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Abstract
Objective To use T2 relaxation time distribution profiles to assess inter-group regional differences along articular surfaces and to
evaluate the feasibility of this analysis for comparison of cartilage insufficiency.
Materials and methods Twelve pairs matched according to age and gender (12 healthy volunteers and 12 patients after anterior
cruciate ligament reconstruction (ACLR)) underwent 3-T MRI. T2 maps were calculated from six time echo images of the mid-
sagittal slice in the lateral and medial compartment. The femoral and tibial cartilage was analyzed by measuring T2 distribution
profiles along the articular surfaces.
Results T2 distribution profiles were generated along the length of the articular surface in the femorotibial compartments.
Differences in the T2 distribution profiles between the tibial and femoral cartilage as well as between the cartilage of the femoral
condyles were identified in healthy individuals. T2 distribution profiles clearly demonstrated cartilage insufficiency in the
weight-bearing areas for subjects in the ACLR group.
Conclusions T2 distribution profiles can identify regional differences in femoral and tibial cartilage. The T2 distribution profile
pattern is preserved with cartilage insufficiency, however, with important differences in T2 values for the ACLR group in weight-
bearing areas.
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Introduction

Magnetic resonance imaging is the ideal modality to assess
cartilage degeneration due to its ability to non-invasively
quantify the structural and biochemical changes associated
with the onset and progression of osteoarthritis [1, 2]. Novel
MRI sequences such as T2 mapping and T1rho have been
developed in order to provide a quantitative assessment of
cartilage degeneration [3–5]. T2 mapping is the most widely
utilized technique, and has been known to be sensitive to both

collagen matrix organization and the water content of cartilage
[3–5].

Quantitative evaluations of cartilage T2 texture may pro-
vide further insight into cartilage matrix properties reflective
of injury and degeneration [6]. Given the complex relation-
ship between cartilage T2 relaxation time and disease se-
verity, recent evidence suggests that mean T2 values alone
may be inadequate for determining cartilage health over
time [6]. Furthermore, the definition of “healthy” cartilage
and the sub-compartments lacks consistency across centers
and the specific values associated with healthy cartilage are
variable within the literature [7]. To overcome these limita-
tions, recent image analysis techniques have been intro-
duced to evaluate the spatial distribution of cartilage T2
values [6]. Our study aimed to further develop this concept
by creating a T2 distribution profile along the length of the
femorotibial compartment articular surfaces in order to as-
sess regional differences. Additionally, we aimed to evalu-
ate the feasibility of this type of analysis for intergroup
comparisons of cartilage insufficiency.
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Materials and methods

Subjects

The National Medical Ethics Committee approved the study
and written informed consent was obtained from all partici-
pants. Twelve matched pairs (12 healthy volunteers and 12
patients with prior anterior cruciate ligament repair) were re-
cruited for the study.

A total of 247 patients underwent anterior cruciate ligament
repair (ACLR) at the Orthopaedic Department at our institution
in the years 2008 and 2009. The inclusion criteria for the ACLR
group were (1) 16–45 years at time of ACLR, (2) transtibial
ACLR technique performed by a single senior surgeon using
the same graft fixation, (3) quadruple stranded semitendinosus-
gracilis tendon graft, (4) intact lateral meniscus at ACLR accord-
ing to arthroscopy records (5) body mass index (BMI) of 18.5 to
30, (6) preoperative sports activity of at least 4 on the Tegner
scale. All ACLR procedures were performed by a senior ortho-
pedic surgeon (O.Z.); in the tibial tunnel graft was fixed with
Milagro interference screw (DePuyMitek, Raynham, MA,
USA) and in the femoral tunnel graft was fixed with RIGIDfix
(Mitek, Johnson & Johnson, Norwood, MA, USA) [8]. All pa-
tients underwent an identical rehabilitation program. Based on
the arthroscopy record and patient’s history, the following exclu-
sion criteria were established (1) known chondropathy, (2) con-
comitant collateral ligament injury, (3) concomitant posterior cru-
ciate ligament injury, (4) MR contraindication, and (5) meniscal
tear at ACLR. Twenty-three patients met the study inclusion
criteria, however only 15 were successfully contacted. In three
patients, graft rupture was identified on MR examination, and
thus were excluded from the study. Thus, 12 patients (nine male,
three female) were included in the study (Table 1). The average
time from theACLR to theMR examinationwas 6.3 ± 0.5 years.

