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Background: The estimation of anterior cruciate ligament (ACL) tear is required in certain cases involving legal and financial ad-

ministration, such as the worker’s compensation and/or insurance. The aim of this study is to propose and evaluate a quantitative
evaluation instrument to estimate the chronicity of the ACL tear, based on the four magnetic resonance imaging (MRI) findings.

Methods: One hundred and fifty one cases of complete ACL tear confirmed by arthroscopy were divided into 4 groups according
to the time from ACL injury to MRI acquisition: acute (< 6 weeks), subacute (6 weeks to 3 months), intermediate (3 months to 1
year), and chronic (> 1 year). The four MRI findings including ACL morphology, joint effusion, posterior cruciate ligament angle, and
bone bruise were analyzed for temporal changes among the 4 groups. Binary logistic regression equations were formulated using
the MRI findings to estimate the chronicity of ACL tear in a quantitative manner, and the accuracy of the formulated regression

equations was evaluated.

Results: The four MRI findings showed substantial temporal correlation with the time-limits of ACL injury to be included in the
estimation model. Three predictive binary logistic equations estimated the probability of the ACL injury for the three cutoff time-
limits of 6 weeks, 3 months, and 1 year with accuracies of 82.1%, 89.4%, and 89.4%, respectively.

Conclusions: A series of predictive logistic equations were formulated to estimate the chronicity of ACL tear using 4 MRI find-

ings with chronological significance.
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Estimating the time of the anterior cruciate ligament
(ACL) tear is required in certain cases involving legal and
financial administration, such as the worker’s compensa-
tion or insurance affairs. The availability of objective and
quantitative tools to estimate the chronicity of the ACL
tear is valuable for the related parties in such cases, as the
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injury history taken from the patient can be distorted by
the related parties’ interest in secondary gains. Magnetic
resonance imaging (MRI) can provide objective informa-
tion pertinent to the chronicity of ACL tear, and several
MRI findings have been documented to display temporal
changes after the ACL injury."®

The MRI findings with temporal significance in-
clude ACL morphology, joint effusion, posterior cruciate
ligament (PCL) angle, and bone bruise.**® The ACL mor-
phology appears edematous and swollen in acute tears,
and hypointense and fragmented or absent in chronic
tears.”™ Joint effusion is a non-specific marker for acute
intra-articular lesion.” PCL angle or buckling represents
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anterior translation of the tibial plateau relative to the fem-
oral condyles due to ACL insufficiency, which increases
with time after ACL injury."*'” Bone bruise is detected
on MR images in more than 80% of acute ACL rupture
cases,"” and gradually diminishes from 3 weeks to several
months post-injury.”" Our previous study found that the
four MRI findings correlated well with the chronicity of
ACL injury.” However, previous studies have offered only
qualitative estimation, and there has not been a quantitia-
tive evaluation model for the chronicity of ACL injury.

The aim of this study was to propose the quantita-
tive evaluation instruments to estimate the chronicity of
ACL tear. We undertook to analyze a large number of
MRIs with regard to the four MRI findings with temporal
significance at various times after ACL injury, and to inte-
grate the MRI findings into a regression model to estimate
the chronicity of ACL injury. We hypothesized that the
formulated regression models could estimate the chronic-
ity of ACL tear quantitatively.

METHODS

Study Subjects

In this retrospective study, we reviewed 504 cases of
arthroscopy-proven complete ACL tear, for which ACL
reconstruction was performed by two surgeons (TKK and
CBC) between February 2004 and December 2008. Inclu-
sion criteria were the available precise ACL injury history
with an obvious single major trauma event, confirmed
by repeated history-taking in the emergency room, out-
patient clinic, and first day of hospitalization. Exclusion
criteria were the history of previous knee surgeries, knee
deformity or history of fracture around the knee, any asso-
ciated posterior cruciate ligament injury, or partial or total
disruption of one or both collateral ligaments. According
to the aforementioned criteria, 353 subjects were excluded
from the study; and 151 knees of 151 subjects (130 male
and 21 female) were included, with the mean age of 31.5
years (range, 10 to 56 years; standard deviation [SD], 10.3).
Study subjects were allocated into 4 groups according to
the time lapsed between the ACL injury and MRI acquisi-
tion: acute (within 6 weeks from injury); subacute (more
than 6 weeks to 3 months from injury); intermediate
(more than 3 months to 1 year from injury); and chronic
(more than 1 year from injury).*'*'” There were 71 acute,
19 subacute, 23 intermediate, and 38 chronic cases. Mean
duration between ACL injury and MRI acquisition was
as follows: 9.6 (SD, 11.4) days in acute; 63.2 (SD, 13.0) in
subacute; 163.2 (SD, 67.8) in intermediate; and 2,220.5 (SD,
1,691.8) in chronic group. Demographic variables such as

