) (Figure 3). There were no differ-
ences in peak CSA of the reconstructed ACLs between 6
and 12 (P ¼ .688) or between 12 and 24 (P ¼ .225) months
after surgery.
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Ligament CSA Correlations With Body Size

For reconstructed ACLs, there were significant correlations
between graft CSA and bodyweight only for proximal 70% of
the length at 6 months and only for proximal 75% of the
length at 12 months (P < .05) (Figure 4). There were no sig-
nificant correlations between graft CSA and bodyweight at
24 months. There were also no significant correlations
between graft CSA and height or BMI at any time points. For
restored ACLs, there were no significant associations with
any of the body size measures at any time points (P > .05).

Ligament CSA Correlations With Knee and Notch Size

For reconstructed ACLs, CSA correlated significantly with
the bicondylar width in the proximal 87% of the graft at
6 months, in the proximal 93% of the graft at 12 months,
and within 29% to 77% of the graft length at 24 months
after surgery (Figure 5A). The correlations between recon-
structed ACL CSA and notch width were significant only
within 24% to 67% of graft length at 24 months after sur-
gery, with no significant correlations between graft CSA
and notch width at 6 or 12 months (Figure 5B).

Figure 2. Changes in cross-sectional area along ligament length in ACLR (red), BEAR (blue), and native ACL (black) at (A) 6 months,
(B) 12 months, and (C) 24 months after surgery. Data are presented as mean and 95% CI (shaded area). SPM-based pairwise
comparisons between ACLR and native ACL at (D) 6 months, (E) 12 months, and (F) 24 months after surgery and between BEAR
and native ACL at (G) 6 months, (H) 12 months, and (I) 24 months after surgery. The statistically different regions are highlighted in
gray. ACL, anterior cruciate ligament; ACLR, ACL reconstruction group; BEAR, bridge-enhanced ACL restoration group; SPM,
statistical parametric mapping.
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For restored ACLs, CSA significantly correlated with the
bicondylar width–within 23% to 41% of ACL length at
6 months with no significant correlations at 12 and
24 months after surgery (Figure 5C). The correlations
between restored ACL CSA and notch width were signifi-
cant within the proximal 90% of the ACL at 6 months and
within 29% to 61% of ACL length at 12 months. There were
no significant correlations between restored ACL CSA and
notch width at 24 months (Figure 5D).

DISCUSSION

The current findings supported our first hypothesis, dem-
onstrating location dependence of ligament CSA after ACL
surgery in reconstructed ACLs and restored ACLs with
patterns that differ from the contralateral native ACL. For
both the ACLR and BEAR groups, the difference in CSA
profile between the treated ACL and contralateral native
ACL decreased significantly from 6 to 24 months after sur-
gery, supporting our second hypothesis. The findings par-
tially supported our third hypothesis, as the only
significant correlations between body size and treated ACL
CSA were between bodyweight and reconstructed ACL CSA
at 6 and 12 months after ACL reconstruction. Further,
while CSA of the reconstructed ACLs was correlated with
bicondylar width at all time points, the CSA of the restored
ligament correlated with bicondylar width only at 6
months. Last, the CSA of the reconstructed ACL correlated
with notch width only at 2 years, whereas the CSA of the
restored ACL was correlated with notch width at 6 and 12
months after surgery. Overall, the current findings high-
light the importance of location in measuring the CSA of
the treated ACL and demonstrate fundamental differences

in CSA profile, its postoperative changes, and relations to
body size and knee size between reconstructed ACLs and
restored ACLs, with restored ACLs having a CSA profile
closer to that of the contralateral native ACL.

The observed differences in CSA were consistent with
previous findings, showing that ACL grafts are signifi-
cantly larger than the native ACL.8,18,28,31,36 However,
there are differences in the reconstructed ACL CSA and its
regional differences in the cited studies compared with
measurements reported in the current study. These discre-
pancies are primarily related to the graft type (ie, ham-
strings, patellar tendon, quadriceps tendon), surgical
technique (ie, single vs double bundle), graft fixation tech-
nique (ie, interference screw fixation vs suspension fixa-
tion, tunnel shape and size), measurement technique (ie,
MRI from discrete location[s], direct measurement in cada-
vers), patient population (ie, age and sex), and time after
graft reconstruction.

