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Objective: To evaluate T2 relaxation values (T2RVs) of

knee joint cartilage after double-bundle anterior cruciate

ligament reconstruction (DB-ACLR) in a 6-month follow-

up and to correlate changes between T2RVs with

meniscal status and clinical findings.

Methods: 27 patients who underwent DB-ACLR and MRI

before and 6 months after surgery, and 27 control subjects

were enrolled. We compared T2RVs of the control vs pre-

operative MR and pre-operative vs post-operative MR using

28 subcompartments, including superficial and deep layers.

Correlations between T2RV changes with meniscal status

and clinical data were examined.

Results: The pre-operative T2RV was significantly higher

than that of the control group in the medial tibia

(posterior-superficial), posterior medial femur (superfi-

cial) and posterior lateral femur (superficial and deep).

The post-operative T2RV was significantly higher than

that of pre-operative T2RV in the posterior medial femur

(superficial), medial tibia (anterior-deep and central-deep),

lateral femur (anterior-deep, anterior-superficial and

central-superficial) and posterior medial femur (deep).

Moderate positive correlations between pre-operative

and post-operative T2RV changes were found at the

posterior medial femur (interval between injury and MR

examination, and instability) and posterior lateral femur

(Lysholm score).

Conclusion: Patients with anterior cruciate ligament

injury followed by DB-ACLR presented short-term sub-

compartment T2RV changes at the medial femur, lateral

femur and medial tibia. Meniscal status did not affect

T2RV; however, clinical findings influenced T2RV at the

posterior grooves of the medial and lateral femoral

condyles.

Advances in knowledge: Patients submitted to DB-ACLR

presented T2RV changes in both femoral and medial

tibial condyles 6 months after the surgery, affecting not

just the weight-bearing areas, but also the less-weight-

bearing areas.

INTRODUCTION
Anterior cruciate ligament (ACL) rupture is a major risk
factor for the development of post-traumatic osteoar-
thritis (OA).1,2 These changes in articulation may be
caused by altered kinematics, particularly if associated
with meniscal or chondral lesions.3,4 To avoid early de-
generation of the articular cartilage, ACL reconstruction
techniques have been commonly employed to restore the
anatomy and preserve long-term knee health.5 Both
reconstructed and untreated ACL ruptures are associated
with an increased risk of degeneration of the articular
cartilage; however, surgery is frequently advised to retard
OA development, especially among patients involved in
sports.2,3,6 Single-bundle reconstruction and double-
bundle reconstruction are the current main surgical

techniques. The double-bundle reconstruction technique was
developed to more closely return to the native anatomy. This
technique has become increasingly popular, as studies have
shown similar or better results relative to single-bundle
reconstruction.5,7–9

Macroscopic alteration of the articular cartilage in
patients with post-traumatic OA occurs approximately
2 years after ACL reconstruction.6 However, subtle mor-
phological or compositional alterations can occur much
earlier and be detected using compositional MRI
techniques.6,10–12 T2 mapping, T1 rho mapping, delayed
gadolinium-enhanced MRI and ultrashort echo time
(TE)–enhanced T2* can be used to evaluate the status of
articular cartilage associated with changed collagen fibre
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integrity, reduced glycosaminoglycan and increased water
content.6,13–18 Among them, T2 mapping is considered one of
the most feasible techniques owing to its non-invasiveness and
shorter time requirements. It can be easily implemented in
most MRI systems with a high magnetic field.19 This method is
based on water bound to proteoglycan, which is held in place
by the extracellular collagen framework. When this collagen
framework breaks down, free water is released, leading to
prolonged T2 relaxation values (T2RVs).13

Several studies have described changes in articular cartilage after
ACL reconstruction but few have demonstrated early changes in
T2 mapping.10,20–24 To our knowledge, no studies have evaluated
T2RVs of the articular cartilage of the entire tibiofemoral joint in
patients who underwent double-bundle ACL reconstruction
(DB-ACLR) at as early as 6 months after the operation. The
purposes of this study were to evaluate changes in T2RV after
injury and after DB-ACLR and to correlate the changes in T2RV
with meniscal status and other clinical information. We hy-
pothesized that the T2RV would increase soon after ACL re-
construction (ACLR) and also that meniscal injuries as well as
clinical scores would have positive correlations with higher
T2 values.

