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Abstract

ACLR related complications.

complications with the T2 cartilage mapping values.

Background Anterior cruciate ligament (ACL) injury increases risk for post traumatic knee osteoarthritis. ACL injury
causes lack of knee stability and frequently requires ACL-reconstruction (ACLR) in order to restore functional and
anatomical joint stability. Magnetic resonance imaging with T2 mapping sequence is used to quantify the amount of
water content in articular cartilage hence; it is considered a better tool and more beneficial than radiographic based
assessment in early detection even before being symptomatic. The aim of work is to estimate the incidence of sub-
clinical degenerative changes that happened early in patients who underwent ACL reconstruction and to identify the
correlations of T2 mapping values with patients' BMI, meniscal state/operations, ACL graft assessment and presence of

Results The study was conducted upon 71 patients, divided into 61 anterior cruciate ligament reconstructed knees
and 10 control cases using 1.5 T MRI. Assessment of cartilage sub-compartment T2 values and comparison with
average normal cartilage T2 values obtained from the control group. Multiple correlations of the grade of articular
cartilage degeneration within anterior cruciate ligament reconstructed knees with Body Mass Index (BMI), time of
operation as well associated meniscal operations and anterior cruciate ligament graft complications.

Conclusions Adding the T2 cartilage mapping sequence improves the ability to detect subclinical early degenera-
tive articular cartilage changes in patients who underwent anterior cruciate ligament reconstruction, taking into
consideration the relation of the patients'BMI, previous meniscal injuries/operation, ACL graft status and related graft
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Background

The anterior cruciate ligament (ACL) is that the most
ordinarily injured knee ligament accounting for half all
knee injuries. Within the United States, The incidence of
ACL ruptures is between 100,000 and 200,000 individuals
per annum, with an annual incidence within the general
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population of roughly 1 in 3500, although the particular
incidence could also be higher [1].

The anterior cruciate ligament is considered a primary
mechanical stabilizer that stops excessive anterior tibial
translation and contributes to lateral and rotational knee
stability. ACL injury causes lack of knee stability and
regularly requires ACL-reconstruction (ACLR) to revive
functional and anatomical joint stability [2].

Divergent the knee mechanics and loading patterns
are responsible for the articular cartilage disintegration,
despite the knee reconstruction operations. ACLR has
been shown to quicken cartilage degeneration and stimu-
late knee post-traumatic osteoarthritis (PTOA) [3].
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Previous reports regarding the high incidence of oste-
oarthritis (OA) for knees with ACL reconstruction sur-
geries were performed for quite 15 years. Recent surgical
advanced techniques could enhance the steadiness and
kinematics of knees post ACL reconstruction. Therefore,
the incidence of OA after modern ACL reconstruction is
also under what has been reported within the literature
[4].

The use of those quantitative MRI techniques, includ-
ing T1p and T2 mapping, allows for earlier identification
of knee cartilage degeneration after ACLR before the
appearance of any symptoms and significant radiographic
changes. Tlp and T2 mapping sequences are related
with the biochemical composition of cartilage matrix by
counting the number of proteoglycans, water, and colla-
gen inside the matrix when put next to structural changes
evaluated with radiography and standard MRI [5].

There is an association exist between altered knee bio-
mechanics and quantitative resonance imaging (QMRI)
articular cartilage findings supported altered knee joint
biomechanics in ACLR patients are related to abnor-
mal changes of knee articular cartilage composition that
results in premature occurrence of knee OA onset or
rapid progression of the disease process [6].

The use of MR-based techniques like QMRI (i.e., T2
mapping) of knee PTOA, rather than radiographic based
assessments, appears to be more beneficial and informa-
tive in understanding the potential links between knee
joint mechanics after ACLR and knee joint pathologies,
even before being symptomatic [6]

T1lp mapping is indicative of proteoglycans con-
tent and more sensitive to cartilage integrity, as criti-
cal T2 mapping, which is more prone to water content
and will not be able to differentiate between edema and
matrix degradation so, T1p mapping can be more sen-
sitive in detecting early cartilage damage, compared to
other QMRI techniques like T2 mapping [6].

Immediate surgical intervention after anterior cruci-
ate ligament injury is crucially important in prevention
of any further cartilage degeneration. Many patients
undergo surgical reconstruction of ACL to restore joint
stability and prevent excessive loading. However, con-
vincing evidence is still lacking for the superiority of
ACL- reconstruction to conservative management in
term of the incidence of PTOA. The development of
conservative, physical, and pharmacological treatments
leads to delay the onset of PTOA and optimal long-term
health after ACLR [7].

Methods

Study population

A prospective study conducted over two years that
included 71 patients, divided into 61 cases underwent

Page 2 of 15

anterior cruciate ligament reconstruction and 10 control
cases. The control cases’ age where relatively within the
same age group of the cases and demonstrate relatively
the same patients’ gender.

Inclusion criteria

All included patients underwent anterior cruciate liga-
ment reconstruction since 6 months or more, no radio-
graphic osteoarthritic changes before surgery(detected
through clinical data as well CT or x ray done prior oper-
ations to exclude associated fractures or deformities),
no sex predilection and age above 20 years. The control
group inclusion criteria were clinically normal individu-
als with no knee symptoms.

