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Abstract The purpose of this study was to compare the cadaveric midsubstance cross-sectional
anterior cruciate ligament (ACL) area and the cross-sectional semitendinosus (ST)
double-bundle ACL autograft area in surgery. Thirty-nine nonpaired formalin-fixed
cadaveric knees and 39 subjects undergoing ST double-bundle ACL reconstruction
were included in this study. After soft tissue resection, cadaveric knees were flexed at
90 degrees, and the tangential line of the femoral posterior condyles was marked and
sliced on the ACL midsubstance. The cross-sectional ACL area was measured using
Image J software. In the patients undergoing ACL surgery, the harvested STwas cut and
divided into anteromedial (AM) bundle and posterolateral (PL) bundle. Each graft edge
diameter was measured by a sizing tube, and the cross-sectional graft area was
calculated: (AM diameter/2)2� 3.14þ (PL diameter/2)2� 3.14. Statistical analysis was
performed for the comparison of the cross-sectional area between the cadaveric ACL
midsubstance and the ST double-bundle ACL autografts. The cadaveric midsubstance
cross-sectional ACL area was 49.0�16.3mm2. The cross-sectional ST double-bundle
autografts area was 52.8�7.6mm2. The ST double-bundle autograft area showed no
significant difference when compared with the midsubstance cross-sectional ACL area.
ST double-bundle autografts were shown to be capable of reproducing the midsub-
stance cross-sectional ACL area.
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In recent decades, anatomical anterior cruciate ligament
(ACL) reconstruction has become more popular.1–4 Many
studies have reported more favorable results in anatomical
ACL reconstructionwhen comparedwith nonanatomical ACL
reconstruction.5–11 In addition, double-bundle ACL recon-
struction is a better method for avoiding anterior–posterior
instability and rotatory laxity compared with single-bundle
ACL reconstruction.5,8,12–15 In most cases of ACL reconstruc-
tion using an autograft, the semitendinosus (ST) is mainly
used. One of the purposes of anatomical ACL reconstruction
is to reproduce native ACL anatomy.1 However, the recon-
structed ACL size is determined by the harvested autograft
size, and not by the native ACL insertion site and ACL
midsubstance cross-sectional size.9,15,16

Few studies have addressed whether the ACL graft is
capable of reproducing native ACL midsubstance morphol-
ogy. Previously, Iriuchishima et al17 compared the ACL
midsubstance cross-sectional area and the size of com-
monly used autografts using cadaveric knees. Revealing
whether ACL autografts are capable of reproducing native
ACL midsubstance morphology is essential, not only to
reproduce native ACL anatomy, but also to prevent graft
impingement in ACL reconstruction.5,18,19 If proper atten-
tion is not given to the reproduction of ACL native mid-
substance morphology, graft impingement is likely in
clinical situations.

The purpose of this study was to compare the cadaveric
midsubstance cross-sectional ACL area and the cross-sec-
tional area of ST double-bundle ACL reconstruction auto-
grafts in surgery. The hypothesis of this study was that a
difference would be found between the ST double-bundle
ACL autograft area and the cadaveric midsubstance cross-
sectional ACL area.

Materials and Methods

Midsubstance Cross-Sectional ACL Area of Cadaveric
Knees
Thirty-nine nonpaired Japanese cadaveric knees were used.
The mean age of the subjects at the time of death was
79.9�10.6 years (18 males and 21 females). All surround-
ing muscles, ligaments other than ACL, and other soft
tissues around the knee were resected before ACL dissec-
tion. After soft tissue resection, knees were flexed at
90degrees, and the tangential line of the femoral posterior
condyles was marked with ink on the ACL. Then, the ACL
was cut from approximately 5mm distal to femoral inser-
tion to 5mm proximal to tibial insertion. The cut-out ACL
was sliced at the level of the tangential line of the femoral
posterior condyles with sharp razors (►Fig. 1A). The mid-
substance cross-sectional ACL area was photographed, and
the images were downloaded to a personal computer. The
midsubstance cross-sectional ACL area was analyzed using
Image J software (National Institute of Health; ►Fig. 1B).
Image J is public-domain open-source software for process-
ing and analyzing scientific images. The accuracy of the area
measurement of Image J software was less than 0.1mm and
0.1mm2.

