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Influence of Age on Healing Capacity of Acute Tears of the
Anterior Cruciate Ligament Based on Magnetic

Resonance Imaging Assessment

Hidetoshi Ihara, MD and Tsutomu Kawano, MD
Objective: The purpose of this study was to evaluate the influence of pa-
tient age on the effects of conservative treatment of the anterior cruciate
ligament (ACL).
Methods:A total of 102 consecutive patients with acute ACL injury were
allowed to heal without surgery. Final magnetic resonance imaging images
of the ACLwere classified from grade I, indicating goodmorphological re-
covery, to grade IV, indicating poor recovery. Chi-square analysis was used
to determine significant differences in the incidence of grades I and II
among those less than 20 versus those 20 years or more of age.
Results: The mean follow-up to final magnetic resonance imaging was
9 months. A significant difference in the frequency of grades I and II was
observed between age groups (<20 years, 13.0%; ≥20 years, 69.6%;
P < 0.0001).
Conclusion: ACL injury was more severe, and morphological recovery
with conservative treatment was poorer among younger patients than
among adults.
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T he anterior cruciate ligament (ACL) rarely heals with the ap-
plication of current surgical and conventional conservative

methods.1–3 In contrast, good results have been reported for
healing of the medial collateral ligament (MCL) with nonopera-
tive, early mobilization.4–7 In comparison to injuries of the
MCL, the intrinsic characteristics of ACL injuries may play a role
in healing capacity.8 One reason ACL injuries may be refractory to
treatment is failure of blood clots to form during initial healing,
resulting in a lack of scaffolding between the 2 ruptured ends.
Moreover, a layer of synovial tissue can form over the ruptured
ACL surfaces, which may impede healing.9 However, it is clear
that the healing capacity of the ACL has been underestimated, es-
pecially when studies report results from retracted ACLs instead
of fully healed ACLs.9

Primary reconstruction is the most common surgical op-
tion because of the poor healing capacity of the ACL. Recent
studies have reported an incidence of secondary ACL injury
greater than 10% after initial reconstruction in athletes.10–13
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Secondary ACL injuries include damage to the ACL graft or
to the contralateral ACL.

We previously reported on a study of ACL healing with con-
servative treatment and proposed that applying mechanical stress
to the joint and ligament after injury promotes healing.14–16 How-
ever, because most acute ACL injuries in that study received the
same treatment regardless of patient age and tear type, treatment
outcomes were inconsistent. The purpose of the present study
was to assess the relationship between age at the time of injury
and the progress of morphological recovery based on magnetic
resonance imaging (MRI) images in patients who underwent con-
servative treatment for acute injury of the ACL. Our hypothesis
was that morphological recovery in younger patients would be
poorer than in adult patients.

MATERIALS AND METHODS

Patient Selection
Between February 2007 and November 2014, 105 consec-

utive acute ACL injuries were allowed to heal without surgery.
Patients were excluded if the rupture was older than 20 days.
Additional exclusion criteria included concomitant posterior
cruciate ligament injury, lower extremity injury that made
wearing a knee brace impossible, and unwillingness to partici-
pate in the study. We did not limit patient age and included pa-
tients with concomitant MCL injury. Three patients were lost to
follow-up during the first 6 months; thus, 102 patients who
were examined with MRI at a minimum of 6 months after in-
jury were analyzed. The cohort consisted of 44 male and 58 fe-
male patients. The mean age at injury was 28.3 ± 13.4 years,
ranging from 13 to 70 years. Thirty-nine patients were less than
20 years of age, whereas 63 were 20 years and older. Associ-
ated MCL injuries were found in 19 patients.

All patients were evaluated with MRI at the start of treatment
(initial MRI). The mean time between injury and the initial MRI
was 5.9 ± 4.6 days. The progress of healing was evaluated with
MRI at 6 months. If possible, MRI assessment was performed af-
ter 6 months at the time of final follow-up (final MRI).

