Knee Surg Sports Traumatol Arthrosc (2015) 23:3094-3100
DOI 10.1007/s00167-014-3469-4

CrossMark

@

KNEE

Subclinical cartilage degeneration in young athletes with posterior
cruciate ligament injuries detected with T1p magnetic resonance

imaging mapping

Ken Okazaki - Yukihisa Takayama - Kanji Osaki -
Yoshio Matsuo - Hideki Mizu-uchi - Satoshi Hamai -
Hiroshi Honda - Yukihide Iwamoto

Received: 10 September 2014 / Accepted: 1 December 2014 / Published online: 7 December 2014
© European Society of Sports Traumatology, Knee Surgery, Arthroscopy (ESSKA) 2014

Abstract

Purpose  Prediction of the risk of osteoarthritis in asymp-
tomatic active patients with an isolated injury of the pos-
terior cruciate ligament (PCL) is difficult. T1p magnetic
resonance imaging (MRI) enables the quantification of the
proteoglycan content in the articular cartilage. The purpose
of this study was to evaluate subclinical cartilage degen-
eration in asymptomatic young athletes with chronic PCL
deficiency using T1p MRI.

Methods Six athletes with chronic PCL deficiency
(median age 17, range 14-36 years) and six subjects with-
out any history of knee injury (median age 31.5, range 24—
33 years) were recruited. Regions of interest were placed
on the articular cartilage of the tibia and the distal and pos-
terior areas of the femoral condyle, and T1p values were
calculated.

Results  On stress radiographs, the mean side-to-side dif-
ference in posterior laxity was 9.8 mm. The T1p values at
the posterior area of the lateral femoral condyle and the
superficial layer of the distal area of the medial and lat-
eral femoral condyle of the patients were significantly
increased compared with those of the normal controls
(p <0.05). At the tibial plateau, the T1p values in both the
medial and lateral compartments were significantly higher
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in patients compared with those in the normal controls
(p <0.05).

Conclusion Tlp MRI detected unexpected cartilage
degeneration in the well-functioning PCL-deficient knees
of young athletes. One should be alert to the possibility of
subclinical cartilage degeneration even in asymptomatic
patients who show no degenerative changes on plain radio-
graphs or conventional MRI.

Level of evidence 1V.

Keywords Posterior cruciate ligament (PCL) -
Conservative treatment - Osteoarthritis - Cartilage -
Magnetic resonance imaging (MRI)

Introduction

The best treatment strategy for posterior cruciate ligament
(PCL) injury and the operative indications remains con-
troversial [3, 6, 15]. Non-operative treatment is generally
recommended for isolated grade I and II PCL injuries.
Treatment of isolated grade III PCL injuries is somewhat
controversial. In general, operative treatment is recom-
mended for chronic grade III PCL injuries in relatively
young and active patients who become symptomatic
because of pain or instability despite an appropriate reha-
bilitation program [3, 24]. However, non-operative treat-
ment may be chosen even for young and active patients
with grade III injuries if the patient remains complaint-free
after initial rehabilitation [7]. A number of clinical studies
suggest that the symptoms are not correlated with the grade
of instability in isolated PCL injuries [7, 17, 19, 20].
Another concern in the treatment of PCL injury is the
degenerative changes in articular cartilage during long-
term follow-up. Although favourable subjective results


http://crossmark.crossref.org/dialog/?doi=10.1007/s00167-014-3469-4&domain=pdf

Knee Surg Sports Traumatol Arthrosc (2015) 23:3094-3100

3095

of non-operative treatment on most isolated PCL injuries
are reported to last up to 10 years, several studies suggest
that articular cartilage deteriorates over time [2, 10, 17, 19,
20]. This also occurs in patients treated surgically [11, 16,
18, 24]. Most clinical studies utilise plain weight-bearing
radiographs to assess the degenerative changes in articular
cartilage [1]. These clinical studies have yielded little infor-
mation on early degenerative changes in the articular carti-
lage matrix molecules. Furthermore, it is unclear what part
of the articular cartilage of the knee joint would bear the
brunt of the degenerative stress caused by kinematic loads
in young athletes with PCL deficiency.