Debates on the optimal size of the graft and its potential
clinical consequences can be found among studies. Analysis
of ACL reconstruction failures showed smaller graft CSA
had a potentially higher risk of rupture.28 While hamstring
autografts with a diameter <8 mm are more prone to revi-
sion,33 oversized replacements have also been found to be
problematic, as they might lead to intercondylar roof or
posterior cruciate ligament impingement, which can
weaken the ACL through graft abrasion or a lower range
of motion.9,28,36 In addition, it has been speculated that
larger diameter grafts could negatively affect the healing
process.31 In this study, we showed that hamstring auto-
graft-reconstructed ACLs were significantly larger at 6
months than contralateral native ACLs, almost along the
whole length of the graft. This CSA difference decreased in
both magnitude and extent (how much of the graft length
had a larger CSA) at 12 and 24 months. However, most of

Figure 3. Changes in peak CSA from 6 to 24 months after
surgery in the ACLR and BEAR groups. Data are presented as
mean and 95% CI (error bars). The average (black dotted line)
and 95% CI (shaded area) of peak CSA of the contralateral
native ACLs at 24 months are also shown as a reference. ACL,
anterior cruciate ligament; ACLR, ACL reconstruction group;
BEAR, bridge-enhanced ACL restoration group; CSA, cross-
sectional area.

Figure 4. Significant correlations in reconstructed ACL
between CSA and weight. Pearson correlation coefficient has
only been shown for adjusted significant (P < .05) correla-
tions. ACL, anterior cruciate ligament; ACLR, ACL recon-
struction group; CSA, cross-sectional area.
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the graft tissue (proximal *80%) remained significantly
larger than the native ACL. Restored ACLs also started
with larger CSA compared with contralateral native ACLs
over the proximal *60% of the ACL, which decreased sub-
stantially over time, resulting in a CSA profile comparable
with that of the native ACL at 2 years. The initially larger
CSA may be attributed to the formation of scar tissue in the
area of injury, in line with previous histological findings of
animal models that have shown that the restored ACL
gradually changes from a relatively disorganized fibrovas-
cular scar to a more highly aligned collagenous structure
over the first year of surgery.2,12,25,30

Combined, these observations indicate continuous tissue
remodeling in the grafts/ligaments of both the ACLR and
the BEAR groups within the first 2 years after surgery.
Interestingly, these changes were different along the
length of the ligament, highlighting the importance of the
location in studying ACL or graft remodeling after surgery.
It has been shown previously that the true anatomic ACL
footprint is difficult to reconstruct due to the “C” shape of
the tibial insertion.32 Even if standard-sized tunnels are
created accurately within the ACL footprint, the size of the
ACL footprint has been shown to be significantly larger
than the ACL midsubstance CSA.8,10 This makes it difficult
to find an autograft that can fill the ACL footprint and
reproduce the native ACL midsubstance cross-sectional

size. The findings here offer more information on the recon-
structed ACL morphology along its length that can direct
studies on new methods of graft fixation to better replicate
the anatomic ACL footprint and midsubstance CSA.

In addition, the study findings have important implica-
tions for tensioning patterns across reconstructed and
restored ligaments as the knee moves toward extension,
with a higher CSA at any point along the length corre-
sponding to a lower tensile stress at that point. Moreover,
we saw different patterns in reconstructed ACLs versus
restored ACLs, with more remodeling in restored ACLs,
which underlines the need for treatment-specific postoper-
ative care plans. Future studies are required to determine
how these postoperative regional changes in treated ACLs
would influence the time for safe return to sports, with
regional CSA differences further elucidating the level of
native anatomy restoration and possibly the corresponding
level of native function.