Twelve healthy volunteers were recruited to a control
group, with each participant matched to an ACLR patient
according to age and sex. The inclusion criteria for the control
group were (1) International Knee Documentation Committee
Subjective Knee Form (IKDC) score of at least 95 and (2) no
history indicative of any knee joint disorder.

Subjective clinical evaluation

Two questionnaires were presented to the study subjects at the
MR examination; IKDC and Tegner scale.

MR protocol

MR examinations were performed as single time-interval cap-
tures using a 3.0-T imager (Magnetom®Trio, Siemens,
Erlangen, Germany) with an eight-channel transmit-receive
knee coil (Invivo, Gainesville, FL, USA). To minimize the
changes of different loading conditions, subjects were
instructed to avoid sport activities for at least 24 h prior to
the MR examination and were scanned after resting at least
30 min. The imaging protocol included proton density (PD)
turbo spin-echo (TSE) fat-saturation (FS) images in the sagit-
tal plane (2230/29 [TR msec/TE msec], 16 cm field of view
[FOV], 3 mm/1 mm [slice thickness/interslice gap], 512 × 512
matrix, 120° flip angle [FA], two signals acquired) and in the
coronal plane (2540/35 [TR msec/TE msec], 15 cm FOV,
3 mm/1 mm [slice thickness/interslice gap], 384 × 384 matrix,
150° FA, two signals acquired) [8]. T2 maps were calculated
from obtained six images in the sagittal plane (1000/13.8;
27.6; 41.4; 55.2; 69.0; 82.8 [TR msec/TE msec], 16 cm
FOV, 3 mm/1 mm [slice thickness/interslice gap], 384 × 384
matrix, 180° FA, one signal acquired).

Quantitative cartilage evaluation

For quantitative analysis, T2 maps were first calculated from
six TE images at TEs by the corresponding ImageJ macro
program, an open-source image-processing program designed
for scientific multidimensional images (NIH programs, USA).
T2 maps were calculated on a pixel-by-pixel basis by fitting
the recorded signal (S) to a first-order model described by:

S tð Þ ¼ S0 exp
−t=T2ð Þ ð1Þ

where t is n∙TE, n is the echo number, and TE is the inter-echo
time. After computation of relaxation times, color-codedmaps
were created to allow better visual discrimination of cartilage
T2 maps. Analysis was performed on three consecutive mid-
sagittal slices in both femorotibial compartments. Femoral and
tibial cartilages of each compartment were analyzed separate-
ly by measuring T2 distribution profiles along the articular
surfaces, i.e., from an anterior to posterior direction within
the cartilage. All distribution profiles were generated by man-
ual segmentation of the femoral and tibial cartilage. Due to the
relatively large voxel dimensions, the distribution of T2 relax-
ation times plot profiles were obtained from T2 maps by cal-
culating the average T2 values of the all visible cartilage
pixels, avoiding strict layer distribution. In order to compare

Table 1 Group characteristics: demographics and subjective clinical
evaluation of the ACLR versus control group