age, gender, and injury side were not significantly different
among the four chronicity groups (p > 0.05). The study
protocol was approved by the Institutional Review Board
of the authors’ institution.

MRI Acquisition and Interpretation
All MR images were acquired digitally by using a picture
archiving and communication system (PACS) in Digital
Imaging and Communication in Medicine (DICOM)
format. Image assessments were subsequently performed
using PACS software (Impax: Agfa, Antwerp, Belgium) by
a 1.5 Tesla scanner (Intera, Philips, Best, the Netherlands).
The utilized protocol was as follows: T1-weighted (T1WT)
sagittal (TR/TE, 450/20 ms); T2-weighted fat-suppressed
sagittal (TR/TE, 2500/50 ms); proton density-weighted
sagittal (TR/TE, 3300/12 ms); dual-echo proton density
and T2-weighted coronal (TR/TE, 3300/12 or 55 ms);
proton density-weighted coronal oblique (TR/TE, 3300/12
ms) and proton density-weighted fat suppressed axial im-
ages (TR/TE, 2700/20 ms); a 16 cm field of view; a 90° of
flip angle; a 3 to 4 mm thickness; and a 512 x 512 matrix.
Four MRI findings with temporal significance were
assessed according to the previous analysis: ACL mor-
phology, joint effusion, PCL angle, and bone contusion.
ACL morphologies were evaluated in the sagittal images
that best visualized the ACL in the longest dimension and
lowest signal intensity, and were evaluated using the three
components of the signal intensity, shape, and nonvisual-
ization.”**'® An abnormal signal intensity was defined as
an increased signal intensity within the ACL, whether of
a focal or diffuse pattern, or whether continuous or inter-
rupted. The abnormal shape was defined as an edematous
mass-like shape with a large wavy contour, or a band-
like fragmented shape. Nonvisualization was defined as a
failure to directly visualize ACL substance in any images
on T1WI, proton-density, and T2WT images. Eventually,
the ACL morphology was assorted into 3 grades: grade 1
was defined as early pattern with increased signal intensity
and an edematous mass-like shape; grade 2 as an interme-
diate pattern with increased signal intensity and a band-
like fragmented shape; and grade 3 as a late pattern with
low signal intensity and a band-like fragmented shape, or
nonvisualization (Fig. 1).>**" Joint effusion was defined
as the presence of fluid collection between the quadriceps
tendon and fat pad in the posterior suprapatellar pouch,
visualized as low signal intensity by TIWI and as high sig-
nal intensity by T2WI. The amount of joint effusion was
measured by maximal dimension (mm) in the anteropos-
terior dimension of suprapatellar fluid collection on sagit-
tal cuts of T2WI sagittal MRIs.*'*"” PCL angle was defined
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as the angle between the lines drawn through the central
portion of the tibial and femoral insertions of PCL on the
sagittal MRIs that best showed the PCL.*” Bone bruise
was defined as an increased signal intensity of bone mar-
row versus that of normal muscle substance, as described
by the International Cartilage Repair Society classifica-
tion.”” The anterior side of the lateral femoral condyle or
the posterior side of the lateral tibial plateau was employed
to measure the bone bruise on the fat suppressed T2WI
sagittal image. The signal intensity of the bone bruise was
measured using a modified circular region of interest
(ROI)."*" A circle of 1 cm?” area was set on an area of
bone bruise using the circular ROI tool in the PACS soft-
ware, and the maximum signal intensity of the interested
region was measured. Signal intensity of the control bone
marrow was measured in the same manner on the normal
metaphyseal bone marrow (Fig. 2). Degree of bone contu-
sion was equated to signal contrast, which was calculated
from the ratio of the signal intensity of bone contusion to