METHODS AND MATERIALS
Subjects
This retrospective study was approved by Samsung Medical
Center institutional review board (IRB No.: 2014-09-011), which
waived the need for informed consent. The medical records of
118 patients who underwent ACLR between September 2012
and July 2014 were retrospectively reviewed. The inclusion cri-
teria were as follows: underwent DB-ACLR at our institution,
,3 months had passed between ACL injury and surgery, age of
20–40 years, body mass index (BMI) of 20–30 kgm22, pre-
operative and 6-month post-operative MRI included T2 map-
ping. The exclusion criteria were as follows: previous surgery on
the affected knee, history of repeated injuries to the affected
knee, suspected underlying inflammatory arthritis and In-
ternational Cartilage Repair Society Grade III or IV chondral
lesions at arthroscopy.25 Our final sample included 27 patients
for whom MRI, surgical and clinical data were evaluated.

Lysholm scores, based on a scale used to assess knee function
according to the presence of pain, swelling, limp, locking, in-
stability and the ability to climb stairs and squat (range, 0–100),
were obtained from all patients before and 6 months after sur-
gery by an orthopaedic surgeon (JHW).26 For graft stability

Table 1. MRI parameters

Parameters
3D FS
PD TSE

Standard 2D TSE MR
Quantitative
T2 imagingCoronal

T2W
Axial
T2W

Axial
PD FS

Sagittal PD
Sagittal
PD FS

TR (ms) 1800 460 2670 2100 6200 2140 3100

TE (ms) 35 20 100 30 20 20 N* 15

FOV (mm) 1603 160 1603 160 1603 160 1603 160 1603 160 1603 160 1603 160

Section
thickness
(mm)

0.5 4 4 4 1.5 4 3

Number of
section

250 22 22 22 75 23 20

Flip angle (°) 90 90 90 90 90 90 90

Number of
signal
averaging

1 2 2 1 1 1 1

SENSE factor RL:2, AP:2 No No No No No 2

Acquisition
matrix

3203 320 5163 352 5163 352 3203 320 3203 308 3203 308 4003 246

Reconstructed
voxel
size (mm)

0.3130.3130.5 0.330.334 0.330.334 0.3130.3134 0.3130.3131.5 0.3130.3134 0.3 30.3133

Echo
train length

46 3 16 8 11 11 6

Bandwidth
(Hz)

639 399 275.7 290.9 441.0 444.6 217.7

Scan time 6:48 3:42 4:00 2:51 5:58 2:03 6 : 31

2D, two-dimensional; 3D, three-dimensional; AP, anterior to posterior; FOV, field of view; FS, fat suppression; PD, proton density, RL, right to left;
SENSE, sensitivity encoding; T2W, T2 weighted; TE, echo time; TR, repetition time; TSE, turbo spin echo.
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evaluation, the bilateral knee joints were examined using a
single-calibrated arthrometer (KT2000™; MEDmetric® Corpo-
ration, San Diego, CA) with a constant force of 15, 20 and 30 lbs
and manual maximum displacement at about 6 months after the
surgery by a physical trainer with 5 years’ arthrometry experience
at the time of the test. Measurements were calculated with a force
of 30 lbs, and the difference between the treated knee and the
contralateral uninjured knee was considered the representative
value. 27 sequential knee MRI scans, read as “normal” by one
of the three musculoskeletal radiologists in our institute, from
27 age- and sex-matched patients with no history of knee injury,
no abnormalities on physical examination and mild discomfort
that resolved within 1 month after MRI [selected after electronic
medical record and MRI review by one musculoskeletal radiolo-
gist (YCY)] were included as the control group.

Surgery and post-operative rehabilitation
All patients underwent ACLR surgery performed by an ortho-
paedic surgeon at our institution (JHW, 10 years’ experience in
arthroscopic knee surgery). The double-bundle technique used
either a hamstring tendon autograft or a posterior tibial tendon
allograft. Meniscal status was evaluated during surgery using the
probe and was graded according to the intervention: 1 (normal
meniscus5 no intervention), 2 (stable tear5 no intervention),
3 (repairable tear5 suture) and 4 (non-repairable tear5 partial
meniscectomy).

All patients adhered to a strict rehabilitation protocol. In the first
3–4 days, the range of motion of the knee and weight-bearing
exercises were performed, while full weight-bearing was allowed
after 4 weeks and jogging was encouraged after 3 months if
adequate quadriceps recovery was observed. Sports activities
were gradually reintroduced, and each patient’s desired sporting
activity was allowed after 9 months.