Exclusion criteria

Patients underwent anterior cruciate ligament more than
10 years, known patients with autoimmune diseases may
lead to osteoarthropathy, old patients with X-ray findings
of OA and patients with contraindications for MRI exam-
inations, e.g. pacemakers and aneurysm clips.

Demographic and clinical data were obtained from the
patients underwent anterior cruciate ligament recon-
struction regarding the affected knee side, BMI, time of
operation as well associated meniscal operations.

We used a MRI scanner (1.5 Tesla, Signa; GE Health-
care, USA). Routine MRI sequences included axial
T2-weighted images (3000/87 ms, duration 2 min
19 s), sagittal T1-weighted images (435/10 ms, dura-
tion 2 min 55 s), sagittal T2—W1I (repetition time/echo
time, 3000/81 ms, duration 2 min 58 s), sagittal proton
density-WI with fat saturation (2440/40 ms, duration
2 min 38 s) and coronal STIR weighted images (400/8 ms,
duration 2 min 24 s), using a knee coil with field of view,
10 x 10 mm; matrix, 320 x 224; slice gap, 4 mm and slice
thickness, 4 mm.

Three sagittal data sets were obtained to get T2 map-
ping sequence by applying FSE with a repetition time of
1000 and eight echo times as follows (8.4 ms, 16.8 ms,
25.2 ms, 33.5 ms, 41.9 ms, 50.3 ms, 58.7 ms, and 67.1 ms).
Matrix, 256 x 256; FOV 90-130 mm; slice gap, 3.5 mm;
slice thickness, 3 mm.

Knee magnetic resonance examination was performed
post reconstruction operation with established post-
processing images were obtained; images acquired were
evaluated for the color cartilage map and were analyzed
within each ROI (Regions Of Interest).

The T2 mapping sequence total acquisition time was
4—~7 min. By using the default software settings and func-
tions, a processed T2 colour map was built. The default
parameters of the T2 intensity are 11-89 ms, with a
calculated cut-off point of 50 ms. the colour scale var-
ies from red to blue colour scale in which green or
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blue colour representing high T2 values on the colour-
coded scale on a minimum of two consecutive slices.
The acquired MR images of T2 mapping sequence then
sent to a workstation where an off-line quantification of
T2 values and cartilage thickness were evaluated in every
case.

An elliptical ROI was put with a margin of 0.5 to 1 mm
from the bone surface to prevent sub-chondral bone
inclusion. Standard knee MRI and post-processing T2
mapping images were visualized conjointly side by side,
using a multi-planar localization key on the PACS.

The knee articular cartilage was fractionated into four
compartments as follows: lateral femoral condyle (LFC),
medial femoral condyle (MFC), lateral tibia (LT) and
medial tibia (MT). Femoral cartilage regions of interest
(ROIs) were partitioned into three segments. From the
center circle marking the approximate circumference of
each posterior femoral condyle, a line parallel to the dis-
tal femoral axis was drawn.

Segments on either side of the line parallel to the femo-
ral axis defined as follows: the anterior segment 45° from
the line (MFC1, LFC1), the middle segment 45° posterior
of the line (MFC2, LFC2), and the posterior segment was
oriented 45° to 90° posterior of the line (MFC3, LFC3).
ROIs on the tibial cartilage behaved into anterior (MT1,
LT1) and posterior compartments (MT2, LT?2) (Fig. 1).

Evaluation of the cartilage degeneration based upon
appearance including the MR signal and cartilage thick-
ness within the conventional images and T2 mapping

Line drawn
parallel to the
distal femur axis *-

i1s

medial

Page 3 of 15

images with detection of the affected cartilage compart-
ment and grade of cartilage injury using MRI outerbridge
classification for cartilage degeneration modified by Pot-
ter et al. [8, 9].

The included studies will be independently interpreted
by a musculoskeletal radiologist with 10+ years of expe-
rience and by a musculoskeletal radiologist with 5+ years
experience, therefore the images will be reviewed by two
different readers all blinded to the patient’s clinical his-
tory and clinical findings. Inter-reader agreement was
determined using the weighted kappa (k) statistic with x
value > 0.8 indicating good agreement.

Statistical analyses

The clustered data was edited, encoded, tabulated and
introduced to a PC using Statistical package for science
(SPSS 23). Data was presented and suitable analysis was
done in step with the kind of knowledge obtained for
every parameter. Mean, variance (+SD) and range for
parametric numerical data, while Median and Inter-
quartile range (IQR) for non-parametric numerical data.
Frequency and percentage of non-numerical data were
additionally included.