Conservative Treatment
Conservative treatment began with mobilization of the knee,

muscle strengthening exercises, and full weight bearing. A brace
was used to protect the joint. To minimize abnormal sagittal devi-
ation between the femur and tibiawithin the range of kneemotion,
patients wore a knee brace (Kyuro knee brace; Nishinihon Rinsho
IgakuKenkyujo, Nakatsu, Japan) with a traction system consisting
of 2 pairs of coil springs, with each spring contained in a hous-
ing.14,15 The knee brace was applied as soon as acute ACL tears
were confirmed, so that mobilization of the knee could begin
promptly without further damage to the injured fibers. Several
temporary braces of different sizes were fabricated in advance
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FIGURE 1. The initial MRI was classified into 4 types according to the degree of injury, from type I formild injuries to type IV for severe injuries.
A, Type I: straight and continuous band. B, Type II: curved and continuous band. C, Type III: displacement. D, Type IV: disrupted or
horizontally oriented or unclear.

J Comput Assist Tomogr • Volume 41, Number 2, March/April 2017 Age and Healing of ACL
for immediate use until the custom knee brace fitting was com-
plete, typically within 1 week. The knee brace was removed after
3 months. Patients were allowed to begin running 5 months after
the beginning of treatment, and contact sports were allowed
12 months after the beginning of treatment for those whowished.

All patients gave consent for participation in this study. This
study was approved by the ethical board of our institution.

Magnetic Resonance Imaging
Patients were scanned in the supine position with a dedicated

knee MRI coil and with the knee placed in slight flexion. The
scanning protocol included sagittal and coronal imaging, but only
sagittal imaging was considered for the purpose of this study.
Scans in the sagittal plane were obtained parallel to the ACL in
the coronal scout mode. Until May 2011, images were acquired
with a 1.5-T MR system (Signa Advantage 1.5 T; GE Healthcare,
Tokyo, Japan), with a fast spin echo sequence included proton
density weighted of TR = 2000 ms, TE = 20 ms, slice thickness =
3mm, field of view = 16� 16 cm, reconstruction matrix of 512�
512, and number of excitations of 1. Thereafter, we used a 3.0-T
MRI system (Signa HDX 3.0 T; GE Healthcare), with a fast spin
echo sequence included proton density weighted of TR = 1800 to
2000 ms, TE = 16.8 ms, slice thickness = 3 mm, field of view =
16 � 16 cm, reconstruction matrix of 512 � 512, and number
of excitations of 1. From all available sequences, a slice in which
the femoral insertion site of the ACL to bone was clearly visible
was selected to evaluate the progress of morphological recovery.

Images of the injury in the sagittal plane were classified into
4 types according to the degree of injury, as follows: type I,
straight and continuous band; type II, curved and continuous
band; type III, displacement; and type IV, disrupted or horizontally
oriented or unclear (Fig. 1). Types I and II combined were consid-
ered the type I + II group, and types III and IV combined were
considered the type III + IV group.

Similarly, images of the treated ACL in the sagittal plane at
the time of follow-up were classified into 4 grades according to
the degree of morphological recovery as follows: grade I, taut
and straight band; grade II, straight band with partial thinning;
grade III, thinned; and grade IV, unclear (Fig. 2). Grades I and II
combined were considered the grade I + II group, and grades III
and IV combined were considered the grade III + IV group.
FIGURE 2. Magnetic resonance imaging at the time of follow-upwas cla
grade IV for poor recovery. A, Grade I: taut and straight band. B Grade II:
IV: unclear.

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
The second author categorized the MRI scans using the
criteria described above and calculated theχ2 coefficients for each
parameter to determine relationships between the type of tear and
the grade of healing.

Laxity Testing
Ligament stability was assessed with a KT-1000 arthrometer

(MEDmetric Corp, San Diego, Calif ) at manual maximum stress
at the time of injury and at final follow-up. The pivot shift phe-
nomenon was not assessed at the time of injury because its value
would not be accurate because of pain; however, it was assessed at
the final follow-up.