MRI protocol
The MRI examinations were performed using a 3.0-T machine
(Gyroscan Intera Achieva®, Philips Medical Systems, Best,
Netherlands) with a dedicated knee coil (Invivo, Gainesville, FL).
Each patient was scanned in a supine position with mild knee
flexion. The following MRI sequences were performed: isotropic
three-dimensional fat-suppressed (FS) proton density (PD)-
weighted turbo spin echo (TSE) sequence in coronal plane,
coronal T1 weighted TSE, axial T2 weighted TSE, axial FS PD-
weighted TSE, sagittal PD-weighted TSE, sagittal FS PD-
weighted TSE and quantitative T2 imaging with a multi-TE
technique. The detailed parameters are summarized in Table 1.

Imaging analysis
T2 maps of the patients and control group were retrospectively
analysed by a musculoskeletal radiologist (RG, 7 years’ experi-
ence in interpreting knee MRI) and reanalysed by the same
reviewer after 4 weeks to assess intraobserver reliability. For
calculating the interobserver reliability, the same analysis was
independently performed by another musculoskeletal radiologist
(YCY, 10 years’ experience in interpreting knee MRI). T2RV
measurement sequences with a multi-TE technique in the sag-
ittal plane were loaded onto a dedicated software (IntelliSpace
Portal; Philips Medical Systems), and the cartilage was

segmented semi-automatically. When the software program was
started after the multi-echo spin echo sequence was loaded, the
anatomical image at an TE of 15ms was displayed on the left
side of the monitor, and the corresponding T2 mapping was
simultaneously displayed on the right side. To obtain the T2RV
of the articular cartilage, two mid-sagittal consecutive planes for
each medial and lateral femorotibial compartment were selected.
The observers drew regions of interest around the cartilage
surface and the cartilage–bone interface and were careful not to
include joint fluid or subchondral bone within them. The car-
tilage evaluation of the tibiofemoral joint was performed using
28 subcompartments (Figure 1) of four weight-bearing and two
less-weight-bearing areas. The 4 weight-bearing areas of the
medial and lateral femoral condyles and tibial plateaus were
divided into 12 compartments: medial femur–anterior, medial
femur–central, medial femur–posterior (MFP), medial tibia–
anterior (MTA), medial tibia–central (MTC), medial tibia–posterior
(MTP), lateral femur–anterior (LFA), lateral femur–central (LFC),
lateral femur–posterior, lateral tibia–anterior, lateral tibia–central
and lateral tibia–posterior. The anterior and posterior margins
of the weight-bearing compartments were defined by the
meniscal margins. The less-weight-bearing area corresponding
to the posterior groove of the femoral condyles was named the
posterior medial femur (PMF) and posterior lateral femur
(PLF). Furthermore, these compartments were automatically
further divided into superficial or deep layers using a segmen-
tation tool provided by the software program. The former was
oriented to the articular surface, whereas the latter was ori-
ented to the cartilage–bone interface. The average T2RVs of
two consecutive slices were considered representative values for
each of the 28 subcompartments.

Figure 1. Examples of cartilage compartments. Weight-bearing

areas of the medial femoral condyle (yellow) and medial tibial

plateau (blue) are divided into anterior (A), central (B) and

posterior (C) compartments and subdivided into superficial

and deep layers. Less-weight-bearing areas of posterior medial

femur (orange) were divided into superficial and deep layers.

ROI, region of interest. For colour image see online.

Full paper: Cartilage T2 mapping after ACL surgery BJR

3 of 10 birpublications.org/bjr Br J Radiol;89:20151002

http://birpublications.org/bjr


T
a
b
le

2
.C

o
m
p
a
ri
so

n
o
f
T
2
re
la
x
a
ti
o
n
v
a
lu
e
s
(T

2
R
V
s)

b
e
tw

e
e
n
c
o
n
tr
o
lg

ro
u
p
M
R
a
n
d
p
re
-o

p
e
ra
ti
v
e
M
R
,a

n
d
p
re
-o

p
e
ra
ti
v
e
M
R
a
n
d
p
o
st
-o

p
e
ra
ti
v
e
M
R
a
ft
e
r
a
d
ju
st
m
e
n
t
o
f
se

x
,

a
g
e
,
la
te
ra
lit
y
a
n
d
b
o
d
y
m
a
ss

in
d
e
x

Lo
ca
ti
on

C
on

tr
ol

T
2R

V
(m

s)
p-
va
lu
e
(b
et
w
ee
n

co
n
tr
ol

an
d

pr
e-
op

er
at
iv
e
T
2R

V
)