T1p magnetic resonance imaging (MRI) mapping ena-
bles the assessment of early degenerative changes in articu-
lar cartilage by detecting the proteoglycan content of the
cartilage matrix [4, 8]. The clinical relevance of T1p MRI
mapping has been reported in several in vivo studies [13,
14]. In this study, T1p MRI mapping was performed on six
young athletes with chronic PCL deficiency. Although this
is a preliminary study with a small sample size, the results
showed unexpected cartilage damage in the asymptomatic
knees of young athletes, suggesting a risk of cartilage dete-
rioration in highly active patients with high instability.

Materials and methods

Six athletes with chronic PCL deficiency (median age 17,
range 14-36 years) and six healthy volunteers (median
age 31.5, range 24-33 years) without any knee problems
were recruited for this study. The PCL deficiency was diag-
nosed using physical examinations, stress radiographs, and
MRI findings. All patients participated in competitive team
sports (soccer, baseball, rugby, and Japanese archery; the
latter requires repetitive kneeling and squatting). All the
patients had an isolated PCL injury without injury to any
other ligaments including the posterolateral corner struc-
tures. All the patients were initially treated non-surgically
with bracing for several months after the injury and given
physical therapy for range of motion and muscle exercises.
After the non-surgical treatment, they returned to their
sports activities. One patient, who was injured 6 years ago,
played on a competitive baseball team for 3 years and took
part in Japanese archery for 3 years. Five patients had no
complaints during sports activities, and one of them com-
plained of occasional weakness and slight pain during
sports activities. The median duration after PCL injury was
17 months (range 6216 months). The mean Lysholm score
was 98.3, and the mean Tegner score was 7.2.

Five of the healthy volunteers had participated in com-
petitive or recreational sports (soccer, basketball, and base-
ball). The mean Tegner score of all the healthy volunteers
was 6.3.

The study protocol was approved by the Institutional
Ethics Board of Kyushu University (approval number: 23—
75) and was carried out in accordance with the Tenets of
the Declaration of Helsinki.

MRI scanning

The subjects underwent MRI of the knee, which was per-
formed using a 3-Tesla MR system (Achieva 3.0T, Quasar
Dual, Philips Healthcare, Best, The Netherlands) equipped
with an 8-channel phased-array coil. The imaging pro-
tocol included a sagittal fat-suppression turbo spin echo
T2-weighted imaging (FS-T2WI) sequence with the fol-
lowing parameters: repetition time (TR), 4,675 ms; echo
time (TE), 71 ms; flip angle, 90°; turbo spin echo factor, 16;
field of view (FOV), 140 x 140 mm; matrix, 400 x 400;
slice thickness, 3 mm; slice gap, 0 mm; number of slices,
26; and number of excitations, 1. FS-T2WI was used as an
anatomical reference as well as for diagnosis of injury to
joint structures including ligaments, menisci, and cartilage.

Sagittal two-dimensional T1p mapping was performed
without parallel imaging and each sequence used the fol-
lowing parameters: TR, 4.7 ms; TE, 2.4 ms; flip angle, 35°;
FOV, 140 x 140 mm; matrix, 320 x 320; slice thickness,
3 mm,; slice gap, 0 mm; number of slices, 26; NEX, 1; spin-
lock pulse frequency, 500 Hz; and time of spin-lock (TSL),
1, 20, 40, 60, and 80 ms. Although flip angle was low, it
did not affect T1p contrast because the shot interval was
6,000 ms between each slice acquisition and the k-space
was filled using low-high ordering. T1p mapping was used
for quantitative assessment.

Assessment of the T1p maps

T1p maps were estimated using pixel-by-pixel fitting of
signals obtained from five different T1p-prepared images
acquired with five different TSLs (1, 20, 40, 60, and 80 ms)
and using the following exponential T1p decay equation:
S(TSL) a exp (—TSL/T1p), where S(TSL) is the signal
intensity in the T1p-prepared image with a given TSL.
We produced T1p maps using Philips Research Integrated
Development Environment (PRIDE) software written in
Interactive Data Language (IDL 6.3, ITT Inc., Boulder,
CO, USA).

