
Knee Surg Sports Traumatol Arthrosc (2016) 24:148–153
DOI 10.1007/s00167-014-3354-1

1 3

KNEE

Morphologic evaluation of remnant anterior cruciate ligament 
bundles after injury with three-dimensional computed 
tomography

Nobuo Adachi · Mitsuo Ochi · Kobun Takazawa · 
Minoru Ishifuro · Masataka Deie · Atsuo Nakamae · 
Goki Kamei 

Received: 25 April 2014 / Accepted: 23 September 2014 / Published online: 7 October 2014 
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2014

technique can be useful for preoperative planning of the 
ACL reconstruction or informed consent to the patients. 
However, for definitive diagnosis, arthroscopic probing is 
required.
Level of evidence IV.
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Introduction

Several treatment options are available for anterior cruci-
ate ligament (ACL) reconstruction with hamstring tendons, 
such as single-bundle, double-bundle, or remnant-preserv-
ing reconstructions [3, 24, 29]. When relatively thick ACL 
remnants after injury are left in certain conditions, we have 
performed ACL augmentation to preserve the remnants [1, 
20, 21]. Recently, remnant-preserving ACL reconstruction 
has become popular because this procedure was proven to 
provide biomechanical, vascular, and proprioceptive advan-
tages for patients [9, 25]. Although preoperative assessment 
of ACL remnants is important, the clinical diagnosis of an 
ACL partial tear is still subject to debate. Some cadaveric 
studies have shown that it is difficult to know the percent-
age of injured fibres determined only by a Lachman test or 
an anterior drawer test [8, 14]. Magnetic resonance imaging 
(MRI) is undoubtedly the most popular diagnosis imaging 
for an injured ACL. MRI can provide important informa-
tion of not only the ACL itself but also other intra- or extra-
articular structures such as meniscus, articular cartilage, 
muscle, or tendons. However, it is difficult to evaluate the 
three-dimensional (3D) morphology of the ACL remnants 
on MRI.

Abstract 
Purpose This study aimed to investigate the morphologi-
cal patterns of remnant anterior cruciate ligament bundles 
after injury (ACL remnant) on three-dimensional computed 
tomography (3DCT) and compare them with those on 
arthroscopy.
Methods Sixty-three patients (33 males and 30 females; 
mean age 25.2 ± 10.1 years) who had undergone primary 
ACL reconstruction between March 2011 and December 
2012 were included in this study. The average durations 
between traumas and 3DCT and between 3DCT and sur-
gery were 101.7 ± 87.2 and 38.2 ± 38.7 days, respectively. 
ACL remnants were classified into four morphological pat-
terns on 3DCT. 3DCT findings were compared with arthro-
scopic findings with and without probing.
Results The morphological patterns of the ACL rem-
nants on 3DCT were well matched with those on arthros-
copy without probing (the concordance rate was 77.8 %). 
However, the concordance rate was reduced to 49.2 % 
when arthroscopic probing was used to confirm the femoral 
attachment of ACL remnants (p ≤ 0.05).
Conclusions This study demonstrates that the morpholog-
ical patterns of ACL remnants on 3DCT were well matched 
with those on arthroscopy without probing. Therefore, the 
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Recently, it has been reported that 3D computed tomog-
raphy (CT) imaging with volume rendering can be used 
for diagnosing several soft tissues, such as muscles, hand 
and wrist tendons, or anterior talofibular ligament of the 
ankle [17, 18, 23, 26, 30]. This was the first study that 
investigated the morphological patterns of ACL remnants 
on three-dimensional computed tomography (3DCT) and 
compared them with those on arthroscopy with and with-
out probing. It was hypothesized that the morphological 
patterns of ACL remnants on 3DCT are well matched with 
those on arthroscopy.

Materials and methods

Between 2011 and 2012, 120 patients underwent arthros-
copy-assisted ACL reconstruction with multistranded ham-
string tendon at our institute. Among them, 63 patients 
whose preoperative 3DCT scan of the ACL-injured knee 
was available were included in this study. Patients with 
multiligamentous injuries such as medial collateral liga-
ment, posterior cruciate ligament, or posterolateral corner 
injuries were excluded. Patients whose preoperative peri-
ods were >2 years were also excluded because their ACL 
remnants usually have disappeared. The included patients 
consisted of 33 males and 30 females with the average age 
of 25.2 ± 10.1 years at the time of the operation. The cause 

for all ACL injuries was trauma, such as a sports-related 
injury or a traffic accident. The average durations between 
traumas and 3DCT and between 3DCT and surgery were 
101.7 ± 87.2 and 38.2 ± 38.7 days, respectively.