P
re
-o
pe
ra
ti
ve

T
2R

V
(m

s)
p-
va
lu
e
(b
et
w
ee
n
pr
e-

an
d

po
st
-o
pe
ra
ti
ve

T
2R

V
)

P
os
t-
op

er
at
iv
e

T
2R

V
(m

s)

A
re
a

C
om

pa
rt
m
en
t

M
ea
n

SD
M
ea
n

SD
M
ea
n

SD

W
ei
gh
t-
be
ar
in
g

ar
ea
s

M
F

M
FA

D
ee
p

35
.7
8

6.
97

0.
57
83

34
.5
6

6.
98

0.
80
76

34
.9
3

6.
13

Su
pe
rfi
ci
al

45
.8
0

8.
02

0.
99
90

46
.0
0

5.
89

0.
45
20

46
.8
5

5.
08

M
FC

D
ee
p

33
.6
7

6.
25

0.
36
75

32
.3
9

7.
55

0.
63
55

33
.0
9

6.
32

Su
pe
rfi
ci
al

45
.3
0

6.
72

0.
79
95

45
.8
1

8.
65

0.
51
98

46
.6
9

5.
72

M
FP

D
ee
p

41
.6
9

4.
47

0.
73
50

42
.5
9

5.
93

0.
37
07

43
.8
0

4.
79

Su
pe
rfi
ci
al

45
.1
2

6.
85

0.
06
65

49
.2
8

5.
96

0.
04
50

51
.1
5

6.
38

M
T

M
TA

D
ee
p

30
.0
2

3.
12

0.
11
00

28
.2
0

4.
93

0.
01
03

32
.2
4

6.
02

Su
pe
rfi
ci
al

41
.8
5

3.
12

0.
41
31

43
.5
4

6.
15

0.
09
39

46
.2
2

5.
25

M
T
C

D
ee
p

28
.3
3

4.
66

0.
14
20

26
.1
7

4.
87

0.
00
38

29
.9
6

5.
24

Su
pe
rfi
ci
al

41
.8
1

4.
33

0.
87
01

42
.0
4

4.
43

0.
20
62

43
.7
2

6.
05

M
T
P

D
ee
p

31
.1
7

4.
97

0.
27
51

33
.2
4

4.
74

0.
08
45

35
.2
2

6.
02

Su
pe
rfi
ci
al

38
.9
4

4.
16

0.
00
72

43
.7
4

6.
19

0.
44
55

42
.9
6

5.
89

LF

LF
A

D
ee
p

37
.8
1

7.
04

0.
31
17

36
.5
2

8.
13

0.
00
20

42
.5
2

6.
77

Su
pe
rfi
ci
al

44
.4
4

5.
22

0.
11
70

47
.5
4

7.
25

0.
03
90

51
.1
5

6.
63

LF
C

D
ee
p

37
.3
0

6.
37

0.
17
80

35
.4
8

7.
33

0.
00
81

39
.9
1

7.
46

Su
pe
rfi
ci
al

47
.6
9

5.
07

0.
99
64

47
.5
2

5.
47

0.
23
69

49
.2
0

6.
82

LF
P

D
ee
p

43
.0
2

4.
10

0.
90
51

43
.5
6

6.
21

0.
25
27

45
.1
5

5.
54

Su
pe
rfi
ci
al

48
.5
2

6.
19

0.
18
03

50
.2
0

4.
11

0.
77
90

49
.8
3

8.
09

LT

LT
A

D
ee
p

28
.0
9

6.
06

0.
10
56

26
.2
2

4.
83

0.
29
94

27
.7
2

5.
28

Su
pe
rfi
ci
al

38
.3
1

7.
17

0.
40
60

41
.0
0

6.
89

0.
85
46

40
.6
5

8.
60

LT
C

D
ee
p

27
.2
8

4.
60

0.
81
60

27
.3
1

6.
22

0.
27
47

29
.1
1

5.
59

Su
pe
rfi
ci
al

40
.2
8

3.
77

0.
82
66

41
.7
2

7.
16

0.
93
02

41
.5
6

5.
92

LT
P

D
ee
p

30
.1
3

4.
98

0.
58
79

31
.8
1

6.
88

0.
22
82

33
.8
7

5.
31

Su
pe
rfi
ci
al

40
.2
6

4.
56

0.
05
70

44
.0
2

5.
74

0.
98
97

44
.0
0

4.
01

(C
o
n
ti
n
u
e
d
)