The following tests were done: chi-square (x 2) test
of significance utilized in order to match proportions
between qualitative parameters, the arrogance inter-
val was set to 95% and therefore the margin of error
accepted was set to five. So, the p-value was considered
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Fig. 1 Compartmentalization according to the whole organ magnetic resonance imaging score (WORMS) of the knee in osteoarthritis. Each region
of interest (ROI) was defined as follows: ROIs on the femoral articular cartilage were divided into an anterior area 45° from the line (MFC1, LFC1), a
middle area 45° posterior from the line (MFC2, LFC2), and a posterior area 45° to 90° posterior from the line (MFC3, LFC3). ROIs on the tibial articular
cartilage were divided into an anterior (MT1, LT1) and posterior area (MT2, LT2). Left: medial compartment. Right: lateral compartment. MFC medial
femoral condyle, MT medial tibia, LFC lateral femoral condyle, LT lateral tibia (Quoted from Proffen et al. [35])
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Table 1 Age, gender and BMI distribution of the patients
participating in the study
Mean/N SD/% Median (IQR) Range

Age 33.28 6.93 34 (27-38) 20-45
Gender

Male 61 85.9%

Female 10 14.1%
BMI 28.08 3.28 28 (25.6-29) 24-36

significant because the following: Probability (P value):
P value <0.05 was considered significant, P value < 0.001
was considered as highly significant and P value >0.05
was considered insignificant.

Results

The total number of patients were 71 where 10 con-
trol (8 male patients and 2 female patients) cases and
61 cases with unilateral ACL-reconstruction, 53 male
patients and 8 female patients with their ages rang-
ing from 27 to 45 year old with a mean age 33.3+7.9
(mean=+ SD) and mean BMI of the involved patients
shows 28+3.28, 12 out of 71 patients were found
within the normal range of body weights and BMI, 34
out of 71 patients were overweight and 15 patients were
obese (Table 1).

The cases show predominance of ACL reconstruc-
tion operation on the right side more than the left side
with ratio of 63% of the cases, and the range of follow-
up duration period post ACL reconstruction operation
of the involved cases from 2 to 8 years. Concomitant
operations such as medial meniscectomy were found
within 33 cases and of SD 44.3%.

The patients mostly presented with combined symp-
toms: 18 cases (29.5%) presented with knee swelling
(within average duration of 3 years), 55 cases (90%)
presented with knee pain (within average duration
of 5 years), 16 cases (26.2%) presented with recent
trauma/twisting to the operated knee joint, 12 cases
(19.7%) presented with limitation of the knee joint
movement and joint instability (show variable duration,
some patients presented 2 years following reconstruc-
tion and few presented 6 years post ACLR).

The cases with ACL reconstruction/control study
of 61/10 subjects respectively showed significantly
(p<0.05) increases in T2 times values between diseased
(42.0-60 ms) and control uninjured (30.1-39.8 ms)
knees respectively.

Cases were categorized according to the combined
conventional MRI and post processing T2 mapping with
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Fig. 2 Diagrammatic demonstration of the degree of cartilage
degeneration and duration since ACL reconstruction

grading of the cartilage abnormality according to Inter-
national cartilage Repair Society (ICRS) grading system.

+ Out of the 61 cases, 8 (13.1%) cases were diagnosed
of having no abnormality on conventional images or
alteration of cartilage composition, grade 0

« Out of the 61 cases, 10 (16.3%) cases were found
having no abnormality on conventional images with
increased T2 value on T2 mapping cartilage mapping
image, in keeping with grade L.

« Out of the 61 cases, 37 (60.6%) cases were diagnosed
of having superficial ulceration of the articular carti-
lage on conventional images with increased T2 value,
in keeping with grade II.

« Out of the 61 cases, 6 (10%) cases were diagnosed
of having deep ulceration of the articular cartilage
on conventional images with increased T2 value, in
keeping with grade IIL

« Ten over eighteen cases were misdiagnosed of being
normal on conventional MR images, while having
alteration of cartilage composition of early osteoar-
thritis, discovered by T2 mapping sequence.

Degeneration and different parameters

Severity of degeneration and duration since ACL recon-
struction: this study showed a reciprocal relation
between the grade of cartilage degeneration and dura-
tion since ACL reconstruction operation. Meaning that;
higher grades of degeneration were reported among
patients who had the operation done 5-8 years ago com-
pared to those who had their operation done 2-5 years,
38 cases had their operations performed 2-5 years ago,
the majority of which were found to have grade I degen-
eration (20/40: 55%), 6/40 cases were found to have grade
II degeneration (15%), 8/40 were found to have grade 0
degeneration(20%), and only 4/40 cases were found to
have grade III degeneration (10%) and on the other hand,
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Table 2 Correlation of the cartilage degeneration grades and period of ACL reconstruction, BMI and Meniscus tear/intervention

Grades Test of significance
Grade 0 Gradell Gradelll Grade lll
(N=8) (N=10) (N=137) (NN = 6)
Mean £ SD Mean £ SD Mean £ SD Mean £ SD p-value Sig.
N (%) N (%) N (%) N (%)
Period of reconstruction 32540389 347 £142 447 +2.06 433+1.03 0.118%W NS
Period of recon-  2-5 8 (100%)° 22 (100%)? 6 (42.8%)° 4(23.5%)*° 00110 S
struction >5-8 0 (0%)° 0 (0%)? 8(57.1%)° 13 (76.4%)*P
BMI 2440 27734179 29.81 +3.86 3114449 <0.001® S
BMI 20-<25 8 (100%)? 4(12.5%)° 0 (0%)° 0 (0%)° <0001 S
25-<30 0 (0%)? 24 (75%)° 8(53.3%)P¢ 2 (33.3%)%¢
>30 0 (0%)? 4(12.5%) 7 (46.7%)° 4(66.7%)°
Meniscus tear / Yes 8 (100%)° 16 (50%)° 4(26.67%)° 0 (09%)? <0.0017 S
intervention No 0 (0%)° 16 (509%)° 11 (73.33%)° 6 (100%)?