Statistical Analysis
Patients were grouped by age at the time of injury as less than

20 years of age or 20 or more years of age. Because of the
nonnormality of the data,we computed Spearman correlation coef-
ficients between the type of injury on initial MRI and the morpho-
logical grade on final MRI, between the type of injury on initial
MRI and patient age, and between the morphological grade on fi-
nal MRI and patient age. Chi-square analysis was used to deter-
mine significant differences in the incidence of type I + II and
grade I + II groups in those less than 20 years of age versus those
20 or more years of age, and in males versus females. Paired Stu-
dent t tests were used to compare arthrometer laxity values at the
time of injury and at final follow-up. All statistical analyses were
performed with JMP version 8 (SAS Institute Japan, Tokyo). Sta-
tistical significance was set at P < 0.05.

RESULTS
Magnetic resonance imaging at 6months revealed that the lig-

ament was completely retracted and no longer visible in 7 patients;
this time point was therefore considered the final MRI for these
patients. The 6-month MRI was considered the final MRI in an
additional 41 patients. The 61 remaining patients returned for
follow-up after 6 months, with a mean duration of 12.6 ± 7.9
months. The mean duration to the final MRI for all 102 patients
was 9.2 ± 7.5 months.

Injury classification on initial MRI was as follows: 23 (22.5%)
were type I; 34 (33.3%) were type II; 24 (23.5%) were type III;
and 21 (20.6%) were type IV.
ssified into 4 grades fromgrade I for goodmorphological recovery to
straight band with partial thinning. C Grade III: thinned. D, Grade
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FIGURE 3. Magnetic resonance imaging of an acutely torn ACL in a 28-year-old woman treated conservatively. Magnetic resonance imaging
taken the second day after injury (type III) (A), 2 months after injury (B), 6 months after injury (C), 12 months after injury (D), and 3 years
after injury (grade I) (E).
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The classification of morphological healing at the 6-month
MRI was as follows: 35 (34.3%) were grade I; 28 (27.5%), grade
II; 20 (19.6%), grade III; and 19 (18.6%), grade IV. Of the
61 patients who underwent MRI assessment after 6 months, the
subsequent grade assessment changed in 18 patients. Patients
assessed as grade I or grade IV at 6 months exhibited no change.
The grade changed in 15 grade II patients, improving to grade I
in 6 and deteriorating to grade III in 9. One grade-III patient im-
proved to grade I and 1 improved to grade II.

The classification of morphological healing on the final MRI
was as follows: 41 (40.2%) were grade I; 17 (16.7%), grade II; 25
(24.5%), grade III; and 19 (18.6%), grade IV. We evaluated the
percentage of patients classified as grade I, according to initial
MRI type. In initial type I, 53.7% of patients were grade I on final
MRI; in type II, 39.0%were grade I; in type III, 7.7%were grade I
(Fig. 3); and in type IV, none were grade I. The percentage of the
TABLE 1. Results of the Final Morphological Grade According
to the Initial Injury Type

Final
Morphological Grade

Initial Injury Type
Grade I
(41)

Grade II
(17)

Grade III
(25)

Grade IV
(19)

Type I (23) 22 1 0 0
Type II (34) 16 9 7 2
Type III (24) 3 4 11 6
Type IV (21) 0 3 7 11

FIGURE 4. Scatter diagramof the initial injury type and finalmorphologic
and final grade categories (rs = 0.7550; P < 0.0001).
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initial grade I + II group in the type I + II group was 84.2% (48 of
57 patients; Table 1). There was a significant relationship between
the initial injury type and morphological healing grade categories
(rs = 0.7390, P < 0.0001; Fig. 4).