It is important to note that, despite the greater impinge-
ment risks and associated weakening as well as decreased
range of motion, the overall greater CSA provided by recon-
structed ACLs will theoretically offer greater load tolerance
than the ruptured ACL was able to offer. Most previous work
points to the goal of mimicking the native ACL geometry, but
this is a point of discussion that deserves further study to
examine the tradeoffs between increased mechanical strength

Figure 5. Significant correlations between CSA and (A) BCW and (B) intercondylar NW along graft length in reconstructed ACL.
Significant correlations between CSA and (C) BCW and (D) NW along ACL length in restored ACL. Pearson correlation coefficient is
shown only for adjusted significant (P < .05) correlations. ACL, anterior cruciate ligament; ACLR, ACL reconstruction group; BCW,
bicondylar width; BEAR, bridge-enhanced ACL restoration group; CSA, cross-sectional area; NW, notch width.
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and impingement with potential correlation with clinical data
regarding retear rates and laxity measurements.23,35

Analysis of the relationships between body size or knee
size with the CSA profile of the treated ACL supports
weight as a reliable surrogate for reconstructed hamstring
autograft CSA within 1 year after ACL reconstruction.
Interestingly, we did not find any significant associations
between graft CSA and height or BMI, after controlling for
false discovery rate. This finding is in agreement with sim-
ilar associations between CSA profile of the native ACL and
weight,21 as well as several previous studies suggesting
weight as a predictor of hamstring autograft size.3,20,29,38

Similar to weight, knee size (bicondylar width) was also
associated with graft CSA along almost the entire graft
length within the first year after surgery and along the
midsubstance of the graft at 2 years. We also saw signifi-
cant correlations between notch width and graft midsub-
stance CSA only at 2 years. Cumulatively, these findings
suggest that at early stages of healing, the hamstring auto-
graft size can be predicted by body height or knee size,
while at later stages (>1 year) the graft size will be mainly
regulated locally (ie, knee size or notch width). In contrast
to reconstructed ACLs, no measures of body size were cor-
related with restored ACL CSA within the first 2 years
after the BEAR procedure. Moreover, restored ACL CSA
was only correlated with knee size and notch size within
the first year after BEAR surgery. These observations sug-
gest that initial remodeling of the restored ACL is primarily
modulated locally, independent of body size.

The findings highlight the differences in the remodeling
processes of the two procedures and how they relate to CSA,
with ACL reconstruction using intraligamentous and
intraosseous remodeling to reconstruct the ACL using a
tendon from a nonknee environment and the BEAR proce-
dure using mainly aperture-site healing to repair the ana-
tomic structure of the knee. Overall, the BEAR-restored
ligaments seemed to more closely mimic the native ACL
than did the reconstructed ligaments. However, these dif-
ferences warrant the need for further research to under-
stand the effect of those remodeling differences on
outcomes, which may help in developing accurate subjec-
tive criteria to determine time for safe return to sports after
each treatment.

Limitations

There were several limitations in this study. First, the data
for the native ACLs were collected from the contralateral
intact ACLs of patients with unilateral ACL injury, which
may have introduced bias to the findings, as these patients
may be more susceptible to ACL injury. Despite the rele-
vance of this cohort to ACL injury risk, additional analyses
on the ACLs of patients without any ACL injury history
may yield different findings. In addition, time-zero data
were not recorded so the trend in the surgical to 6-month
postoperative profile could not be studied. Another limita-
tion with this study is that it is not currently linked to any
biomechanical or clinical data to examine correlations
between CSA and strength, laxity, and retear rates. Work
is underway to link these findings with these data. Finally,

the measurements were done with the knee at full exten-
sion, consistent with knee positioning during the MRI. The
effect that changing knee flexion would have on current
observations requires further investigation.

CONCLUSION

The study findings demonstrated that both ACL recon-
structions using autologous hamstring grafts and restored
ACLs continue to remodel within the first 2 years after
surgery. Moreover, similar to the native ACL, the surgi-
cally treated ACL also has a heterogeneous CSA along its
length. However, there are major dimensional and morpho-
logical differences between surgically treated and contra-
lateral native ACLs that significantly vary within the first
2 years after surgery. Finally, in addition to differences in
size and morphology, there are fundamental differences in
factors contributing to ligament CSA profile between the
ACL reconstruction and BEAR procedures.