Post-hoc Tukey test was significant: -Grade 0 Vs. Grade |, [ &Il - Grade | Vs. Grade Il

Each subscript letter denotes a subset of Group categories whose column proportions do not differ significantly from each other at the .05 level

F Fisher's Exact test of significance
A One Way ANOVA test of significance
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Fig. 3 Diagrammatic demonstration of the degree of cartilage
degeneration and patients'body weights

23 cases had their operations performed more than
5 years ago, 15/21 had grade II degeneration (61.9%) and
only 8/21 patients had grade III degeneration (38.1%)
(Fig. 2, Table 2).

Severity of degeneration and BMI: the grade of carti-
lage degeneration is directly proportionate to BMI of the
cases. Meaning that higher grades of cartilage degenera-
tion were found among patients with higher BMI achiev-
ing a statistically significant correlation; p value (0.001),
12 patients were found to have normal BMI values: 8
of which had grade 0 degeneration, while 4 had grade I
degeneration, 34 patients were found to have overweight
BMI values. 14 of them had grade I cartilage degenera-
tion, while 8 had grade II degeneration and only 2 had
grade III degeneration. However, 15 patients had obese
BMI values, 2 of them had grade I degeneration, 13 had
grade II degeneration while 10 had grade III degeneration
and The following table shows that more patients with

16
14
12
10 + M Grade 0
8 1 W Grade |
61 EGrade Il
1 d

(] 1
5 Grade
O -+
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medial meniscectomy

Fig. 4 Diagrammatic demonstration of the degree of cartilage
degeneration and history of meniscectomy.

grade III were found among obese patients compared to
overweight and normal weight patients (Fig. 3, Table 2).

Severity of degeneration and history of meniscectomy:
33 out of the included 61 patients in our study had his-
tory of meniscectomy operation before/after or during
ACL reconstruction operation. A reciprocal relation was
found between grade of cartilage degeneration and his-
tory of previous medial meniscectomy. Meaning that;
Grade III degeneration was more frequently reported
among patients who performed meniscectomy compared
to those who didn’t perform it (10 compared to 2 patients
respectively). Grade II degeneration was more frequently
reported among patients who had previous meniscec-
tomy compared to those who did not (15 patients com-
pared to 6 respectively) however, Grade I degeneration
was equally reported between both patient groups (10
patients each) (Fig. 4, Table 2).
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Severity of degeneration and conventional MR appear-
ance of the cartilage: abnormal cartilage appearance was
reported among 27 patients; however abnormal signal
reported among 43 patients. A significant correlation
was found between abnormal signal/appearance and
grade of cartilage degeneration achieving p value of about
0.001, grade III was more frequently reported among
cartilages with abnormal appearance/signal compared
to normal cartilages (6 patients compared to O patients
respectively), however, lower grades of cartilage degen-
eration were more frequently reported among normally
appearing cartilages compared to abnormal looking
ones: (8 compared to 0 patients for Grade 0, 3 compared
to 7 patients for grade I and 37 compared to O patients
for grade II respectively) and as regards abnormal car-
tilage signal intensity, only grades II and III were more
frequently reported among cartilages with abnormal SI
compared to those with normal SI: (30 compared to 7 for
Grade II and 6 compared to O for grade III) respectively
(Fig. 5, Table 3).

Severity of degeneration and post-operative complica-
tions related to ACL reconstruction: onlyl1/61 patients

25
20
15
B Normal apperance
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5 4
O 4

Grade0 Gradel Gradell Gradelll

Fig. 5 Diagrammatic demonstration of the degree of cartilage
degeneration and conventional MR appearance of the cartilage
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in our study showed complications related to ACL recon-
struction operation. While the rest of the patients didn’t
show any radiological evidence of operation related
complications. A statistically significant correlation was
found between severity of post ACL-reconstruction com-
plications and grade of cartilage degeneration achieving
a p value of about 0.001 and patients who had cyclop
lesions or altered signal denoting edema showed grade
III degeneration. While those with interstitial tear of the
ACL graft had grade II degeneration, and those with tib-
ial cyst/tear of the tibial insertion had grade I degenera-
tion (Table 2).

Discussion

Identification of early cartilage degeneration in routine
magnetic resonance (MR) imaging is crucially benefi-
cial in joints imaging. Thus, combining the morphologi-
cal and functional information of the articular cartilage
which adds a tremendous ability to detect early degenera-
tive changes and help to distinguish the different degen-
erative stages [10].

In this study, the T2 mapping sequence was used to
evaluate the early compositional changes of articular car-
tilage in patients post ACL reconstruction operations.
Many criteria are available to assess the knee cartilage
morphology with estimation of the incidence of early
subclinical degenerative changes and identification the
relation of differences in T2 mapping values with surgical
factors and clinical outcomes (Figs. 6, 7, 8, 9, 10).