The final MRI assessment categorized by age indicated poor
outcomes in patients less than 20 years of age. Of the 39 patients
less than 20 years of age, 14 (35.9%) were in the type I + II group
at initial assessment. In contrast, of those 20 or more years of age,
43 patients (68.3%) were in the type I + II group; there was a sig-
nificant difference in the frequency of type I + II between age
groups (P = 0.0014; Fig. 5). Of the patients less than 20 years of
age, the final MRI revealed that 12 (30.8%) were in the grade
I + II group. In contrast, among patients 20 or more years of
age, 46 (73.0%) were in the grade I + II group; there was a signif-
icant difference in the frequency of grade I + II between age
groups (P < 0.0001; Fig. 6).

There was no significant difference in the incidence of type
I + II or grade I + II between the sexes.

The side-to-side differences measured by the arthrometer at
the time of injury and at final follow-up were 5.3 ± 1.7 and 1.3 ±
1.6mm, respectively. The pivot shift negative ratewas 81.4% over-
all, and was 98.4% in the grade I + II group at the final follow-up.

The chi-square coefficients for interrelation were 0.75 for
type of injury on initial MRI and 0.92 for morphological grade
on final MRI.

DISCUSSION
The poor healing capacity of the ACL has been noted both

histologically in animal models and clinically.3,8,9 Animal
studies investigating conventional conservative treatment lack
al grade. Therewas a significant relationship between the initial type

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE5. Scatter diagramof the initial injury type and patient age. Of patients less than 20 years of age, 64.1%were in the type III + IV group.
There was a significant difference in the frequency of type III + IV between age groups (age <20 vs. ≥20 years; P = 0.0014).
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the conditions needed to evaluate the effect of early application of
mechanical stress at physiological levels. To achieve those condi-
tions, a knee brace with dynamic control is required; however,
such a brace is very difficult to use in an animal model.

Early mobilization of the knee creates a time-dependent re-
sponse of the injured ACL to physiological mechanical stress,
caused by the condylar geometry of the knee. The mechanism
of the crossed 4-bar linkage and the viscoelastic properties of
the tissues are activated with mechanical stress, which induces
the continuity and geometrical arrangement of the fibers.17,18

Newly synthesized collagen fibers form to resist those mechanical
stresses. Importantly, this motion should be within normal physi-
ological strain limits and with adequate protection because stress
beyond the normal limits may cause further damage. An effective
knee brace is essential to control the motion of the knee and min-
imize abnormal sagittal deviations between the femur and tibia
within the range of motion appropriate for ACL injury treatment,
while maintaining adequate stress on the injured fibers.

Several studies have reported results of ACL healing with
conservative treatment alone.19 Fujimoto et al20 examined 31 con-
secutive patients with acute ACL injury and demonstrated that by
FIGURE 6. Scatter diagram of final grade and patient age. Of patients les
grade III + IV group. There was a significant difference in the frequency
P < 0.0001).

© 2016 Wolters Kluwer Health, Inc. All rights reserved.
moving the knee early with a simple brace limited to flexion and
extension, 21 patients were able to maintain the ACLmorphology
as assessed with MRI taken after a minimum of 6 months. Costa-
Paz et al21 reported that of 14 acute ACL injuries left untreated
without any particular training or bracing, after a minimum of
2 years, the ACL had healed and the knee was stabilized in all pa-
tients and that the patients were able to return to sports activities at
or near the same level as before injury. The published images of 5
cases from Cost-Paz et al as assessed with the classification sys-
tem used in the present study included 4 cases of type I injury,
and 1 of type II injury. All 5 cases presented with tears that were
favorable to healing, and all patients were 23 or more years of age.