3DCT was conducted on the ACL-injured knee in all 
cases. 3DCT images were obtained with a multidetector 
row CT scanner (LightSpeed Ultra 16; General Electric 
Medical Systems, Milwaukee, WI, USA). The patient was 
placed in a supine position with the knee joint at a 90° 
flexed position. Then, 3D volume data sets of the knee 
joint were obtained. The scanning parameters were as 
follows: a gantry rotation speed of 0.6 s/rotation, 1.25-
mm collimation width × 16 detectors, CT pitch factor of 
0.562, and field of view of 25–30 cm. The CT dose index 
volume was 7.67 mGy. Then, 2D images were recon-
structed with 12–25 cm field of view, 1.25-mm retro-
spective slice thickness, and 0.63-mm overlap. The total 
table motion was 20–30 cm, and finally, 200–400 slices 
were obtained. Images were rendered qualitatively with 
the volume-rendering technique by using a commer-
cially available workstation (Virtual Place; AZE, Tokyo, 
Japan) to take the 3D images. The scanning time ranged 
from 40 to 60 s, and another 10 to 15 min was needed for 
postprocessing.

The ACL remnants on 3DCT were classified into four 
morphological patterns according to the classification by 
Crain et al. [10]: type I, bridging between the posterior 

Fig. 1  Anterior cruciate 
ligament (ACL) remnants on 
three-dimensional computed 
tomography (3DCT) and on 
arthroscopy were classified into 
four morphological patterns 
according to the classification 
by Crains et al. Type I (PCL), 
bridging between the posterior 
cruciate ligament and tibia; type 
II (roof), bridging between roof 
of the intercondylar notch and 
tibia; type III (wall), bridging 
between the lateral wall of the 
intercondylar notch and tibia; 
and type IV (rupture), no sub-
stantial ACL remnants
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cruciate ligament and tibia; type II, bridging between 
roof of the intercondylar notch and tibia; type III, bridg-
ing between the lateral wall of the intercondylar notch 
and tibia; and type IV, no substantial ACL remnants 
(Fig. 1).

All ACL surgeries were performed by the senior author 
(M.O.). Routine arthroscopic inspection was performed 
through lateral and medial infrapatellar portals with a 
30°-oblique arthroscope with the knee flexed at 90°. First, 
the whole ACL remnant was evaluated while the scope was 
inserted from the lateral portal without probing. Then, the 
femoral attachment of the ACL remnant was inspected with 
the probe inserted through the medial portal. The images of 
the ACL remnant with and without probing were digitally 
recorded using an image capture system. The ACL rem-
nants on arthroscopy were also classified into four patterns 
as the 3DCT images.

The morphological pattern of the ACL remnant on 
3DCT and arthroscopy was reviewed by two of the authors 
(N.A. and M.D., who had >20 years of experience as knee 
surgeons) individually; both authors were blinded to the 
clinical information of the patients. In case of an interob-
server difference, the authors evaluated the results together 
to reach an agreement.

The 3DCT findings were compared with the arthro-
scopic findings with and without probing. The concordance 
rate was calculated.

The institutional review board of Hiroshima Univer-
sity approved the use of human subjects for this study (ID 
number: EKI-523). Written informed consent was obtained 
from all patients before their participation, and their rights 
were protected.

Statistical analysis

The χ2 test for independence was used for comparative 
evaluation of the correlation between the morphologi-
cal pattern of the ACL remnants on 3DCT and those on 
arthroscopy. A p value of <0.05 was considered statisti-
cally significant. All statistical analyses were conducted 
using Statview 5.0 (SAS Institute, Cary, NC, USA). As for 
the sample size of this study, the patients who had met the 
inclusion criteria were collected as many as possible during 
the study periods. The calculation showed that this sample 
size indicated adequate power (≥0.80) to detect a signifi-
cant difference.