For the evaluation of Tlp maps, regions of interest
(ROIs) were drawn corresponding to parts of the full thick-
ness of cartilage on the FS-T2WI, which was used after its
in-plane resolution was adjusted to that of the T1p map. We
picked up four adjacent sagittal slices at the centre of the
medial and lateral compartment and evaluated the femo-
ral condyle and tibial plateau in each slice. In the femoral
condyle cartilage, ROIs were drawn around the distal and
posterior areas. The distal area extends from the boundary
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adjacent to the anterior edge of the anterior meniscal body
to the centre of the posterior meniscal body. The posterior
area extends from the posterior edge of the distal area to
an edge that is 90° posterior with respect to the femoral
shaft axis. In the tibial plateau cartilage, ROIs were drawn
to cover the entire cartilage area. ROIs were then divided
into superficial and deep zones of equal thickness (Fig. 1).
ROIs in the same locations were drawn on the T1p maps,
and mean T1p values and standard deviations (SD) were
calculated for each slice. The mean T1p values and SD of
the ROIs of similar areas were calculated again from four
slices. These analyses were performed by an experienced
radiologist using “medical image processing, analysis,
and visualisation” software (MIPAV, Biomedical Imag-
ing Research Services Section, Center for Information
Technology, National Institutes of Health, Bethesda, MD,
USA). All measurements were performed by one observer
(K. Okazaki) and were repeated in a blinded manner during
the course of two sessions 1 month apart. Another observer
(K. Osaki) independently made measurements of five ran-
domly selected knees.

Stress radiography

A stress radiography examination was performed by apply-
ing a 15-kg posterior load to the knee in 90° of flexion
using a Telos arthrometer (Telos, Weiterstadt, Germany).
Side-to-side differences in posterior translation of the tibia
were recorded. A weight-bearing anterior-posterior radio-
graph was also taken for the knee in 30° of flexion.

Statistical analyses

For comparison of the T1p values between the PCL-defi-
cient patients and the normal subjects, nonparametric com-
parisons were performed using a Mann—Whitney U test. p
values of <0.05 were considered significant.

Results

All the PCL-deficient patients showed posterior laxity with
an average of 9.8 mm (range 5.1-13.5 mm) in the stress
radiographs. No patients showed osteoarthritic changes
including joint space narrowing on weight-bearing anterior-
posterior radiographs of the knees in 30° of flexion. These
patients had no or mild symptoms during sports activities.
The fat-suppression turbo spin echo T2-weighted images
showed no severe degenerative changes in their cartilage
including thinning, injury, or erosion (Fig. 2a, b). However,
the T1p mapping MRI revealed an increase in T1p values in
the articular cartilage of the femoral condyle and tibial pla-
teau in both the medial and lateral compartments (Fig. 2c,
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Fig.1 Regions of interest (ROIs) were drawn on the articular car-
tilage in fat-suppression turbo spin echo T2-weighted imaging (FS-
T2WI) of the knee. ROIs were in the distal area (D) and posterior
area (P) of the femoral condyle and in the tibial plateau (7). ROIs
were then divided into superficial and deep layers. The image of the
lateral compartment in a case with PCL deficiency is shown

d; Table 1). The differences in T1p values were significant
in the tibial plateau in both the medial and lateral compart-
ments (p < 0.05). The T1p values of the distal area of the
femoral condyle (especially the superficial layer) and the
posterior area of the lateral femoral condyle were also sig-
nificantly higher in the patients. Relatively wide variations
were also observed in the Tlp values among patients. A
very active soccer player (Tegner score = 9) showed a very
high increase in T1p values in all areas, while relatively
mild increases in T1lp values were observed in the less
active patients (i.e. Tegner score = 5) or the patients with
a relatively recent injury. In contrast, although one normal
volunteer was a very active athlete (Tegner score = 9), the
T1p values were not high compared with others (Fig. 2e,
f). Intraobserver reliability of the measurements was 0.89.
Interobserver reliability of the measurements was 0.81.

Discussion
The most important finding of this study was that degen-

eration of articular cartilage can occur in an asymptomatic
PCL-deficient knee especially when the patient is a very
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Fig. 2 Fat-suppression turbo
spin echo T2-weighted imag-
ing (FS-T2WI) of the medial
compartment (a) and lateral
compartment (b) in a case with
PCL deficiency. ¢, d T1p maps
of images corresponding to a
and b, respectively. T1p maps of
the medial compartment (e) and
lateral compartment (f) in a nor-
mal control subject. The colour
map indicates the T1p value