Cross-Sectional ST Double-Bundle Autograft Area in
Surgery
Between January 2017 and September 2019, 51 nonpaired
Japanese subjects underwent anatomical ACL reconstruc-
tion. The exclusion criteria were single-bundle reconstruc-
tion, ST and gracilis autograft use, and bone–tendon–bone
(BTB) autograft reconstruction; 12 subjects were excluded. If
the harvested ST length was under 24mm and the two-
strand ST graft diameter was under 4.5mm, a three-strand
single bundle or an additional harvest of the gracilis tendon
was selected. The BTB autograft was selected mainly for
revision surgery. Finally, 39 subjects with ST double-bundle
ACL autografts were included (18 males and 21 females;
mean age: 31.8�13.0 years).

From the tibial side of the insertion site to the proximal
end of the tendon, ST was harvested using a closed tendon
stripper. All muscles were resected from the tendon. First,
the length of the harvested ST graft was measured. After
cutting the ST in half, the thicker half of the graft was
regarded as the anteromedial (AM) bundle and the thinner
half was regarded as the posterolateral (PL) bundle.

Harvested ST autografts were two-stranded, and an
ULTRABUTTON (Smith and Nephew Inc., Andover, MA) was
inserted on the femoral side. On the tibial side, the graft ends
were sutured using No.3 polyester yarn (Matsuda Ika Kogyo
Co., Ltd, Tokyo, Japan) with a baseball suture. After tension-
ing the grafts over 10N for 10minutes with a graft tensioner
ACUFEX GRAFTMASTER (Smith and Nephew Inc, Andover,
MA), both graft edge diameters were measured using a graft
sizing tube (Smith and Nephew Inc, Andover, MA). After
going through a graft sizing tube, the graft was circular in
shape, and the cross-sectional midsubstance ST double-
bundle autograft diameter (mm) was calculated as the aver-
age diameter of both edges: tibial side diameter/2þ femoral
side diameter/2. The cross-sectional ST double-bundle (AM
þPL) autograft area (mm2) was calculated as: (AM bundle
autograft diameter/2)2�3.14þ (PL bundle autograft diame-
ter/2) 2�3.14.

Statistical Analysis
Data are presented as means� standard deviations. The
Mann–Whitney U-test was used to compare gender differ-
ences of the cadaveric midsubstance cross-sectional ACL

Fig. 1 (A, B) Measurement of the midsubstance cross-sectional ACL
size. (A) The plane of the midsubstance cross-section ACL was sliced at
the tangential plane of the femoral posterior condyles at 90° of knee
flexion. (B) Midsubstance cross-sectional ACL size measurement. ACL,
anterior cruciate ligament.
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area, ST double-bundle autografts area (AMþPL), and the
cadaveric midsubstance cross-sectional ACL area and the ST
double-bundle autografts area (AMþPL). The statistical sig-
nificancewas assumed when p<0.05. The coverage of the ST
double-bundle (AMþPL) autograft area over the cadaveric
midsubstance cross-sectional ACL area was calculated as: ST
double-bundle autograft area/cadavericmidsubstance cross-
sectional ACL area�100 (%).

Calculated sample size of each group was 21 (G� Power
software: Priori, Wilcoxon Mann–Whitney test).

Results

Cadaveric Midsubstance Cross-Sectional ACL Area
The measured cadaveric midsubstance cross-sectional ACL
area was 49.0�16.3mm2 (male: 51.8�16.8mm2, female:
48.1�16.0mm2). No significant gender difference was ob-
served in the cadaveric midsubstance cross-sectional ACL
area (p¼0.438).