Results

On 3DCT, 11.1 % (n = 7) of the ACL remnants were clas-
sified as type I, 17.5 % (n = 11) type II, 46.0 % (n = 29) 
type III, and 25.4 % (n = 16) type IV.

Correlation between the morphological patterns on 
3DCT and those on arthroscopy without and with probing 
is summarized in Tables 1 and 2, respectively. The mor-
phological patterns of the ACL remnants on 3DCT were 
well matched with those on arthroscopy without probing in 
77.8 % of the patients. However, the concordance rate was 
reduced significantly to 49.2 % when arthroscopic prob-
ing was used to confirm the femoral attachment of the ACL 
remnants (p < 0.05) (Fig. 2).

Discussion

The most important finding of this study was that the mor-
phological patterns of ACL remnants on 3DCT with the 
volume-rendering technique were well matched with those 
on arthroscopy without probing. Therefore, this technique 
can be useful for preoperative assessments of ACL rem-
nants. However, importantly, for a definitive diagnosis of 
the ACL attachment, arthroscopic probing is required.

Several ACL reconstruction techniques have been 
reported, such as single- or double-bundle reconstruction 
with multistranded hamstring tendons, and reconstruc-
tion with bone-patella-tendon bone or quadriceps tendons 
[3, 24, 29]. Recently, ACL reconstruction with remnant-
preserving techniques has received much attention. It is 
reported that remnant-preserving ACL reconstructions have 
potential advantages in terms of biomechanical function, 
revascularization of the graft, or promotion or maintenance 
of the proprioceptive function of the knee [1, 2, 4, 5, 7, 9, 
10, 12, 16, 20, 21, 25].

It is important to know the status of the injured ACL 
preoperatively for the planning of ACL reconstruction, 
especially for ACL remnant-preserving techniques. Mun-
eta et al. [15] reported that the ACL remnant volume at 
the time of remnant-preserving double-bundle ACL recon-
struction well correlated with the postoperative knee lax-
ity. To evaluate the status of the ruptured ACL, clinical 
examinations, instrumental laxity testing, or MRI can be 
used. Some cadaveric studies have shown that it is diffi-
cult to know the percentage of injured fibres determined 
only by a Lachman test or an anterior drawer test [8, 14]. 
Some authors used a knee arthrometer or an electromag-
netic measurement system and showed less laxity in the 
partial ACL rupture than in the complete rupture [6, 22]. 
However, of course, morphological examinations cannot 
be done in those instrument testing. There is no doubt that 
MRI is the most popular diagnostic imaging technique for 
an injured ACL. MRI can provide important information 
of not only the ACL itself but also other intra- or extra-
articular structures, such as the meniscus, articular carti-
lage, muscle, or tendons. Recently, several reports have 
been published on the diagnosis of partial ACL. In 2013, 
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Delin et al. [11] conducted a prospective study to evalu-
ate the diagnostic accuracy of apparent diffusion coef-
ficient (ADC) mapping with conventional MRI in differ-
entiating complete and partial ACL tears. They concluded 
that additional ADC mapping helps differentiate between 
complete and partial tears with high reliability. In 2012, 
Lefevre et al. [13] compared the conventional 2D and 3D 
fast spin echo (3D-FSE-Cube) MRI for diagnosing partial 
ACL tears. They demonstrated higher accuracy in diagnos-
ing partial ACL tears. Ng et al. [19] recommended adding 

oblique axial imaging to standard MRI images to improve 
the diagnostic accuracy for partial ACL tears. On the other 
hand, van Dyck et al. [28] stated that MR imaging at 3.0 
T represents a highly accurate method for the diagnosis of 
the ACL tears, but it was difficult to differentiate between 
complete and partial tears of the ACL at this magnetiza-
tion. Thus, although the diagnosis of partial ACL tears 
has been a recent topic in skeletal radiology, even with 
advanced MRI techniques, it is difficult to evaluate the 3D 
morphology or partial tears of the ACL on MRI.