Regarding gender, there was no significant differ-
ence of either males or females patients T2 values post
ACL reconstruction surgeries which showed an agree-
ment with Mosher et al. [11] study at which compared
the differences in T2 cartilage mapping values between

Table 3 Correlation of the cartilage degeneration grades and conventional MR appearance of the cartilage

Grades Test of significance
Grade 0 Gradell Gradelll Grade lll
(N=8) (N=10) (N=37) (N=6)
Mean £ SD Mean £ SD Mean £ SD Mean £ SD p-value Sig.
N (%) N (%) N (%) N (%)
Conventional MRl Normal 8 (100%)*° 100 (100%)? 10 (31.25%)° 0 (0%)° <0.001® S
findings (Cartilage  Apnormal 0 (09%)*° 0(0%)? 27 (67.75%)° 6 (100%)°
appearance)
Conventional MRl Normal 8 (100%)° 3 (30%)° 7 (81%)° 0 (0%)° <0.001® S
findings (Signal) - Apnormal 0 (0%)? 7 (70%)° 30 (18.9%)? 6 (100%)P

Post-hoc Tukey test was significant: -Grade 0 versus Grade |, Il & lll. Grade | versus Grade IlI

Each subscript letter denotes a subset of Group categories whose column proportions do not differ significantly from each other at the .05 level

F Fisher’s Exact test of significance
A One Way ANOVA test of significance
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Fig. 6 A 40-year-old male patient underwent ACL reconstruction and medial meniscectomy 4.5 years ago, the patient complained of knee pain
and swelling. In assessment of the MRI knee, the conventional images shows evidence of medial meniscectomy and mild knee joint effusion with
taut signal of the ACL graft. Sagittal T2 image A along the medial femoral condyle anterior segment shows partial thinning of the articular cartilage.
On the post processing T2 mapping image: (C, D) the colour image along the articular cartilage of the medial femoral condyle anterior segment
revealed internal areas of blue colour (yellow ROI) with increased T2 value (as demonstrated within the curve image (B)) that corresponds to
articular cartilage degeneration. According to the international cartilage Repair Society (ICRS) grading system, this corresponds to grade Il cartilage
degeneration. Coronal (E) and focused sagittal STIR image upon the medial meniscus level (e), attenuated body and posterior horn of medial
meniscus show intrasubstance heterogeneous band of increased signals reaching the articular surfaces, denoting meniscal re-tear (Thick white
arrow/white dashed circle). Note the patchy bone marrow edema signal STIR signal (White arrow)
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uninjured cartilage in men and women groups and found
no significant values differences between gender. Also,
Caglar et al. [12] study found no statistically significant
difference in the cartilage T2 relaxation times in the
involved subgroups whatever the patients’ gender [11,
12].

Regarding age, our study showed no significant positive
correlation between age and T2 values that agreed with
Caglar et al. [12] study, that revealed the consequential
T2 values elevations correlated with age in ACL recon-
structed patients and control groups.

Regarding BMI, our study revealed that the grade of
cartilage degeneration was directly proportionate to BMI
of the patients underwent ACLR. Meaning that higher
grades of cartilage degeneration were found among
ACLR knees with higher BMI achieving a statistically sig-
nificant correlation; p value (0.001).

This showed an agreement with Culvenor et al. [13]
revealing that the relation of the high BMI and ACL
reconstruction operations may advance cartilage degen-
eration compared to normal BMI patients with ACL
reconstruction, meaning increased BMI of the patients
than normal average values was considered a strong
determinant in knee joint state deterioration follow-
ing ACL reconstruction. These worsening early osteo-
arthritic features on MRI that result into progressive
disease pathway, ending with well established post-trau-
matic osteoarthritis.

Most of the cartilage degeneration was found in the
weight-bearing regions within the medial and the lateral
compartments of the ACL-reconstructed knees with
overall increase in T2 values in the medial femoral con-
dyle (MFC) and the lateral tibial condyle (LTC). Previ-
ous studies founded that escalated articular cartilage T1p
or T2 values at up to 2 years post ACL reconstruction
occurred even if the graft is intact with taut appearance
on MRI sequences and clinically successful, this shows an
agreement with [14—20].

Theologis et al. [20] found that escalated T1p values in
ACL-reconstructed knees at the articular cartilage over-
lying the medial femoral condyle (MFC) and medial tibia
(MT) in follow-up MRI relative to the opposite uninjured
knees.

(See figure on next page.)
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The results of our study supported the potential abil-
ity of T2 cartilage mapping in detecting subtle structural
cartilage abnormalities that appear normal on conven-
tional MRI. The high values at T2 mapping and cartilage
degeneration have shown a correlation. However, no
results have been reported on the threshold T2 values
that indicate neither cartilage degradation nor even the
degree of cartilage affection [21, 22].

We found heterogeneous increases in T2 values in the
ACL reconstructed knees relative to the control unin-
jured knees during the follow-up. The cases with ACL
reconstruction/control study of 61/10 subjects respec-
tively showed significantly (p <0.05) increases in T2 times
values between diseased (42.0—-60 ms) and control unin-
jured (30.1-39.8 ms) knees respectively.

These findings agreed with Liebl et al. [22] who sug-
gested, in a case—control study using 130 subjects that
knees with incident tibiofemoral osteoarthritis had sig-
nificantly higher mean T2 values in each compartment
compared with controls.