Control ACLR P value

BMI (mean ± SD) 23.6 ± 2.4 25.0 ± 3.2 0.22

Age, years (mean ± SD) 32.6 ± 7.6 32.6 ± 7.6 0.98

IKDC (mean ± SD) 98.6 ± 1.3 85.9 ± 14.8 0.01*

Tegner (median) 6 6 0.93

BMI body mass index; IKDC International Knee Documentation
Committee Subjective Knee Form; *, p < 0.05
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the T2 profiles of different individuals (with variable articular
surface lengths), the profiles were considered as functions of
relative articular lengths (x), i.e., distances from a starting
point and normalized to the articular length (Fig. 1). The maps
were filtered in order to reduce the impact of noise and partial-
volume effects of bone and synovial fluid on cartilage T2
values. Due to the image acquisition plane, we measured the
femoral cartilage only in the anterior and central sub-compart-
ments. Measurements were repeated on the same slice by the
same reader at a 1-month time interval. As illustrated in Fig. 1,
borders of the menisci were used to define the margins of the
covered femoral and tibial cartilage. To determine regional
differences of all visible cartilage, a subset analysis was per-
formed for the medial and lateral compartment. Cartilage seg-
mentation was performed in accordance with previous work:
subdivided into sub-compartments with regard to the menisci,
consistent with the regional subdivision used in Whole-Organ
Magnetic Resonance Imaging Score (WORMS) [10–13]. In
our study, the medial compartment was subdivided into the
following sub-compartments: medial central femoral (cFM),
medial posterior femoral (pFM), medial anterior tibial (aTM),
medial central tibial (cTM), and medial posterior tibial (pTM).
The lateral compartment was subdivided into the sub-com-
partments: lateral anterior femoral (aFL), lateral central femo-
ral (cFL), lateral anterior tibial (aTL), lateral central tibial

(cTL), and lateral posterior tibial (pTL) sub-compartment.

Menisci assessment

To assess the meniscal status, the meniscal feature from the
WORMS system was used [9]. The anterior horn, body, and
posterior horn of meniscus were graded separately and a cu-
mulative grade for each meniscus was determined according
to paper by Peterfy et al. [10]. The ACLR group was divided
according to the meniscal status in two groups: menisci intact
and menisci insufficient. In the menisci insufficient group, all
patents with signs of meniscal injury were included regardless
of the lesion location or meniscal total score.

Statistical analysis

Unpaired t test was used to compare groups with respect to the
demographic characteristics. The Mann–Whitney U test was
used to compare groups according to the Tegner scale and was
used to identify any discrepancy between the mean ranks of
two groups in relation to the T2 distribution profiles. We used
a non-parametric, distribution-free, Kolmogorov–Smirnov
(KS) test to evaluate differences between the control and the
ACLR groups in order to reject the null hypothesis of no
difference between groups. The results of KS test were

Fig. 1 T2 map of the mid-sagittal slice in the lateral and medial compartment with cartilage delineation in a patient from the control group and ACLR
(anterior cruciate ligament reconstruction) group, and corresponding T2 map distribution profiles along the articular surfaces
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expressed as the maximum difference between the cumulative
distributions, D, with a corresponding p value. Cronbach’s α
coefficient was used to express intra-reader variability.
Continuous variables were expressed as mean ± SD and cate-
gorical values were expressed as median. Significance was set
at p < 0.05. Statistical analysis was performed with SPSS
v.17.0 (SPSS Inc., Chicago, IL, USA).

Results

Subjective clinical evaluation

The control group showed significantly higher scores than the
ACLR group for the subjective clinical evaluation with IKDC
(Table 1). No difference between the groups was observed
according to sports activity (Table 1).

Quantitative cartilage evaluation

The T2 distribution profiles along the length of the articular
surface in the lateral femorotibial compartment are shown in
the Figs. 2, 3 and 4. The result of the KS test comparison of the

T2 relaxation times of the femoral and tibial cartilage between
the control and the ACLR group shows that datasets do not
follow a normal distribution; p < 0.01.

Lateral compartment

The maximum difference between the cumulative distri-
butions for the femoral cartilage was D (200) = 0.23,
p < 0.01, with mean 48 ± 6 ms (range, 37–58 ms) and
median 50 ms in the control group, while in the ACLR
group cartilage mean was 47 ± 5.5 ms (range, 33–
58 ms) and median 48 ms (Fig. 2). For the tibial carti-
lage, the maximum difference between the cumulative
distributions D (50) was 0.62, p < 0.01, with mean 39
± 5 ms (range, 33–48 ms) and median 38 ms in control
group, while the ACLR group cartilage mean value was
32 ± 6 ms (range, 27–45 ms) and median 29 ms (Fig.
2). The difference in the median values of the tibial
cartilage between the two groups is greater than would
be expected by chance; with a statistically significant
difference observed (p < 0.01). However, there was no
significant difference noted for the femoral cartilage
(p = 0.03) (Fig. 4).