ACKNOWLEDGMENT

The authors acknowledge the significant contributions of
the clinical trial team, including Bethany Trainor. They
also acknowledge the contributions of the medical safety
monitoring team of Joseph DeAngelis, Peter Nigrovic, and
Carolyn Hettrich; data monitors Maggie Malsch, Meghan
Fitzgerald, and Erica Denhoff; as well as the clinical care
team for the trial patients, including Kathryn Ackerman,
Alyssa Aguiar, Judd Allen, Michael Beasley, Jennifer
Beck, Dennis Borg, Jeff Brodeur, Stephanie Burgess,
Melissa Christino, Sarah Collins, Gianmichel Corrado,
Sara Carpenito, Corey Dawkins, Pierre D’Hemecourt, Jon
Ferguson, Michele Flannery, Casey Gavin, Ellen Gemi-
niani, Stacey Gigante, Annie Griffin, Emily Hanson,
Elspeth Hart, Jackie Hastings, Pamela Horne-Goffigan,
Christine Gonzalez, Meghan Keating, Elizabeth KillKelly,
Elizabeth Kramer, Pamela Lang, Hayley Lough, Chaimae
Martin, Michael McClincy, William Meehan, Ariana Moc-
cia, Jen Morse, Mariah Mullen, Stacey Murphy, Emily
Niu, Michael O’Brien, Nikolas Paschos, Katrina Pla-
vetsky, Bridget Quinn, Shannon Savage, Edward
Schleyer, Benjamin Shore, Cynthia Stein, Andrea Strac-
ciolini, Dai Sugimoto, Dylan Taylor, Ashleigh Thorogood,
Kevin Wenner, Brianna Quintiliani, and Natasha Trenta-
costa. The authors thank the perioperative and operating
room staff and the members of the Department of Anes-
thesia who were extremely helpful in developing the peri-
operative and intraoperative protocols. They acknowledge
the efforts of other scaffold manufacturing team members,
including Gabe Perrone, Gordon Roberts, Doris Peterkin,
and Jakob Sieker. The authors are grateful for the study
design guidance provided by the Division of Orthopedic
Devices at the Center for Devices and Radiological Health
at the US Food and Drug Administration under the guid-
ance of Laurence Coyne and Mark Melkerson, particularly
the efforts of Casey Hanley, Peter Hudson, Jemin Deda-
nia, Pooja Panigrahi, and Neil Barkin. Last, the authors

8 Menghini et al The Orthopaedic Journal of Sports Medicine



acknowledge funding support from the Translational
Research Program at Boston Children’s Hospital, the Chil-
dren’s Hospital Orthopaedic Surgery Foundation, the
Children’s Hospital Sports Medicine Foundation and the
National Institutes of Health and the National Institute of
Arthritis and Musculoskeletal and Skin Diseases through
grant Nos. R01-AR065462 and R01-AR056834. This
research was also conducted with support from the Foot-
ball Players Health Study at Harvard University. The
Football Players Health Study is funded by a grant from
the National Football League Players Association. The
content is solely the responsibility of the authors and does
not necessarily represent the official views of Harvard
Medical School, Harvard University or its affiliated aca-
demic health care centers, the National Football League
Players Association, Boston Children’s Hospital or the
National Institutes of Health. The authors are especially
grateful to the patients and their families who partici-
pated in this study; their willingness to participate in
research that may help others in the future inspires
all of us.