Cross-Sectional ST Double-Bundle Autograft Diameter
and Area
The midsubstance AM bundle area was 27.9�4.2mm2

(male: 30.0�4.1mm2, female: 26.1�3.5mm2). Themidsub-
stance PL bundle autograft area was 24.9�3.8mm2 (male:
26.0�4.4mm2, female: 24.0�3.0mm2). The midsubstance
ST double bundle (AMþPL) area was 52.8�7.6mm2 (male:
56.0�8.2mm2, female: 50.0�5.9mm2).

The AM and PL autograft diameters on the femur and tibia
sides and the midsubstance graft diameters are shown
in ►Table 1.

The cross-sectional ST double-bundle autograft area was
significantly large in the male subjects when compared with
that in the female subjects (p<0.01).

The cross-sectional ST double-bundle autograft area
showed no statistically significant difference when com-
pared with the cadaveric midsubstance cross-sectional ACL
area (in male, female, and total) (►Fig. 2).

The coverage of the ST double-bundle autograft area over
the cadaveric midsubstance cross-sectional ACL area was
107.9% (male: 108.1%, female:104.0%).

Discussion

The most important finding of this study was that the cross-
sectional ST double-bundle autograft area showed no sta-
tistically significant difference when compared with the

cadaveric midsubstance cross-sectional ACL area. No gender
difference was observed in this trend. The coverage of the ST
double-bundle autografts over the cadaveric midsubstance
cross-sectional ACL area was approximately 108%. The
results of this study show that ST double-bundle autografts
are capable of reproducing native ACL midsubstance
morphology.

Magnussenet al andConteet al reported that lower8mmin
diameter single-bundle ST grafts is associatedwith higher risk
for failure20,21 (measured area of 8mm graft¼50.2mm2).
Magnussen et al and Conte et al reports have used single-
bundle grafts, and since there are no reports of double-bundle
grafts, comparisons are difficult to make, our study, the
double-bundle grafts area were 52.8mm2, so double-bundle
grafts may be capable grafts size.

In recent ACL studies, the topics of focus have been
mainly femoral and tibial ACL footprint anatomy, ACL
biomechanical testing according to the reconstruction
method, and graft selection.5,6,13,15,22–31 Many studies
have reported that double-bundle reconstruction using
hamstrings and rectangular BTB grafts1,6,7,11,15 can repro-
duce native ACL footprint anatomy. However, not many
studies have attempted to reveal the morphological corre-
lation between the midsubstance of the reconstructed
autograft and the native midsubstance ACL. In knees with
ACL tear, it is impossible for surgeons to evaluate the intact
native ACL midsubstance morphology, and therefore, it is
extremely difficult to obtain accurate information about the
intact ACL midsubstance size. Some authors have evaluated
the size of the contralateral ACL using magnetic resonance
imaging; however, none of the studies evaluated the size
directly. In this study, although no information was
obtained about contralateral knees, the ST double-bundle
ACL autograft area in surgery was compared with the
midsubstance ACL area in cadaveric knees of a similar
Japanese population. Considering that the cadaveric knees
used for comparison were formalin-fixed knees, the calcu-
lated area of the midsubstance ACL is likely to have been
underestimated when compared with nonformalin-fixed
knees or ACL autografts. However, in this study, the cover-
age of the ST double-bundle autograft area over the cadav-
eric midsubstance ACL area was shown to be sufficient, at
approximately 108%. Even when considering the degree of
contraction present in formalin-fixed ACL specimens, the ST
double-bundle cross-sectional area was seen to be capable
of reproducing the native ACL midsubstance cross-sectional
area.