Fig. 2 T2 distribution profiles along the measured length of the femoral (a, b) and tibial (c, d) articular surfaces in the lateral compartment for the control
group (a, c) and anterior cruciate ligament repair (ACLR) group (b, d)
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Medial compartment

The maximum difference between the cumulative distribu-
tions for the femoral cartilage was D (202) = 0.11, p = 0.14,
with mean 48 ± 11 ms (range, 39–55ms) and median 47 ms in
the control group, while in the ACLR group cartilage mean
was 47 ± 10 ms (range, 36–57 ms) and median 49 ms Fig. 3).
For the tibial cartilage, the maximum difference between the
cumulative distributions D (182) was 0.39, p < 0.01, with
mean 41 ± 10 ms (range, 36–50 ms) and median 49 ms in
control group, while in the ACLR group cartilage mean was
34 ± 8 ms (range, 28–48 ms) and the median 34 ms (Fig. 3).
The difference in the median between the two groups of tibial
cartilage was statistically significant (p < 0.01), however, no
significant difference was found for the femoral side cartilage
(p = 0.03) (Fig. 4).

Sub-compartment analysis

The results for inter-group comparisons for the sub-
compartments are shown in Table 2. The intra-reader reliabil-
ity for assessments of the femoral-sided cartilage wasα = 0.77
and α = 0.80 for the tibial-sided cartilage.

Meniscal status subdivision

Four patients showed lateral meniscal lesions at MR (one
patient had a total score of 2; two patients had a total score
of 3; one patient had a total score of 4). Five patients showed
medial meniscal lesions at MR (two patients had a total score
of 2; one patient had a total score of 3; two patients had a total
score of 4). No significant difference was found between the
menisci insufficient and menisci intact group with either the
subjective clinical evaluation or the quantitative cartilage
evaluation.

Discussion

In the presented study, analysis of cartilage T2 relaxation time
distribution profiles were used in order to assess regional dif-
ferences along the articular surfaces between the ACLR and
control group. We assessed the cartilage regional variations
along two adjacent articular surfaces between two observed
groups with presumed difference in cartilage status. Similar
approach with T2 relaxation time distribution profiles has

Fig. 3 T2 distribution profiles along the measured length of the femoral (a, b) and tibial (c, d) articular surfaces in the medial compartment for the control
group (a, c) and anterior cruciate ligament repair (ACLR) group (b, d)
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been previously applied, however only femoral cartilage anal-
ysis of healthy individuals was performed [1].

The femoral T2 distribution profiles have a more pro-
nounced sinusoidal pattern compared to profiles seen along
the tibial articular surface. The sub-compartmentation ratio
was in accordance with previous studies revealing different
ratios for the tibial plateaus and comparable ratios for the
femoral condyles [10–13]. When adjusting the tibial plateau
ratio, it was shown that the T2 distribution profiles are com-
parable for the medial and lateral plateau. On both sides, a
similar up-sloping pattern was observed towards central and
posterior sub-compartment. Conversely, the T2 distribution
profiles appear to be different for the femoral condyles. The
most apparent difference was observed in weight-bearing
areas of the femoral condyles, with an up-sloping pattern in
the lateral and a down-sloping pattern in the medial compart-
ment. This finding is consistent with a previous study by
Kaneko et al. and may be explained by the fact that the medial
condyle has wider weight-bearing area than the lateral con-
dyle, and that weight-bearing areas have lower T2 values than
non-weight-bearing areas [1].