BJR Gheno et al

4 of 10 birpublications.org/bjr Br J Radiol;89:20151002

http://birpublications.org/bjr


The T2RVs on pre-operative MRI from the patient and control
groups were compared to evaluate the effect of injury and
resultant instability on articular cartilage according to the 28
subcompartments. The T2RVs on pre- and post-operative MRI
from the patients were compared to evaluate the biochemical
changes in articular cartilage after double-bundle reconstruction
surgery and rehabilitation in the early post-operative period
according to the 28 subcompartments. The T2RV ratio between
pre- and post-operative MRI was correlated with the clinical
data in terms of injury to MRI interval, injury to surgery in-
terval, surgery to follow-up MRI interval, Lysholm score, re-
sidual instability measured by a KT2000 arthrometer and
meniscal status evaluated by arthroscopy according to six areas
(four weight bearing and two less-weight bearing).

Statistical analysis
For each subcompartment from MRI of the control group and
pre-operative MRI of the patient group, T2RV was compared
after adjusting for age, sex, knee laterality and BMI by multiple
regression. Comparisons between pre- and post-operative T2
values of each subcompartment were performed using a paired
t-test. Correlations between T2 values of each area with clinical
data in terms of injury to MRI interval, injury to surgery in-
terval, surgery to follow-up MRI interval, Lysholm score, re-
sidual instability measured by a KT-2000 arthrometer and
meniscal status evaluated by arthroscopy were assessed using
Spearman’s rank correlation coefficient (rs) and were classified
as weak (,0.39), moderate (0.40–0.59) or strong (.0.60). The
intra- and interobserver agreement analyses were made using
intraclass correlation coefficients and were classified as poor
(,0.20), fair (0.21–0.40), moderate (0.41–0.60), good
(0.61–0.80) or excellent (.0.81). Statistical significance was
considered at p-values ,0.05. SAS® 9.4 software (SAS Inc.,
Cary, NC) was used for the statistical analyses.

RESULTS
A total of 54 subjects (44 males, 10 females) were enrolled in
the study. The patient and control groups each included
22 males and 5 females. The average age was 27.596 4.08 years
for the control and 28.566 5.44 years for the patient group.
The right knee was most affected in both groups, with 14
(51.85%) in the control and 19 (70.37%) in the patient group.
Average BMI was 24.386 1.87 kgm22 for the control and
24.266 2.08 kgm22 for the patient group.

The T2RVs on pre-operative MRI of the patient group tended
to be higher than those found in the control group in 20 of 28
subcompartments (Table 2). Among them, T2RVs on pre-
operative MRI of the patient group were significantly higher in
four subcompartments (superficial MTP, p5 0.0203; superfi-
cial PMF, p5 0.0072; deep PLF, p5 0.0051; superficial PLF,
p5 0.0002) than those of the control group after the adjust-
ment for age, sex, knee laterality and BMI (Figure 2). The
T2RVs on post-operative MRI of the patient group tended to
be higher than those on pre-operative MRI of the patient
group in 23 of 28 subcompartments (Table 2). Among these,
the T2RVs on post-operative MRI of seven subcompartments
were significantly higher than those on pre-operative MRI
(superficial MFP, p5 0.045; deep MTA, p5 0.0103; deep MTC,T
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p5 0.0038; deep LFA, p5 0.0020; superficial LFA, p50.0390;
superficial LFC, p5 0.0081; and deep PMF, p50.0392) (Figure 3).

The correlations between change ratio of pre- and post-operative
T2RVs and clinical findings and meniscal status are summarized in
Table 3. The average time interval between injury and MRI was 37.7
(628.0) days; that between injury and surgery was 46.5 (623.1)
days; and that between surgery and follow-up MRI was 179.3 (6
15.5) days. The only significant moderate positive correlation was
found between the change ratio of pre- and post-operative T2RVs
and injury to MRI interval in the less-weight-bearing PMF area
(rs50.460, p50.0159). No other intervals showed a significant
correlation to the change ratio of pre- and post-operative T2RVs.
The mean post-operative Lysholm score was 88.85611.54. There
was a moderate positive correlation between the change ratio of pre-
and post-operative T2RVs and post-operative Lysholm score in the

less-weight-bearing PLF area (rs50.515, p50.0059). The average
difference in anterior instability between the injured and uninjured
knee measured by the KT2000 arthrometer was 1.6161.58mm.
There was a moderately positive correlation between the difference
in anterior instability between injured and uninjured knees mea-
sured by the KT2000 arthrometer and the change ratio of pre- and
post-operative T2RVs in the less-weight-bearing PMF areas
(rs50.435, p50.233). 18 medial (66.6%) and 15 (55.5%) lateral
menisci were normal at the time of arthroscopic surgery (Grade 1).
One medial meniscus (3.7%) and three lateral menisci (11.1%) had
stable lesions (Grade 2); seven medial menisci (25.9%) and seven
lateral menisci (25.9%) were repaired (Grade 3); and one medial
meniscus (3.7%) and two lateral menisci (7.4%) were partially
resected (Grade 4). There was no significant correlation between
meniscal status and change ratio of pre- and post-operative T2RVs
of the six areas.