Fig. 1. Classification of anterior cruciate
ligament (ACL) morphology on T2-
weighted fat-suppressed magnetic
resonance images. (A) Grade 1: early
pattern of increased signal intensity and
an edematous mass-like shape. (B) Grade
2: intermediate pattern of increased
signal intensity with a fragmented shape.
(C) Grade 3: low signal intensity and
band-like fragmented shape. (D) Non-
visualization of the ACL.

Fig. 2. Bone bruise measured by signal contrast, which was defined as
the ratio of mean signal intensity of a bone contusion (black circle) versus
that of normal metaphyseal area (white circle).
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that of control bone marrow. All measurements were per-
formed by a fellowship-trained musculoskeletal radiologist
(JYC) who was blinded to the patient data.

Intra- and interobserver reliabilities of the MR as-
sessments were investigated in randomly selected 15
knees. A musculoskeletal radiologist (JYC) and an ortho-
paedic specialist (JPY) performed measurements of the
four MR findings twice with an interval of two weeks. The
reliability was assessed using the intraclass correlation
coefficient (ICC), which quantifies the proportion of the
variance of the rating due to the between measurement
variability. The ICC can assume any value from 0 and 1;
a higher value means better agreement. In the analyses of
the 15 knees, the ICC for intra- and interobserver reliabili-
ties was greater than 0.8 for all 4 MR findings, similar to
the previous studies.”'***** These results indicated that the
MR assessments had satisfactory intra- and interobserver
reliability.

Statistical Analysis

Statistical analyses were conducted using SPSS ver. 12.0
(SPSS Inc., Chicago, IL, USA), and p-value < 0.05 was con-
sidered significant. In advance, the 4 MRI findings includ-
ing ACL morphology, joint effusion, PCL angle, and bone
bruise were compared among the 4 groups, divided by
the interval between the injury and MRI acquisition. ACL
morphology and the prevalence of bone bruise were com-
pared by Mantel-Haenszel chi-square test. Joint effusion,
PCL angle, and the signal contrast of the bone bruise were
analyzed by correlation analyses. Finally, binary logistic
regression analyses were performed to construct equations
estimating the time of injury. The independent variables
were the four MRI findings, namely, ACL morphology by

grade 1-3, joint effusion (mm), PCL angle (degrees), and
signal contrast of bone contusion. The dependent variable
was the probability that injury had occurred after 6 weeks,
3 months, and 1 year. Based on the above assumptions,
three logistic equations were formulated for the 3 cutoff
time points, and classification accuracies were estimated
for the formulated equations.

RESULTS

The four MRI findings showed substantial temporal
changes to be included in the predictive equation model.
High grade ACL morphology was more prevalent in older
tears (p < 0.001). The amount of joint effusion was signifi-
cantly correlated with the chronicity of injury (Spearman
coefficient, -0.544; p < 0.001). The PCL angle (Spear-
man coefficient, -0.567; p < 0.001) and signal contrast of
bone bruise (Spearman coefficient, -0.606; p < 0.001) also
decreased with the chronicity of the injury. Because the
changes of the 4 MRI findings showed substantial correla-
tion with the times after ACL injury, they were included in
the following estimation model.

Three logistic regression equations were formulated
to calculate the probability that the ACL injury had oc-
curred after three cutoff time-points (6 weeks, 3 months,
and 1 year), and found to have statistically meaningful
accuracies in estimating the chronicity of the ACL injury
(Fig. 3). The three equations generated alpha values, which
were then input to the common fractional exponential
equation to yield the probability that the chronicity of
ACL injury was greater than each time limit. If the prob-
ability that the ACL injury had occurred before each time-
point was necessary, it could be calculated by subtracting

Probability =1/ (1 +e ")