active athlete and he/she has a significant instability of the
knee. T1p MRI mapping enables us to evaluate the present
integrity of cartilage matrix in vivo and may contribute
towards research to predict the risk of osteoarthritis (OA).
Several MRI techniques have been developed to deter-
mine changes in the biochemical composition and macro-
molecular structure of hyaline cartilage. T1p mapping and
delayed gadolinium-enhanced MRI of cartilage (dGEM-
RIC) techniques can be used to evaluate the proteoglycan

content and distribution, while T2 mapping can be used
to evaluate the extent of collagen fibre disorganisation by
detecting the interaction between water and collagen mol-
ecules [4, 8]. Because Tlp and T2 mappings require no
injection of contrast agents, their potential for use in the
detection of early degenerative changes of articular carti-
lage in OA has attracted attention. A comparative study of
T1p and T2 mappings revealed that both techniques could
detect cartilage degeneration in early OA using relaxation
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Table 1 Mean =+ standard

e . Femoral condyle Tibia plateau
deviation of T1p values (ms) in
the articular cartilage Distal area Posterior area Superficial Deep
Superficial Deep Superficial Deep

Medial compartment
PCL injury 489 +3.2% 435+43 488+47 522 +5.5 51.24+34% 417 £34*
Normal 435+19 379+£27 438+25 46.5 £ 2.6 439 +£2.8 369 £2.7
Lateral compartment
PCLinjury  51.1+28* 443+4.1 49.6+£34*% 504+29* 46.77+£33*% 384 +34%

*p <0.05 compared with the Normal 443429 392445 424441  412£32 393426 320435

normal control

time, which is increased in affected subjects compared with
that in normal control subjects. However, T1p has a larger
range and higher effect size than T2, suggesting the supe-
rior sensitivity of T1p mapping in the detection of early
cartilage degeneration [13, 21]. In fact, the loss of proteo-
glycans is considered to be an initiating event in early OA,
while neither the content nor the type of collagen is altered
in early OA [5]. The reliability of T1p mapping has been
reported by showing the correlation between T1lp values
and the histological staining of proteoglycans in the corre-
sponding area [23]. This is the first report to assess early
cartilage degeneration in athletes with chronic PCL defi-
ciency. Several studies investigated cartilage degeneration
associated with ACL injury and ACL reconstruction [1, 9,
22]. Young et al. [25] reported a case of PCL injury, which
was examined by dGEMRIC within 6 months of injury.
This report focused on the effects of bone collision at the
first injury or subsequent inflammation rather than on the
effects on the cartilage of repetitive mechanical stress
resulting from abnormal kinematics of the knee during
sports activities.

The current study indicated that the T1p values in PCL-
deficient patients increased up to 50 ms. Tsushima et al.
[23] reported the T1p values and histology of articular car-
tilage in advanced OA patients who underwent total knee
arthroplasty. They macroscopically rated the severity of
cartilage degeneration on a 5-grade scale (from O to 4):
Grade 0, normal-smooth surface; Grade 1, swelling and
softening; Grade 2, superficial fibrillation; Grade 3, deep
fibrillation—(coarse fissuring of the cartilage surface); and
Grade 4, subchondral bone exposure. According to this
study, a T1p value of 50 ms corresponds to Grade 2. There
was an apparent loss of proteoglycan staining in the area
that showed a T1p value of 50 ms. The T1p values of well-
preserved areas (Grade 0) were rarely as high as 50 ms,
even though these values were routinely obtained in severe
OA patients who underwent arthroplasty.