Group comparison revealed a relative preservation of the
T2 distribution profile patterns with reasonable fitting for the
sinusoidal femoral distribution profiles, however, an apparent

profile offset was seen in the ACLR group over the entire
tibial cartilage length. In sub-compartmental analysis, anterior
femoral lateral and posterior femoral medial sub-compartment
showed no group differences, thus important differences were
only observed in weight-bearing areas. Previous studies have
shown insufficiency of the femoral cartilage, with the most
pronounced changes in weight-bearing areas of the medial
condyle [14, 15]. In our study, weight-bearing areas of both
condyles were significantly affected. Interestingly, despite the
posterior lateral tibial plateau experiencing the most substan-
tial impact during initial ACL injury, the T2 distribution pro-
files showed cartilage insufficiency over the entire tibial artic-
ular surface [16]. It has been previously shown that in the first
year after an injury, a dynamic process of cartilage regenera-
tion takes place [17]. A possible explanation for the observed
T2 distribution profile in the ACLR group is the weighted
balance between regeneration processes and biomechanical
alteration in a prolonged follow-up after the ACLR.

It is well established that despite ACLR, the knee biomechan-
ics are altered and ACLR patients have a high risk of developing
post-traumatic osteoarthritis, even following successful recon-
struction [18, 19]. The post-ACLR alteration of knee biomechan-
ics even leads to significant bone remodeling, most prominent in
the weight-bearing areas [18]. The ACLR group showed

Fig. 4 T2 distribution profiles comparison between the control and anterior cruciate ligament repair (ACLR) group. Comparison for the femoral articular
surface (a, b) and comparison for the tibial articular surface (c, d)

142 Skeletal Radiol (2020) 49:137–145



important T2 value decreases in weight-bearing areas, in contra-
distinction to themajority of previous studies in this field [11, 12,
17]. However, few of these studies have evaluated or discussed
T2 shortening times in relation to cartilage degeneration [20–23].
Despite histological validation, the explanation is not straightfor-
ward and authors have hypothesized that loss of water trapped
within collagen fibrils results in a relative increase of the shorter
T2 components, which captures contributions from all measured
T2 components [20].

An important factor that also needs to be considered for the
relative T2 shortening in ACLR group is the follow-up period.
The majority of post-ACLR studies showed early cartilage
insufficiency and cartilage loss at up to 3 years follow-up
[11, 12, 14, 17]. Contrary to previous studies, a longer
follow-up of 6 years was selected in our study due to acceler-
ated cartilage degradation at 5–7 years post ACL injury [16].
In the early follow-up period, T2 values are increasing due to
collagen matrix fragmentation and increasing water content
[24]. However, when advanced cartilage morphological de-
fects are present, there appears to be a limit to further cartilage
degradation as demonstrated by T2 mapping [24]. In addition,
when correlating T2-dependent relaxation times with
Outerbridge classification, it appears that in lower
Outerbridge grades prolongation is seen, and with higher
Outerbridge grades shortening is seen, even below the values
of healthy cartilage [25]. In proven anterior cruciate ligament
deficient, knee T2 values tend be lower than in controls, with
authors attributing this to advanced cartilage degeneration
[26]. Furthermore, decreased T2 relaxation times were ob-
served in patients with osteoarthritis and in cartilage lesions

over time [27, 28]. The explanation for T2 shortening is sup-
ported by the fact that the cartilage volume is depleting in
osteoarthritis, particularly the superficial cartilage layer with
prolonged T2 relaxation times, and we speculate that this may
contribute to the shorter relaxation T2 values, as the superfi-
cial layer would denudate over time [29]. Further studies are
needed to elucidate how T2 changes occur longitudinally, and
whether additional phenomena may impact T2 values in the
long term [29].