Recently, Deie et al22 used an organ culture model to show
that the human ACL has a high intrinsic healing capacity. The
ACL remnant contributes to anterior knee passive motion limits.23

Furthermore, ACL reconstructions performed with the ACL
remnant have better outcomes than those not utilizing the
ACL remnant.24–26

Two important points have been revealed by the present
study. First, outcomes were poor in patients less than 20 years of
age. This is an age at which the healing ability of ligaments is
s than 20 years of age, the final MRI revealed that 69.2%were in the
of grade III + IV between age groups (age <20 vs. ≥20 years;
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generally considered high. However, patients 20 or more years of
age had better outcomes in the present study. We believe that one
reason for this finding is that the initial injuries were more severe
in the younger age group. In a review of reports on reinjury after
ligament reconstruction, Ahldén et al27 found that reinjury oc-
curred in 9.1% of patients overall, and in 22.0% of female soccer
players aged 15 to 18 years. Shelbourne et al28 reported reinjury
in 3.9% of patients more than 25 years of age compared with
17.4% of those less than 18 years of age. Webb et al29 reported
an odds ratio for reinjury of 2.9 in patients less than 18 years of
age. Maletis et al30 found that patients less than 21 years of age
had a higher risk of requiring revision after ACL reconstruction.
Vigorous sports activity has been identified as the underlying
cause of this increased risk.31 It is believed that young adolescent
and preadolescent individuals do not have fully developed neuro-
muscular coordination and that the damage sustained at the time
of injury is severe.32 Further training may be needed to improve
these conditions.33,34 The present study showed similar trends,
with inferior outcomes in patients less than 20 years of age. Even
those patients aged less than 20 years with type II injuries showed
quickly progressive abnormal reactions of the ligament compared
with adults. Therefore, patients classified with type III + IV inju-
ries and those with type II injury who are aged less than 20 years
should be considered not suitable for conservative treatment.

Second, in tears limited to a straight and continuous band at
the time of injury (type I + II group), good outcomes (grade I +
II group) were achieved in 84.2% of patients; this indicated a
strong tendency toward healing. The good outcome group showed
an improvement in laxity, as measured with the arthrometer, and
98.4% had negative results for the pivot shift phenomenon. These
findings demonstrate that restoration of the mechanical function
of the ACL occurred. We believe that the type I + II group in-
cluded avulsion injuries at the site of femoral attachment, injuries
with a considerable amount of residual synovial membrane cover-
ing the ACL, and injuries in which the fibers formed a bundlewith
only minor displacement. The degree of laxity in type I injuries
was similar to that in the other types; given that all 50 patients
in our previous study had complete tears based on arthroscopic
findings, we believe that the type I group included mostly com-
plete tears and not partial tears.16 The type III + IV group included
severe mop-end tears with major displacement. If the indication
for our conservative treatment was limited to the type I + II group,
better outcomes might have been achieved.

Therewere several limitations to the present study. First, there
was no control group receiving conventional conservative treat-
ment, which promotes healing of the ACL but does not actually re-
store its morphology. Administering conventional conservative
treatment may, therefore, raise ethical questions. Second, MRI as-
sessmentswere performed over a relatively short period. Complete
observation of ACL healing requires more than 1 year of follow-
up. However, although it has been generally accepted that the
ACL does not heal with conservative treatment, the injured ACLs
showed morphological improvement on MRI over the short term
of this study; this suggests the need to review the theory that the
healing capacity of the ACL is poor. Third, this study aimed to
demonstrate the capacity of the ACL to heal naturally through
the use of early protective mobilization with a controllable knee
brace, but not to evaluate functional outcomes after follow-up.
Fourth, 2 different MRI magnets were used. However, a previous
publication showed that a 1.5-T magnet did not cause difficulties
in classification of ACL tears and healing,16 and hence, these 2
different magnets would allow for equal evaluation of the ACL.

The present study demonstrated that in ACL tears limited to a
straight and continuous band, placing physiological mechanical
stress on the injured ACL as soon as possible after injury as a
210 www.jcat.org
conservative treatment helps restore the ACL morphologically
and mechanically. Our findings indicate that the human ACL
has a high intrinsic healing capacity. In younger patients, however,
ACL injuries were more severe and the progress of morphological
recovery was poorer than in adult patients. Patients who had good
outcomes on the final MRI should be followed up in the future to
see what types of sports activities they are able to perform and
their rate of reinjury.
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