Table 1 ST autograft diameter and size

Femur
side AM
diameter
(mm)

Tibia side
AM
diameter
(mm)

AM bundle
diameter
(mm)

AM bundle
size (mm2)

Femur side
PL diameter
(mm)

Tibia side
PL diameter
(mm)

PL bundle
diameter (mm)

PL bundle
size (mm2)

ST
double-bundle
(AMþ PL) size
(mm2)

Mean 5.7 6.2 5.9 27.9 5.3 6.0 5.6 24.9 52.8

Male 5.9 6.4 6.2 30.0 5.3 6.1 5.7 26.0 56.0

Female 5.4 6.1 5.8 26.1 5.2 5.8 5.5 24.0 50.0

Abbreviations: AM, anteromedial; PL, posterolateral; ST, semitendinosus.
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Although this study was reported for the ST double-
bundle autograft area, other contribution to graft survival
by Noyes et al32 reported that structural mechanical proper-
ties of different grafts, such as bone–patellar tendon–bone,
ST, gracilis, iliotibial tract, quadriceps tendon, should be
evaluated.

One of the major complications of ACL reconstruction is
intercondylar roof or PCL impingement.33–35 Marzo et al36

and Toritsuka et al37 reported with arthroscopic second
looks that graft deterioration occurred mainly in the mid-
substance portion. Natsu-ume et al38 reported that partial
tears of grafts were correlatedwith an increased side-to-side
anterior laxity. Iriuchishima et al5,18,19 reporting on graft
impingement in anatomical ACL reconstruction concluded
that a correctly placed ACL graft within the native footprint
does not result in roof or PCL impingement. Based on these
reports, it is clear that reproducing native ACLmidsubstance
morphology is required to avoid ACL graft impingement. In
this study, ST double-bundle autografts were shown to be
capable of reproducing the native midsubstance cross-sec-
tional ACL area.

Some authors have attempted to measure the midsub-
stance cross-sectional ACL area.6,16,17,39–42 Harner et al39

measured the ACL at five different, equidistant midsub-
stance levels and calculated an average to determine the
cross-sectional area. The ACL midsubstance area was found
to be approximately 40mm2. Hashemi et al40 measured the
midsubstance cross-sectional ACL area using a three-di-

mensional camera system, and the result was
46.75�12.62mm2. Muneta et al42 measured the ACL mid-
substance area by cutting in the middle, perpendicular to its
long axis, and found the area to be 41.9mm2. The results of
these studies are similar to the results of the present study.
As the ACL runs in the knee three-dimensionally, the plane
and the part that should be used to measure the ACL
midsubstance cross-sectional area need to be determined.
In this study, to obtain the midsubstance cross-section with
high reproducibility, the ACL was cut at the level of the
tangential line of the femoral posterior condyles at
90degrees of knee flexion.

Several authors have reported about hamstring single-
bundle graft average diameters: Park et al43 reported 7.2mm
(measured area¼40.7mm2), Mariscalco et al44 reported
7.8mm (47.8mm2), and Magnussen et al20 reported
7.9mm (49.0mm2). The graft sizes in these reports were
not so different compared with the double-bundle graft size.
The limitations of this study were: (1) the cadaveric ACL
dissection was performed by macroscopic evaluation only.
This might allow for human error and bias. (2) The mean age
of the cadaveric knee subjects was significantly higher than
the average age of patients undergoing ACL reconstruction.
(3) The study sample size was not large. (4) The graft sizing
tube is in 5mm increments, so no finer values could be given
for the graft diameter. (5) This study could not include direct
sampling of the contralateral normal ACL; it should be
evaluated in the future studies.

Fig. 2 Comparison of midsubstance ACL size and ST double-bundle ACL autograft size. The cross-sectional ST double-bundle autograft area
showed no statistically significant difference when compared with the cadaveric midsubstance cross-sectional ACL area (in male, female, and
total). ACL, anterior cruciate ligament; ST, semitendinosus.
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Conclusion

ST double-bundle autografts were shown to be capable of
reproducing the native midsubstance cross-sectional ACL
area. For clinical relevance, ST double-bundle autografts
are recommended for the accurate production of native
ACL midsubstance morphology in ACL reconstruction.
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