Cartilage regional variations have been demonstrated in
previous studies, however cartilage distribution profiling has
been described in only one [1, 30]. Two important views need
to be considered in interpretation of cartilage regional varia-
tions observed with cartilage quantitative imaging. Firstly, the
arrangement of the cartilage layer biochemical composition
and extracellular matrix macroscopic architecture organiza-
tion are unevenly distributed along the articular surfaces be-
tween compartments and sub-compartments [1, 7]. The sec-
ond is the importance of the magic angle effect in T2 cartilage
representation [1, 30]. The effect of angular orientation and
cartilage layer on T2 values has already been established for
the femoral condyles, and the observed sinusoidal pattern in
femoral cartilage may be attributed to this [1]. The anatomical
curvature of the femoral condyles is an important factor, how-
ever, the magic angle effect also appears to be important for
the relatively flat tibial cartilage [30]. With qualitative T2 as-
sessment, it has been shown that T2 values are higher towards
the joint periphery as organization of the extracellular matrix
appears to differ between the periphery and the center of the
tibial plateau [30]. In our study, we observed higher T2 values
towards the posterior tibial sub-compartments, however not
the anterior tibial sub-compartments. To minimize the magic
angle effect in our analysis, full-thickness cartilage was
analyzed.

One of the main benefits of using cartilage T2 distribu-
tion profiles is that this method enables continuous assess-
ment of cartilage structural changes along the anatomical
surfaces. T2 mapping of cartilage along with segmentation
and regions of interest relevant to the particular pathology
enables quantitative analysis of cartilage structural changes
[7, 10, 12, 31]. However, an important advantage of using
cartilage T2 distribution profiles is that they enable com-
parison between studied groups for each point along the
articular surface, thus potentially depicting smaller carti-
lage defects as well as enabling assessment of the entire
car t i l age a long the measured ar t i cu la r sur face .
Comparison of cartilage T2 distribution profiles could also
enable easier visual differentiation of cartilage quality,
since assessments based on color encoding may be difficult
to interpret. Furthermore, generation of cartilage T2 distri-
bution profiles may have a great application in overcoming
the comparative issues of absolute cartilage values between
different MRI machines and software programs.

Table 2 Inter-group comparison for sub-compartments

Sub-
compartment

Average (ms) Median (ms) D p value

ACLR Control ACLR Control

cFM 41 44 39 43 0.21 0.01*

pFM 54 53 54 53 0.08 0.87

aTM 36 39 36 39 0.39 < 0.01*

cTM 32 42 33 43 0.44 < 0.01*

pTM 36 45 35 45 0.44 < 0.01*

aFL 44 42 42 41 0.10 0.26

cFL 49 52 49 53 0.17 0.02*

aTL 33 38 32 38 0.50 < 0.01*

cTL 38 37 44 44 0.37 0.01*

pTL 41 48 42 47 0.42 0.02*

cFM medial central femoral sub-compartment, pFM, medial posterior
femoral sub-compartment, aTM, medial anterior tibial sub-compartment,
cTM, medial central tibial sub-compartment, pTM, medial posterior tibial
sub-compartment, aFL lateral anterior femoral sub-compartment, cFL
lateral central femoral sub-compartment, aTL lateral anterior tibial sub-
compartment, cTL lateral central tibial sub-compartment, pTL lateral pos-
terior tibial sub-compartment, *, p < 0.05
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The current study has several limitations. First, subjects
were limited to comparatively young individuals aged 22–
47 years. Second, the sample size is small, but this was due
to the strict selection criteria and creation of matched pairs.
Third, T2 relaxation times were assessed manually, however
we believe that the measurements were sufficiently reliable
due to the high signal contrast between cartilage and adjacent
subchondral bone or joint fluid. Finally, cartilage T2 mapping
was evaluated in a limited area of the knee cartilage. Although
the midsagittal planes display the primary load bearing re-
gions of the knee joint and are most likely to have the greatest
degeneration, it has been shown that articular cartilage injury
can occur over the entire femoral condyle [32]. Future studies
with a larger number of patients, including other joints and
defining cartilage profiles for entire compartments are needed
in order to test the proposed applicability.

In conclusion, good depiction of regional differences can
be made with T2 distribution profiles, showing different pat-
terns for femoral and tibial cartilage. Furthermore, the T2 dis-
tribution profile pattern is preserved with cartilage insufficien-
cy, however with important differences in T2 values between
ACLR and the control group in weight-bearing areas.
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