Van Ginkel et al. [18] showed that T2 values for the
medial femoral cartilage of ACL-reconstructed knees
were higher than those for normal controls with values
(45 ms vs. 37 ms). Different MR acquisition methods and
physiological variations between subjects may give differ-
ent measurements of T2 values, so these data should only
be used as a reference.

Isolated ACL injury can lead to the occurrence of knee
OA regardless the patients underwent ACL reconstruc-
tion or conservative treatment. Previous established
results showed that knee OA occurrence following ACL
reconstruction showed a 57% incidence in contrary to
an 18% incidence of knee OA occurrence in the opposite
uninjured knee [23].

In a 2014 meta-analysis, with a relative risk (RR) of 3.84
(P<0.0004), the radiograph signs revealed moderate to
severe osteoarthritis with (20.3%) of ruptured ACL knees
with moderate or severe radiologic changes compared to
(4.9%) of uninjured knees. In ACL injured patients who
choose conservative treatment had a significantly higher
RR (RR, 4.98; P<0.00001) of establishing osteoarthritic
changes in contrast to those underwent ACL reconstruc-
tion surgery (RR, 3.62; P<0.00001) [24].

Fig. 7 A 32-year-old male patient underwent ACL reconstruction and medial meniscectomy 6 years ago, the patient complained of knee pain
and swelling. In assessment of the MRI knee, the conventional images shows evidence of medial meniscectomy and mild knee joint effusion with
interstitial tearing of the ACL graft. Sagittal T2 image (A) along the medial femoral condyle posterior segment shows mild thinning of the articular
cartilage. On the post processing T2 mapping image: (C, D) The colour image along the articular cartilage of the medial femoral condyle posterior
segment revealed internal areas of faint blue colour within the deep layer (red arrows) with increased T2 value (as demonstrated within the curve
image (B)) that corresponds to articular cartilage degeneration. According to the international cartilage Repair Society (ICRS) grading system, this
corresponds to grade Il cartilage degeneration. Sagittal STIR image (E) at intercondylar notch level revealed intra-substance linear streaks of bright
signals within the anterior cruciate ligament graft that goes with interstitial tear (White arrows)
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Fig. 7 (See legend on previous page.)

In a more recent meta-analysis, the prevalence of knee  reconstruction at 5, 10, and 20 years after surgery respec-
osteoarthritis radiography was 11.3% (6.4—19.1%), 20.6% tively [25].
(14.9-27.7%), and 51.6% (29.1-73.5%), following ACL
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Fig. 8 A 24-year-old male patient underwent ACL reconstruction 3 years ago, the patient complained of knee pain and swelling. In assessment of

the MRI knee, the conventional images shows and mild knee joint effusion. Intact ACL graft showing normal position and taut signal, no evidence
of tearing or related complications. Sagittal T2 image (A) along the medial femoral condyle level shows intact articular cartilage upon the posterior
segment with subtle intrasubstance high signals (Arrow). On the post processing T2 mapping image; (C, D) The colour image along the articular
cartilage of the medial femoral condyle posterior segment revealed internal areas of blue colour within the deep layer (white arrows) with increased
T2 value (as demonstrated within the curve image (B)) that corresponds to articular cartilage degeneration. According to the international cartilage
Repair Society (ICRS) grading system, this corresponds to grade | cartilage degeneration. Sagittal T2 image (A) at lateral femoro-tibial articulation
level shows intact articular cartilage overlying the posterior segment of the lateral tibial condyle with intrasubstance high signal. On the post
processing colour coded T2 mapping image: (C, D) The colour images along the articular cartilage of the lateral tibial condyle posterior segment
revealed internal focal area of green colour (arrows) with increased T2 value (as demonstrated within the curve image (B)) that corresponds to
articular cartilage degeneration. According to the international cartilage Repair Society (ICRS) grading system, this corresponds to grade | cartilage

degeneration

Previous kinematic reaches have reported substan-
tially altered tibio-femoral motion, leading to abnormal
shift and loading pattern upon the cartilage regions.
These results suggested abnormal kinematics mainly
within the medial compartments of ACL-injured knees
that may lead to articular cartilage impairment. Also, it
is likely that concomitant other intra-articular injury,
such as meniscal tears or chondral injury, will have
acted as confounders. Previous studies have suggested
that intact menisci are critical and major factor to pre-
vent articular cartilage degeneration within ACL recon-
structed knees [26, 27].

Titchenal et al. [28] that reported a recent pilot study
in 9 patients evaluated 1.5 years after ACLR revealed
positive relation of elevated T2 relaxation times in

ACL-reconstructed knees and higher knee adduction
motion during walking and mechanical mal-alignment.
Early repairable subsurface cartilage changes following
ACL reconstruction were perceived using quantitative
ultra-short echo time enhanced T2* mapping with set-
tled OA risk such as knee adduction motion (KAM)
and mechanical alignment.