AUTHORS

Danilo Menghini, MS (Department of Orthopedic Surgery,
Boston Children’s Hospital, Harvard Medical School, Bos-
ton, Massachusetts, USA; Department of Health Sciences
and Technology, ETH Zurich, Zurich, Switzerland); Shan-
kar G. Kaushal, MS (Department of Orthopedic Surgery,
Boston Children’s Hospital, Harvard Medical School, Bos-
ton, Massachusetts, USA); Sean W. Flannery, PhD
(Department of Orthopaedics, Warren Alpert Medical
School of Brown University, Rhode Island Hospital, Provi-
dence, Rhode Island, USA); Kirsten Ecklund, MD (Depart-
ment of Radiology, Boston Children’s Hospital, Harvard
Medical School, Boston, Massachusetts, USA); Benedikt
Proffen, MD (BEAR Trial Team, Boston Children’s Hospital
Boston, Massachusetts, USA); Nicholas Sant, BS (BEAR
Trial Team, Boston Children’s Hospital Boston, Massachu-
setts, USA); Gabriela Portilla, BS (BEAR Trial Team, Bos-
ton Children’s Hospital Boston, Massachusetts, USA);
Ryan Sanborn, BS (BEAR Trial Team, Boston Children’s
Hospital Boston, Massachusetts, USA); Christina Freiber-
ger, MS (BEAR Trial Team, Boston Children’s Hospital
Boston, Massachusetts, USA); Rachael Henderson, BS
(BEAR Trial Team, Boston Children’s Hospital Boston,
Massachusetts, USA); Samuel Barnett, MD (BEAR Trial
Team, Boston Children’s Hospital Boston, Massachusetts,
USA); Yi-Meng Yen, MD (BEAR Trial Team, Boston Chil-
dren’s Hospital Boston, Massachusetts, USA); Dennis E.
Kramer, MD (BEAR Trial Team, Boston Children’s Hospi-
tal Boston, Massachusetts, USA); Lyle J. Micheli, MD
(BEAR Trial Team, Boston Children’s Hospital Boston,
Massachusetts, USA); Martha M. Murray, MD (Depart-
ment of Orthopedic Surgery, Boston Children’s Hospital,
Harvard Medical School, Boston, Massachusetts, USA);
Braden C. Fleming, PhD (Department of Orthopaedics,
Warren Alpert Medical School of Brown University, Rhode
Island Hospital, Providence, Rhode Island, USA); and Ata

M. Kiapour, PhD (Department of Orthopedic Surgery, Bos-
ton Children’s Hospital, Harvard Medical School, Boston,
Massachusetts, USA).

REFERENCES

1. Ayerza MA, Muscolo DL, Costa-Paz M, Makino A, Rondon L. Com-

parison of sagittal obliquity of the reconstructed anterior cruciate lig-

ament with native anterior cruciate ligament using magnetic

resonance imaging. Arthroscopy. 2003;19(3):257-261.

2. Biercevicz AM, Proffen BL, Murray MM, Walsh EG, Fleming BC. T2*

relaxometry and volume predict semi-quantitative histological scoring

of an ACL bridge-enhanced primary repair in a porcine model.

J Orthop Res. 2015;33(8):1180-1187.

3. Calvo R, Espinosa M, Figueroa D, Calvo-Mena R. Prediction of

semitendinosus-gracilis graft diameter in children and adolescents

using anthropometric measures. Knee Surg Sports Traumatol

Arthrosc. 2016;24(3):702-706.

4. Fujimaki Y, Thorhauer E, Sasaki Y, Smolinski P, Tashman S, Fu FH.

Quantitative in situ analysis of the anterior cruciate ligament: length,

midsubstance cross-sectional area, and insertion site areas. Am J

Sports Med. 2016;44(1):118-125.

5. Ge XJ, Zhang L, Xiang G, Hu YC, Lun DX. Cross-sectional area mea-

surement techniques of soft tissue: a literature review. Orthop Surg.

2020;12(6):1547-1566.

6. Hamada M, Shino K, Horibe S, Mitsuoka T, Toritsuka Y, Nakamura N.

Changes in cross-sectional area of hamstring anterior cruciate liga-

ment grafts as a function of time following transplantation. Arthros-

copy. 2005;21(8):917-922.

7. Hashemi J, Mansouri H, Chandrashekar N, Slauterbeck JR, Hardy

DM, Beynnon BD. Age, sex, body anthropometry, and ACL size pre-

dict the structural properties of the human anterior cruciate ligament.

J Orthop Res. 2011;29(7):993-1001.

8. Iriuchishima T, Ryu K, Yorifuji H, Aizawa S, Fu FH. Commonly used

ACL autograft areas do not correlate with the size of the ACL footprint

or the femoral condyle. Knee Surg Sports Traumatol Arthrosc. 2014;

22(7):1573-1579.

9. Iriuchishima T, Tajima G, Ingham SJ, Shirakura K, Fu FH. PCL to graft

impingement pressure after anatomical or non-anatomical single-

bundle ACL reconstruction. Knee Surg Sports Traumatol Arthrosc.

2012;20(5):964-969.