Cut-off value o
6 wk 6.516 + 0.256 x A1 + 1.463 x A2 - 0.223 xB - 0.033x C - 0.537 xD
3mo 7.004 + 0.754 x A1 +3.019 xA2 - 0.190 x B - 0.043 xC - 1.153x D
1yr 8.284 - 1.192 x A1+ 1.825x A2 - 0.098 x B - 0.059 x C - 1.780 x D
Grade 1: A1=0,A2=0
A1 & A2 ACL morphology Grade 2: A1=1,A2=0
Grade 3: A1=0,A2=1
B Joint effusion (mm)
C PCL angle (*)
D Bone bruise (signal contrast)

Fig. 3. Equations by logistic regression models to estimate the chronicity of anterior cruciate ligament (ACL) tear. The ACL morphology (A1, A2), joint
effusion (B), posterior cruciate ligament (PCL) angle (C), and bone contusion (D) were measured on magnetic resonance imaging, and the measured
values were inserted into the 3 equations. Each equation represents the probability that the ACL tear occurred after the corresponding cutoff time of 6
weeks, 3 months, and 1 year, respectively. Thus, the probability that the injury chronicity was less than the cut-off time can be calculated by subtracting
the probability that the ACL injury occurred at a point higher than the cut-off time from 1.
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the calculated probability from 1. The R’ coefficients of
Nagelkerke for the three logistic regression models were
0.603, 0.745, and 0.678, suggesting that the predict models
would explain the variation of the outcome to the extent of
60.3%, 74.5%, and 67.8%, respectively. The Hosmer-Leme-
show goodness-of-fit statistic for each of the three models
revealed no significant departure from a good model fit (p
= 0.678, 0.638, 0.944). The classification accuracies of the
logistic regression models were 82.1%, 89.4%, and 89.4%,
respectively.

DISCUSSION

The chronicity of ACL injury needs to be estimated based
upon the imaging studies in certain cases, such as the
medicolegal occasions or insurance claims. In these cases,
the MRI findings with temporal significance may provide
valuable data for the objective and quantitative estimation
of the chronicity of ACL injury. We formulated three lo-
gistic probability equations from the significant temporal
changes of 4 MRI findings with chronological significance,

and it could be estimated the chronicity of ACL injury
with statistically meaningful accuracies of greater than
80%. The temporal patterns of the 4 MRI findings with
chronological significance are well known by the previ-
ous studies involving ACL morphology,* joint effusion,”
PCL angle,l’m) and bone bruise,” " which was also docu-
mented synthetically in a previous study.”

However, clinical application of the information is
limited because of the lack of quantitative estimation mod-
el. Our finding of substantial correlation between the MRI
findings and the chronicity of ACL injury was adopted to
build a quantitative evaluation model to estimate the chro-
nicity of ACL tear.

The formulated regression equations provide statis-
tically meaningful accuracy for the quantitative estimation
of the chronicity of ACL tear, which indicates that the for-
mulated equations can be employed for practical use when
objective and quantitative estimation of the chronicity of
ACL tear is required. Also, we believed that our statistical
model might explain the overall pathophysiological chang-
es reflected on MR images in ACL deficient knees. The

Cut-off o Probability (%)
6 wk 6.516 + 0.256 x A1 + 1.463 x A2 - 0.223 x B - 0.033 x C - 0.537 x D = -1.9054 12.9

3 mo 7.004 +0.754 x A1 + 3.019 x A2 - 0.190 x B - 0.043 x C - 1.153 x D = -4.1724 1.5

1yr 8.284 - 1.192 x A1+ 1.825xA2 - 0.098 x B - 0.059 x C - 1.780 x D = -5.8808 0.3