Figure 2. Comparison of T2 relaxation value (T2RV) of knee joint between the control group and pre-operative group.

Representative sagittal T2 maps from a 22-year-old male control patient (a) and pre-operative MR from a 24-year-old male patient

with anterior cruciate ligament tear (b). T2RV of weight-bearing and less-weight-bearing areas of the medial femoral condyle from

the anterior cruciate ligament tear of the patient (b) includes green-coloured pixels, suggestive of higher T2RV, compared with

orange- to yellow-coloured pixels in the control patient (a). ROI, region of interest. For colour image see online.

Figure 3. Comparison of T2 relaxation value (T2RV) of the knee joint between pre-operative and post-operative MR in a patient who

underwent double-bundle anterior cruciate ligament reconstruction (DB-ACLR) surgery. Representative sagittal T2 maps of pre-

operative MR (a) and post-operative MR 6 months after DB-ACLR surgery in a 26-year-old male. T2RVs of less-weight-bearing

areas of and superficial layers of weight-bearing areas of the lateral femoral condyle of post-operative MR (b) include green-

coloured pixels, suggestive of higher T2RVs, compared with orange- to yellow-coloured pixels of pre-operative MR (a). ROI, region

of interest. For colour image see online.

BJR Gheno et al

6 of 10 birpublications.org/bjr Br J Radiol;89:20151002

http://birpublications.org/bjr


Inter- and intraobserver agreement were analysed using the 28
subcompartment divisions. Both evaluations showed moderate to
excellent results as the intra- and interobserver agreement presented
means of 0.6960.16 and 0.7460.11, respectively (Table 4).

DISCUSSION
We retrospectively evaluated changes in the T2RVs of articular
cartilage that underwent DB-ACLRs in a follow-up period of
6 months and correlated its biochemical changes with meniscal
status and clinical findings. We found that the T2RV of articular
cartilage on pre-operative MRI was increased in three of four
subcompartments of the less-weight-bearing posterior femoral
grooves (superficial PMF, deep PLF and superficial PLF) and in
a subcompartment of the medial tibial plateau (superficial MTP)
compared with that of the control group, whereas the T2RV of
the articular cartilage on post-operative MRI was increased in
a subcompartment of the medial femoral condyle (superficial
MFP), two subcompartments of the medial tibial plateau (deep
MTA and deep MTC), three subcompartments of the lateral
femoral condyle (deep LFA, superficial LFA, deep LFC) and one
subcompartment of the less-weight-bearing posterior medial
femoral area (deep PMF) compared with that of pre-operative
MRI. The subcompartments that showed significant differences
in both comparisons were not overlapped. This finding may be
related to a distinct degeneration pattern according to different
instability mechanisms, one that occurs in patients with ACL

deficiency (without surgery) and another in patients with
reconstructed ACL.10,27–32 This emphasizes that the compart-
ments that showed pre- and post-operative differences could be
related not just to the initial trauma and instability but to sur-
gery, the rehabilitation protocol or subsequent instability.

Our data showed biochemical changes in the articular cartilage after
ACLR in various compartments (medial femoral, medial tibial and
lateral femoral). A previous 6-month follow-up study that evaluated
cartilage properties after ACLR depicted also changes in the medial
compartments; however, in the lateral compartment, just the tibia
was affected.20 Studies involving longer follow-up were not very well
correlated with short-term follow-up.21,23,24 A study using T1 rho at
18-month follow-up MRI found that changes in T2RV were
depicted only in the weight-bearing medial femur.21 Another one,
during a 2-year follow-up, depicted initial cartilage changes in the
central portion of the medial and anterior portions of the lateral
femur.23 Other group emphasized changes in the central region of
the weight-bearing portion of the medial compartment and poste-
rior region of the lateral tibia at 1- and 2-year follow-ups.10,24