According to the results of our study, it showed
strong agreement with Ushio et al. [29] that found an
escalation in T1p values in the medial compartment
likely to occur with ACL reconstruction. Significant
increase in T1p values were observed in also (LFCI,
and LT1). In contrast, T1p values in the posterolateral
femoral condyle and tibial plateau (LFC3 and LT2) goes
down [18, 29, 30].
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Fig. 9 A 34-year-old male patient underwent ACL reconstruction and medial meniscectomy 8 years ago, the patient complained of knee pain and
swelling. In assessment of the MRI knee, the conventional images show ACL graft buckling and thickening, medial meniscal tear and mild knee
joint effusion. Sagittal T2 image (A) at lateral femoral condyle level shows thickening of the articular cartilage upon the lateral femoral condyle
anterior segment. On the post processing T2 mapping image: (C, D) The colour image along the articular cartilage of the lateral femoral condyle
anterior segment revealed internal areas of blue colour (Yellow ROI) within the deep part with increased T2 value (as demonstrated within the
curve image (B)) that corresponds to articular cartilage degeneration. According to the international cartilage Repair Society (ICRS) grading system,
this corresponds to grade | cartilage degeneration. Sagittal STIR image (E) at the intercondylar notch level shows relative anterior position and
vertical orientation of the tibial tunnel is noted. Mild thickening and buckling of the anterior cruciate ligament graft with intrinsic high signals, yet
no evidence of fiber disruption. Findings suggestive of ACL graft roof impingement (White arrows). Coronal (F) and focused sagittal STIR image
upon the medial meniscus level(f), the body and posterior horn of medial meniscus show intra-substance linear band of bright signals reaching
the menisco-capsular attachment and abutting the inferior articular surface, corresponds to meniscal tear (White arrows). Note the patchy bone
marrow edema signals surrounding the tibial tunnel, displaying high STIR signals (Yellow arrow)
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Fig. 10 A 27-year-old male patient underwent ACL reconstruction 3 years ago, the patient complained of knee pain and swelling. In assessment
of the MRI knee, the conventional images shows mild knee joint effusion with intact ACL graft. Sagittal T2 image (A) at lateral femoral condyle
level shows mild thinning of the articular cartilage upon the lateral femoral condyle posterior and middle segments (White arrows). On the post
processing colour coded T2 mapping image: (C, D) The colour image along the articular cartilage of the lateral femoral condyle posterior and
middle segments shows intrasubstance linear areas of blue colour with increased T2 value (as demonstrated within the curve image (B)) that
corresponds to articular cartilage degeneration. According to the international cartilage Repair Society (ICRS) grading system, this corresponds to

grade Il cartilage

In parallel, Li et al. [17] another study upon ACL-
injured knees, found raised T1p and T2 values in articu-
lar cartilage of medial femoral condyle and lateral tibial
plateau within the central regions (MFC2 and LT2).

Regarding the grade of cartilage degeneration and his-
tory of previous medial meniscectomy, a reciprocal rela-
tion was established in our study. Meaning that high
grades of cartilage degeneration were more frequently
reported among patients who perform meniscectomy
compared to people who did not perform. Such find-
ing showed an agreement with a lot of clinical studies
had shown that the status of the meniscus is one of the
important risk factors for development of OA after ACL
reconstruction [25, 31, 32]° Some studies have found

higher T1p or T2 values in ACL-reconstructed knees
with a torn meniscus relative to the healthy knees [17, 18,
20].

In the setting of ACL injury, the status of the meniscus
and the cartilage plays a major role in the occurrence of
knee OA. Time elapsed between injury and the recon-
struction operation is considered further significant fac-
tors for development of osteoarthritis (OA). Qiestadet
et al. [32] had found that 80% of patients with combined
ACL and meniscus injuries developed knee osteoarthritis
at 10-15 years following reconstruction operations more
and faster as compared to 62% with isolated ACL injury.

This goes with study of Salmon et al. [31] that found
patients who had undergone combined meniscectomy
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and ACL reconstruction had increased incidence of
graft laxity on the long term with greater odds of graft
complications such as rupture, possibly reflecting the
impact of repetitive chronic strain upon the recon-
structed graft.

On the contrary, it showed no agreement with Patter-
son et al. [33] who demonstrated no significant effect
on cartilage degeneration was found where all patients
included received partial meniscal resection during pri-
mary ACL reconstruction operation.

Also, our results showed agreement with Hirose et al.
[16] reported that the T1p values of the medial femo-
ral condyle, medial tibial and lateral femoral condyle
increased during the first year following ACL recon-
struction, regardless of the status of the meniscal being
injured or not.

In the medial compartment, articular cartilage was
remarkably thicker in weight-bearing regions of the
femoral condyle in ACL-injured knees compared with
control knees over two years. The thickest segments of
cartilage occur where the cartilage-on-cartilage contact
and presumably occur as a response to loading [17].

Cartilage remodelling in hypertrophy was obvious in
ACLR knees, starting from 2.5 years till 4.5 years fol-
lowing surgery the form of tibial cartilage. This was
partially relying upon meniscal state and the nature of
the underlying bone and cartilage pathologies present
at baseline data at time of trauma [10].

Cartilage swelling within the medial tibio-femoral com-
partment has also been reported in patients with mini-
mal severity of radiographic OA. In conjunction with
increased T1p values of the weight-bearing medial tibio-
femoral cartilage, these results suggest early cartilage
degeneration in the form of increase of water content,
decrease of proteoglycans, and cartilage swelling [17].