T

{

B=10.6

!
|

Cc=138 | D=280

ACL morphology
Grade 1: A1=0/A2=0
Grade 2:A1=1/A2=0
Grade 3: A1=0/A2=1

Effusion

Bone bruise

Fig. 4. A 33-year-old man underwent anterior cruciate ligament (ACL) injury 3 days before the magnetic resonance imaging (MRI) was taken. ACL
morphology was grade 1 (A1 =0, A2 = 0), joint effusion (B) was 10.6 mm, posterior cruciate ligament angle (C) was 138 degrees, and the bone contusion
signal contrast (D) was 2.80. The logistic equations yield that the probability that the ACL injury occurred more than 6 weeks, 3 months, and 1 year is
12.9%, 1.5%, and 0.3%, respectively; and the probability that it occurred at less than each cutoff time is 87.1%, 98.5%, and 99.7%, respectively. This
can be interpreted that the ACL tear must have occurred less than 6 weeks.
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explanatory capability of the three equations was greater
than 60%, and the classification accuracies by the logistic
regression models for the cutoff time-points of 6 weeks,
3 months, and 1 year were 82.1%, 89.4%, and 89.4%, re-
spectively. We expect that the equations can be useful in
scenarios where the chronicity of ACL tear needs to be
estimated from imaging modalities only, as required in
some medicolegal and insurance cases. A case in example,
a 33-year-old man sustained an ACL injury 3 days before
the MRI was taken. ACL morphology was grade 1 (Al =
0, A2 = 0), joint effusion (B) was 10.6 mm, PCL angle (C)
was 138 degrees, and signal contrast of bone contusion
(D) was 2.80 (Fig. 4). The alpha value was calculated to
be -1.9054, and the probability that the ACL was injured
more than 6 weeks prior was 12.9% by the first equation.
The probability that the injury chronicity was less than
6 weeks was 87.1% (1 - 0.129). In the same manner, the
probabilities of injury chronicity less than 3 months and
less than 1 year were calculated to be 98.5% (1 - 0.015) and
99.7% (1 - 0.003) from the second and third equation, re-
spectively. Accordingly, the probability of injury chronicity
less than 6 weeks is relatively larger than the other cutoff
time period, and the injury chronicity can be concluded
to be less than 6 weeks. Taking for example another case,
which had the MRI taken 4 months after ACL injury, ACL
morphology was grade 2 (Al = 1, A2 = 0), joint effusion
(B) was 1.5 mm, PCL angle (C) was 104 degrees, and sig-
nal contrast of bone contusion (D) was 2.21. The prob-
ability of injury chronicity more than 6 weeks, more than
3 months, and more than 1 year were 86.0%, 61.1%, and
4.2%, respectively; and the probability of injury chronicity
less than 6 weeks, less than 3 months, and less than 1 year
were 14.0%, 38.9%, and 95.2%, respectively. The data can
be interpreted that the ACL injury had occurred slightly
more than 3 months before the MRI was taken. In addi-
tion, a probability of 50% gives that the injury occurred at
around the time of cutoff.

Several limitations should be noted when interpret-
ing our findings. First, the number of the subjects in the
current study was not evenly distributed. The subacute

(n = 19) and intermediate (n = 23) groups had relatively
small number of subjects than acute group (n = 71), which
might decrease the relevancy of the predictive model and
statistical power. However, most ACL-injured patients
visit emergency department or out-patient clinics and
have the MRI taken at the early stages after the injury, and
the predilection of subjects toward the acute group can be
explained thus. Second, demographic or individual fac-
tors, such as age, gender, or injury mechanism were not
considered. However, the pertinent MRI findings with
chronological significance proven by the previous studies
were included; and adoption of redundant variables into
the equation model would not be relevant. Third, the knee
position in taking MRI was not strictly standardized, and
the variables might be measured differently if the knee
position were changed, which was unavoidable in this ret-
rospective study.

Finally, despite the objective and quantitative nature
of the formulated equations, what the equations provide
is only the probability that the chronicity of ACL tear be-
longs to a certain cutoff time interval. As such, the infor-
mation derived from the equations cannot replace other
clinical information such as physical findings and ar-
throscopic findings. The information from the formulated
equations can be best interpreted in accordance with other
relevant clinical information, if such is available.

This study demonstrates that the four MRI findings
with chronological significance, namely, ACL morphology,
joint effusion, PCL angle, and bone bruise can be success-
fully adopted to formulate logistic regression equations to
estimate the chronicity of ACL tear. We propose that the
three equations be an objective and quantitative tool when
the chronicity of ACL tear needs to be estimated based
only upon MRI findings.
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