The T2RVs evaluation of the deep and superficial layers was
performed just by a few other studies.10,24,27 In our sample, no
preponderance of superficial or deep layer abnormalities was
noted. A 2-year follow-up study that only evaluated the medial
compartment in post-surgical ACL repair depicted persistent

Table 3. Correlations of post-operative T2 relaxation value change ratio (T2post-T2pre/T2pre) with clinical data and meniscal status

Statistical function
Intervals Clinical data Arthroscopic finding

Injury-MR Injury-Op Op-MR Lysholm score Instability MM LM

MF

rs 20.054 20.013 20.257 0.195 0.037 20.058 20.032

p 0.7876 0.9470 0.1952 0.3298 0.8564 0.7745 0.8759

MT

rs 0.095 0.021 0.073 0.230 0.192 0.152 0.057

p 0.6362 0.9181 0.7185 0.2484 0.3384 0.4489 0.7791

LF

rs 20.187 20.169 20.096 0.365 0.138 0.319 0.182

p 0.3495 0.3981 0.6341 0.0614 0.4929 0.1054 0.3634

LT

rs 20.103 20.017 0.058 0.335 0.001 0.078 20.074

p 0.6082 0.9313 0.7748 0.0877 0.9951 0.6987 0.7128

PMF

rs 0.460 0.255 0.161 0.142 0.435 0.277 0.021

p 0.0159 0.1987 0.4223 0.4791 0.0233 0.1614 0.9184

PLF

rs 0.064 20.119 0.261 0.515 20.014 0.138 0.144

p 0.7493 0.5531 0.1881 0.0059 0.9443 0.4910 0.4733

LF, lateral femoral condyle; LM, lateral meniscus; LT, lateral tibial plateaus; MF, medial femoral condyle; MM, medial meniscus; MT, medial tibial plateaus;
PLF, posterior lateral femoral groove; PMF, posterior medial femoral groove; rs , Spearman’s rank correlation coefficient.
Bold values indicate statistically significant differences.
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changes only in the deep layers of the central medial femur and
posterior medial femur condyles.27 Conversely, a cohort with
a 1- and 2-year follow-up period displayed cartilage damage at
the superficial layers of the central regions of the medial femur
and medial tibia and in the deep layer of the posterior lateral
tibia in the first year and persistent cartilage abnormalities in the
deep layer of the posterior tibia and superficial layer of the
central medial femur condyle in the second year.10,24

The heterogeneous results across studies can be attributed to
several factors. First, the follow-up period should be considered.
Most previous studies included 1- or 2-year follow-up periods,

whereas ours included a 6-month follow-up period. In longer
follow-ups, medial compartment abnormalities can be related to
an early degree of degeneration due to residual instability,
whereas changes in the lateral compartments, some related to
the initial trauma mechanism, are no longer observed.10,24,27

Second, a long-term healing process can be observed as dem-
onstrated in a 2-year follow-up study in which cartilage changes
in the medial compartment returned to baseline status in
patients with intact menisci.27 Third, the rehabilitation protocol
and return to sports can interfere with cartilage responses after
ACLR. As in the present study, patients are normally discharged
from rehabilitation and allowed to participate in sports after