The main factor for development of cartilage degen-
eration has no direct relation to the timing of ACL
reconstruction operation but mainly influenced by time
passing since the injury to ACL and time of reconstruc-
tion operation as well the presence of medial menis-
cal tears, medial femoral condyle chondral damage, and
presence of degenerative changes at the surgery time
[33].

In our study a reciprocal relation between the grade of
cartilage degeneration and duration since ACL recon-
struction operation was found. Meaning that; higher
grades of degeneration were reported among patients
who had the operation done 5-8 years compared to those
who had their operation done 2-5 years ago.

This showed an agreement with the study of André
et al. [34] that revealed direct relation between the
grade of cartilage degeneration and duration since ACL
reconstruction operation with a significant increase
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Fig. 11 Demonstrative mechanisms for development of PTOA in
ACLR knees

in cartilage degeneration at a mean 46-month dura-
tion following ACL reconstruction with occurrence of
related ACL graft complications.

These findings differed from another cohort study
findings established by Harris et al. [35] that showed
higher proportion of tibio-femoral osteoarthritic
changes occur as early ACL reconstruction changes
with a ratio of (16 vs. 7%) compared to delayed ACL
reconstruction changes.

ACL reconstruction operations prevent knee osteo-
arthritis is considered to be a common misperception.
Though ACL reconstruction does not prevent the even-
tual development of knee osteoarthritis, Mihelic et al.
[23] suggested that it can delay its onset. In contrast
to other studies which have found a strong evidence of
knee OA following ACL reconstruction compared to
patients with chronic ACL tears treated conservatively
[34].

Mihelic et al. [23] found that patients treated con-
servatively had unstable knee joints with more anterior
translation and higher standard of severe degeneration,
also the reconstruction of ACL cannot prevent OA. In
addition, there was a crucial prevalence of severe OA
(P<0.5) in the reconstructed group with concomitant
meniscal lesions.

Not only the ACL reconstruction operations delay
the occurrence of knee osteoarthritic changes, but also
decrease other associated injuries to the meniscus and
knee ligaments. In reviewing a cohort study of patients
with ACL injuries treated conservatively, Chalmers
et al. [36] found that ACL reconstructed patients had
an around twofold decrease the need for secondary
operation of meniscal surgery as compared to non-
operated patients.

In brief, the following chart demonstrates collec-
tively the possible risk factors found to accelerate the
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degenerative changes in patients underwent anterior
cruciate ligament reconstruction (Fig. 11).

This study had several obstacles. Our ability to charac-
terize possible T2 mapping changes post ACLR was lim-
ited by small sample size.

Secondly, we had no preoperative or baseline data at
time of trauma on the articular cartilage and presence
of bone contusion or osteochondral injury. Addition-
ally, there were no long term follow up for the included
patients. We investigated the T2 values for articular car-
tilage at only one time point.

Thirdly, T2 mapping is vulnerable to the magic angle
effect; therefore, we avert the assessment of cartilage ori-
ented at 55° to the main magnetic field.

Lastly, the patello-femoral joint was not included in our
study despite many studies reported worsening osteoar-
thritis post ACL reconstruction.

Conclusions

In conclusion, we observed high rates of knee articular
cartilage degenerative changes on patients underwent
anterior cruciate ligament reconstruction, with higher
rates in patients with concomitant meniscectomy at
operative time, osteochondral injury, bone contusion, or
meniscal tear.

Compositional MR imaging and special cartilage T2
mapping sequence is superior to the conventional MR
in early detection of cartilage degenerative changes. The
capability to recognize early potentially reversible carti-
lage changes advance to breakdown of the articular sur-
face is the main key factor to prevent osteoarthritis and
develop methods through effective application of early
treatment strategies to those with articular cartilage “at
risk” The articular cartilage has not shown a capacity to
heal compromising the articular surface; while it may
show ability to restore subsurface matrix changes.

Early detection of cartilage degeneration following
ACL reconstruction in young patients allows timely man-
agement, hence better quality of life.

Recommendations

No available results upon the specific threshold increases
in T2 values that reflect cartilage degeneration. Previous
studies have found that normal controls have between 3
and 12% lower T2 values. Further studies are needed to
establish the T2 values threshold.

In future studies, standardized criteria should be devel-
oped to determine whether a patient needs to receive
conservative treatment or surgery reconstruction, which
may reduce the financial burden on the health care sys-
tem and prolong joint health.
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ACL Anterior cruciate ligament

ACLR Anterior cruciate ligament reconstruction
FOV Field of view

RR Relative risk

IQR Inter-quartile range

KAM Knee adduction moment

LFC Lateral femoral condyle

LT Lateral tibia

LTC Lateral tibial condyle

MFC Medial femoral condyle

MR Magnetic resonance

MT Medial tibia

OA Osteoarthritis

PTOA Post traumatic osteoarthritis

QMRI Quantitative magnetic resonance imaging
ROI Region of interest

SD Standard deviation

STIR Short tau inversion recovery

UTE-T2*  Ultra-short echo time enhanced T2*
WORMS  Whole organ magnetic resonance imaging score
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