10. Iriuchishima T, Yorifuji H, Aizawa S, Tajika Y, Murakami T, Hu FH.

Evaluation of ACL mid-substance cross-sectional area for recon-

structed autograft selection. Knee Surg Sports Traumatol Arthrosc.

2014;22(1):207-213.

11. Janssen RP, Scheffler SU. Intra-articular remodelling of hamstring

tendon grafts after anterior cruciate ligament reconstruction. Knee

Surg Sports Traumatol Arthrosc. 2014;22(9):2102-2108.

12. Joshi SM, Mastrangelo AN, Magarian EM, Fleming BC, Murray MM.

Collagen-platelet composite enhances biomechanical and histologic

healing of the porcine anterior cruciate ligament. Am J Sports Med.

2009;37(12):2401-2410.

13. Kapreli E, Athanasopoulos S, Gliatis J, et al. Anterior cruciate ligament

deficiency causes brain plasticity: a functional MRI study. Am J

Sports Med. 2009;37(12):2419-2426.

14. Kiapour AM, Ecklund K, Murray MM, et al. Changes in cross-sectional

area and signal intensity of healing anterior cruciate ligaments and

grafts in the first 2 years after surgery. Am J Sports Med. 2019;47(8):

1831-1843.

15. Kiapour AM, Flannery SW, Murray MM, et al. Regional differences in

anterior cruciate ligament signal intensity after surgical treatment. Am

J Sports Med. 2021:49(14):3833-3841.

16. King E, Richter C, Daniels KAJ, et al. Biomechanical but not strength

or performance measures differentiate male athletes who experience

ACL reinjury on return to level 1 sports. Am J Sports Med. 2021;49(4):

918-927.

17. King E, Richter C, Franklyn-Miller A, Wadey R, Moran R, Strike S.

Back to normal symmetry? Biomechanical variables remain more

The Orthopaedic Journal of Sports Medicine CSA Profile of Surgically Treated ACL 9



asymmetrical than normal during jump and change-of-direction test-

ing 9 months after anterior cruciate ligament reconstruction. Am J

Sports Med. 2019;47(5):1175-1185.

18. Lee BH, Seo DY, Bansal S, Kim JH, Ahn JH, Wang JH. Comparative

magnetic resonance imaging study of cross-sectional area of ana-

tomic double bundle anterior cruciate ligament reconstruction grafts

and the contralateral uninjured knee. Arthroscopy. 2016;32(2):

321-329.e321.

19. Liao TC, Martinez AGM, Pedoia V, et al. Patellar malalignment is

associated with patellofemoral lesions and cartilage relaxation times

after hamstring autograft anterior cruciate ligament reconstruction.

Am J Sports Med. 2020;48(9):2242-2251.

20. Ma CB, Keifa E, Dunn W, Fu FH, Harner CD. Can pre-operative mea-

sures predict quadruple hamstring graft diameter? Knee. 2010;17(1):

81-83.

21. Menghini D, Kaushal SG, Flannery SW, et al. Three-dimensional mag-

netic resonance imaging analysis shows sex-specific patterns in

changes in anterior cruciate ligament cross-sectional area along its

length. Published online July 8, 2022. J Orthop Res. doi:10.1002/jor.

25413

22. Moghamis I, Abuodeh Y, Darwiche A, Ibrahim T, Al Ateeq Al Dosari M,

Ahmed G. Anthropometric correlation with hamstring graft size in

anterior cruciate ligament reconstruction among males. Int Orthop.

2020;44(3):577-584.

23. Murawski CD, Wolf MR, Araki D, Muller B, Tashman S, Fu FH. Ana-

tomic anterior cruciate ligament reconstruction: Current concepts

and future perspective. Cartilage. 2013;4(3 Suppl):27S-37S.

24. Murray MM, Fleming BC, Badger GJ, et al. Bridge-enhanced anterior

cruciate ligament repair is not inferior to autograft anterior cruciate

ligament reconstruction at 2 years: results of a prospective random-

ized clinical trial. Am J Sports Med. 2020;48(6):1305-1315.

25. Murray MM, Kalish LA, Fleming BC, et al. Bridge-enhanced anterior

cruciate ligament repair: two-year results of a first-in-human study.