Table 4. Reliability of T2 relaxation value measurement

Location Intraobserver Interobserver

Area Compartment ICC 95% CI ICC 95% CI

Weight-bearing areas

MF

MFA
Deep 0.58 0.18 0.82 0.80 0.54 0.92

Superficial 0.83 0.61 0.93 0.84 0.63 0.94

MFC
Deep 0.57 0.16 0.81 0.81 0.58 0.93

Superficial 0.69 0.36 0.87 0.85 0.65 0.94

MFP
Deep 0.92 0.79 0.97 0.85 0.66 0.94

Superficial 0.85 0.65 0.94 0.90 0.75 0.96

MT

MTA
Deep 0.75 0.45 0.90 0.67 0.32 0.86

Superficial 0.71 0.38 0.88 0.62 0.23 0.84

MTC
Deep 0.64 0.28 0.85 0.74 0.43 0.89

Superficial 0.86 0.66 0.94 0.80 0.54 0.92

MTP
Deep 0.77 0.49 0.91 0.76 0.47 0.90

Superficial 0.83 0.62 0.93 0.88 0.72 0.95

LF

LFA
Deep 0.55 0.13 0.80 0.60 0.21 0.83

Superficial 0.53 0.11 0.79 0.68 0.34 0.87

LFC
Deep 0.46 0.02 0.75 0.65 0.28 0.85

Superficial 0.40 20.06 0.72 0.50 0.07 0.78

LFP
Deep 0.44 0.00 0.75 0.56 0.15 0.81

Superficial 0.79 0.53 0.91 0.83 0.62 0.93

LT

LTA
Deep 0.84 0.63 0.94 0.77 0.49 0.91

Superficial 0.62 0.24 0.84 0.63 0.25 0.84

LTC
Deep 0.82 0.59 0.93 0.69 0.34 0.87

Superficial 0.55 0.14 0.80 0.48 0.05 0.77

LTP
Deep 0.60 0.21 0.83 0.80 0.56 0.92

Superficial 0.41 20.04 0.73 0.73 0.42 0.89

Less-weight-bearing areas

PMF
Deep 0.93 0.83 0.97 0.74 0.44 0.89

Superficial 0.94 0.86 0.98 0.94 0.85 0.98

PLF
Deep 0.89 0.74 0.96 0.80 0.54 0.92

Superficial 0.76 0.48 0.90 0.82 0.59 0.93

CI, confidence interval; ICC, intraclass correlation coefficient; LF, lateral femoral condyle; LFA, lateral femoral anterior; LFC, lateral femoral central; LFP,
lateral femoral posterior; LT, lateral tibial plateaus; LTA, lateral tibial anterior; LTC, lateral tibial central; LTP, lateral tibial posterior; MF, medial femoral
condyle; MFA, medial femoral anterior; MFC, medial femoral central; MFP, medial femoral posterior; MT, medial tibial plateaus; MTA, medial tibial
anterior; MTC, medial tibial central; MTP, medial tibial posterior; PLF, posterior lateral femoral groove; PMF, posterior medial femoral groove.
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6 months.23 However, in some studies, running or sport activ-
ities were allowed in selected patients 4 or 5 months after
ACLR.10,20

An interesting result of this study was the elevated T2RVs at the
deep layer of the less-weight-bearing posterior groove of the
medial femur observed in the pre- and post-surgery groups. The
posterior groove of the medial femur was already indicated as
a region of maximum cartilage thinning at risk for pre-arthritic
changes.33,34 Besides, it has been observed that during gait,
patients with a ruptured ACL exhibit anterior tibial shifting that
can be reduced by physiological responses, such as weaker
quadriceps contraction and stronger hamstring contraction as-
sociated with a higher flexion angle.35 This higher flexion is also
maintained for a longer time to accomplish a less abrupt weight
shift during gait, even in ACL-reconstructed ligaments.32 All of
these factors can be related to the observed degenerative changes
that affect the posterior groove. The direct effect of arthroscopic
surgery itself in terms of potential iatrogenic minor trauma by
instruments or artificial joint effusion should be also considered
as a possible explanation for the noted changes.

Unlike previous studies, cartilage changes in our sample were
not correlated with the adjacent meniscal status.10,27,36 Instead,
we observed a correlation between the medial meniscus status
and T2RV of the lateral femur. The fact that medial meniscus
status correlated with degeneration in the lateral femoral con-
dyle can be related to the gravity of the primary injury or even to
a loading environment change.36 Significant correlations be-
tween T2RVs and clinical data were observed just at the

posterior medial and lateral femur. The moderate positive cor-
relations found in the medial femur for the interval between
injury and MRI, as well as for instability, might be attributable
to prolonged altered biomechanics in patients sustaining an ACL
rupture as indicated in previous studies.21,37 The moderate
positive correlation found between Lysholm scores and T2 values
suggest that better clinical scores do not reflect intact cartilage
and that early degeneration can be found in asymptomatic
patients. In a previous study, Lysholm scores were weakly and
non-significantly correlated with T2 values.

38

Our study had some limitations. First, it was retrospective,
which could lead to selection bias. Second, owing to the applied
exclusion criteria, the number of patients was small, which
limited the study’s power. Accordingly, larger-scale research is
warranted to confirm our findings. Third, the control group did
not include healthy subjects but rather individuals who had
“normal” MRI without major complaints. Fourth, the short-
term follow-up was not sufficient to observe a possible healing
process.

In conclusion, patients submitted to DB-ACLR presented T2RV
changes in both femoral and medial tibia condyles 6 months
after surgery, affecting not just the weight-bearing areas but also
the less-weight-bearing areas. No predilection concerning su-
perficial or deep cartilage abnormalities were noted. Meniscal
status did not influence T2RV, whereas instability and Lysholm
score were moderately correlated with higher T2RV in the
posterior groove of medial and posterior lateral femur,
respectively.
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