Table 1  Correlation between the morphological pattern of the anterior cruciate ligament (ACL) remnant on three-dimensional computed tomog-
raphy (3DCT) and on arthroscopy without probing

The concordance rate is 77.8 % (49/63)

Arthroscopic finding 3DCT

Type I (PCL) Type II (roof) Type III (wall) Type IV (rupture) Total

Type I (PCL) 4 4

Type II (roof) 2 9 2 4 17

Type III (wall) 2 27 3 32

Type IV (rupture) 1 9 10

Total 7 11 29 16 63

Table 2  Correlation between the morphological pattern of the anterior cruciate ligament (ACL) remnant on three-dimensional computed tomog-
raphy (3DCT) and on arthroscopy with probing

The concordance rate is 49.2 % (31/63)

Arthroscopic finding 3DCT

Type I (PCL) Type II (roof) Type III (wall) Type IV (rupture) Total

Type I (PCL) 5 3 4 12

Type II (roof) 1 5 13 3 22

Type III (wall) 3 11 3 17

Type IV (rupture) 1 1 10 12

Total 7 11 29 16 63

Fig. 2  a Anterior cruciate ligament (ACL) remnant was classified 
as type III on three-dimensional computed tomography (3DCT). b 
Arthroscopic finding of the ACL remnant was classified as type III 

without probing. c Arthroscopic finding of the ACL remnant was 
classified as type II when the femoral attachment of the remnant with 
probing was evaluated



152 Knee Surg Sports Traumatol Arthrosc (2016) 24:148–153

1 3

Recently, it has been reported that 3DCT imaging with 
volume rendering can be used for diagnosing several soft 
tissues, such as muscles, hand and wrist tendons, or ante-
rior talofibular ligament of the ankle, and this method has 
received much attention in the field of orthopaedic surgery 
[17, 18, 23, 26, 29]. Sunagawa et al. [26] used 3DCT with 
volume rendering for the evaluation of flexor and extensor 
tendons in the hand and wrist. They stated that 3DCT imag-
ing was useful for the diagnosis of those tendons and was 
helpful in preoperative surgical planning because the loca-
tion of the ruptured tendon stump could be identified easily 
with this technique. Nakasa et al. [18] also demonstrated 
that 3DCT could evaluate the condition of talofibular liga-
ment remnants much better than MRI. As for the evaluation 
of injured ACL using 3DCT, Uozumi et al. [27] evaluated 
the features of the tibial side of the ACL remnant preopera-
tively. However, the femoral attachment of the ACL rem-
nant which is very important information for ACL surgery 
was not evaluated.

3DCT allows the evaluation of the overall 3D struc-
ture of soft tissue in one image. As for the assessment of 
an injured ACL, it is possible to know the volume and 3D 
position of the remnant. These are important information 
for preoperative planning and obtaining informed consent 
from the patients if ACL reconstruction with a remnant-
preserving procedure could be performed. However, as 
shown in this study, because the attachment of the ACL to 
the femur could not be clearly visualized on 3DCT images, 
arthroscopic assessment is indispensable. The status of 
the attachment of the injured ACL to the femur is another 
important aspect to consider when performing ACL recon-
struction with remnant preservation.

This study has several limitations. First, the images of 
ACL remnants on 3DCT were not compared with other 
diagnostic tools such as clinical tests or MRI. Therefore, 
this study does not show any superiority of the 3DCT over 
other tools. It is necessary to perform a comparative study 
to show the definite usefulness of 3DCT for diagnosing 
ACL remnants. Second, the correlation between the mor-
phological status of ACL remnants and the anterior or rota-
tional laxity of the knee joint was not evaluated. Future 
studies that integrate the information of morphological 
status of ACL remnant on 3DCT and MRI and involve 
joint laxity will provide a more precise status of the ACL 
remnant and help decide the indication of remnant-pre-
serving ACL surgery preoperatively. Third, using CT has 
the potential disadvantage of exposing the patient to ion-
izing radiation. In this study, we used a multidetector row 
CT scanner that irradiates small milligray doses during the 
scan. Recently, 3DCT imaging techniques have become 
less invasive than ever. Fourth, the test–retest reliability of 
evaluating 3DCT images and arthroscopic findings was not 
conducted.

Conclusion

This study clearly demonstrated that that the morphologi-
cal patterns of ACL remnants on 3DCT were well matched 
with those on arthroscopy without probing. Therefore, the 
technique can be useful for the preoperative planning of the 
ACL reconstruction or informed consent to the patients. 
However, because arthroscopic probing is required for 
a definitive diagnosis, routine 3DCT examination is not 
recommended.
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