Orthop J Sports Med. 2019;7(3):2325967118824356.

26. Murray MM, Kiapour AM, Kalish LA, et al. Predictors of healing liga-

ment size and magnetic resonance signal intensity at 6 months after

bridge-enhanced anterior cruciate ligament repair. Am J Sports Med.

2019;47(6):1361-1369.

27. Nasseri A, Lloyd DG, Minahan C, et al. Effects of pubertal maturation

on ACL forces during a landing task in females. Am J Sports Med.

2021;49(12):3322-3334.

28. Offerhaus C, Albers M, Nagai K, et al. Individualized anterior cruciate

ligament graft matching: in vivo comparison of cross-sectional areas

of hamstring, patellar, and quadriceps tendon grafts and ACL inser-

tion area. Am J Sports Med. 2018;46(11):2646-2652.

29. Park SY, Oh H, Park S, Lee JH, Lee SH, Yoon KH. Factors predicting

hamstring tendon autograft diameters and resulting failure rates after

anterior cruciate ligament reconstruction. Knee Surg Sports Trauma-

tol Arthrosc. 2013;21(5):1111-1118.

30. Proffen BL, Fleming BC, Murray MM. Histologic predictors of maxi-

mum failure loads differ between the healing ACL and ACL grafts after

6 and 12 months in vivo. Orthop J Sports Med. 2013;1(6):

2325967113512457.

31. Pujol N, Queinnec S, Boisrenoult P, Maqdes A, Beaufils P. Anatomy of

the anterior cruciate ligament related to hamstring tendon grafts: a

cadaveric study. Knee. 2013;20(6):511-514.

32. Siebold R, Schuhmacher P, Fernandez F, et al. Flat midsubstance of

the anterior cruciate ligament with tibial “C”-shaped insertion site.

Knee Surg Sports Traumatol Arthrosc. 2015;23(11):3136-3142.

33. Snaebjornsson T, Hamrin-Senorski E, Svantesson E, et al. Graft diam-

eter and graft type as predictors of anterior cruciate ligament revision:

a cohort study including 18,425 patients from the Swedish and Nor-

wegian national knee ligament registries. J Bone Joint Surg Am. 2019;

101(20):1812-1820.

34. Sturnick DR, Vacek PM, DeSarno MJ, et al. Combined anatomic fac-

tors predicting risk of anterior cruciate ligament injury for males and

females. Am J Sports Med. 2015;43(4):839-847.

35. Tashman S, Zandiyeh P, Irrgang JJ, et al. Anatomic single- and dou-

ble-bundle ACL reconstruction both restore dynamic knee function: a

randomized clinical trial-part II: knee kinematics. Knee Surg Sports

Traumatol Arthrosc. 2021;29(8):2676-2683.

36. Thein R, Spitzer E, Doyle J, et al. The ACL graft has different cross-

sectional dimensions compared with the native ACL: implications for

graft impingement. Am J Sports Med. 2016;44(8):2097-2105.

37. Triantafyllidi E, Paschos NK, Goussia A, et al. The shape and the

thickness of the anterior cruciate ligament along its length in relation

to the posterior cruciate ligament: a cadaveric study. Arthroscopy.

2013;29(12):1963-1973.

38. Tuman JM, Diduch DR, Rubino LJ, Baumfeld JA, Nguyen HS, Hart

JM. Predictors for hamstring graft diameter in anterior cruciate

ligament reconstruction. Am J Sports Med. 2007;35(11):

1945-1949.

10 Menghini et al The Orthopaedic Journal of Sports Medicine


	Changes in the Cross-Sectional Profile of Treated Anterior Cruciate Ligament Within 2 Years After Surgery
	METHODS
	Participants
	Surgical Procedures
	Outline placeholder
	ACLR Group
	BEAR Group


	Imaging Outcomes
	Statistical Analysis

	RESULTS
	Group Differences in Ligament CSA Profile
	Ligament CSA Correlations With Body Size
	Ligament CSA Correlations With Knee and Notch Size

	DISCUSSION
	Limitations

	Conclusion
	Acknowledgment
	AUTHORS
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