A number of studies have reported the long-term clini-
cal results of non-operative treatment for PCL injury [2, 10,
17, 19, 20]. Several studies reported relatively favourable
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long-term results. Shelbourne et al. [19] reported the radio-
graphic results of 68 out of 133 consecutive patients treated
non-surgically after an average follow-up of 5.4 years. Fif-
teen per cent of patients had degenerative arthritic changes
in the involved knee only. Patel et al. [17] also reported
that 17 % of 58 consecutive cases showed degenerative
changes in the medial compartment at an average follow-up
of 6.9 years. In both studies, the posterior laxity measured
with a KT-1000 arthrometer was approximately 3-9 mm,
and the grade of laxity was not correlated with either radio-
graphic OA change or clinical scores such as the Lysholm
and Noyes scores. In contrast, Boynton et al. [2] reported
relatively poorer results in 38 untreated patients at an aver-
age follow-up of 13.4 years. Radiographic evidence of
articular degeneration was seen in the medial tibiofemo-
ral compartment in 53 %, in the lateral tibiofemoral com-
partment in 20 %, and in the patellofemoral compartment
in 13 % of cases. As time from injury increased, articular
degeneration seen on radiographs increased. In addition,
the incidence of radiographic degeneration was higher in
patients with greater instability than in those with lower
instability. Keller et al. [10] also reviewed the records of
40 patients with an average follow-up period of 6 years and
showed that the longer the interval between injury and eval-
uation, the greater the incidence of radiographic degenera-
tion. As these studies suggest, the risk of articular degen-
eration in the PCL-deficient knee is controversial. This
is probably because articular degeneration is influenced
by many factors such as level and type of sports activity,
degree of instability, body weight, muscle strength, time
elapsed after the injury, and age. In this study, a very high
T1p value was observed in patients with the greatest knee
laxity and highest level of sports activity. Smaller increases
in Tlp values were seen in patients with less laxity and/
or lower levels of sports activity even though the interval
between the injury and evaluation was large. These results
suggest that the influence on cartilage damage varies
among the factors, and thus, some cases do not show any
radiographic evidence of degeneration in long-term clinical
studies.
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Many clinical studies reported the tendency for radio-
graphic degeneration to occur in the medial tibiofemoral
compartment [2, 17, 19, 24]. Most previous clinical stud-
ies adopted the 45° flexion weight-bearing posterior-ante-
rior radiograph. In the current study, T1p values increased
in both the medial and lateral tibiofemoral compartments.
Both medial and lateral tibial plateau showed significant
increases in the T1p values. Squatting during sports activ-
ities can generate a shear stress on the articular cartilage
around the posterior part of the femur, and the force applied
to the tibia posteriorly in the squatting position might
increase as knee flexion increases. Therefore, the finding
of an effect on the posterior part of the femoral condyle in
this study is reasonable and cannot be evaluated on plain
radiographs. In fact, another advantage of an MRI study is
that it allows a three-dimensional analysis. However, the
patellofemoral joint, which is known as a predilection site
of cartilage degeneration in PCL deficiency, was not exam-
ined in this study.

There were some limitations to this study. Since this
was a cross-sectional study with small numbers of sub-
jects, it could not be concluded that the cartilage degenera-
tion detected by T1p MRI mapping would cause sympto-
matic OA in the near future. None of the cases showed an
apparent radiographic OA finding even though the interval
between injury and evaluation was long in two cases. It is
unclear whether the findings observed in T1p MRI map-
ping had deteriorated over time since the injury. Even so,
it could not be concluded that the MRI findings observed
in this study were meaningless. Patients were enrolled
because they did not show OA findings. As mentioned
above, many factors influence the risk of OA. A longitu-
dinal large-scale study could disclose significant risk fac-
tors for the development of OA. Nevertheless, since many
clinical studies have proved that some patients actually
develop OA, the detection of cartilage degeneration by T1p
MRI mapping would help evaluate the present status of
the injured knee. A bone scintigraph could be an alterna-
tive method to evaluate osteoarthritic change as it has been
reported to be associated with the severity of OA [12]. The
utilisation of single photon emission computed tomography
would allow the three-dimensional localisation of cartilage
damage. However, Tlp MRI directly detects the degen-
erative changes in the cartilage, while bone scintigraphy
detects the subchondral bone metabolisms; therefore, the
latter might be less sensitive during the early stage of carti-
lage changes than T1p MRI.

The characteristics of patients are heterogeneous. The
type and level of sports activity, age, level of joint laxity,
and time elapsed after injury are all different. This makes
it difficult to come to a definitive conclusion concerning
risk factors. Nevertheless, all the patients showed similar
increases in T1p values at the indicated area in this study.

These results suggest that subclinical degeneration of the
cartilage matrix is common in athletes with PCL deficiency.

Since this study did not include a group of patients who
underwent PCL reconstruction, it is unclear whether surgi-
cal reconstruction would avert these cartilage damages.

Conclusion

This study suggests that Tlp MRI mapping can detect
unexpected cartilage degeneration in the well-functioning
PCL-deficient knees of young athletes. One should be alert
to the possibility of subclinical cartilage degeneration even
when patients appear asymptomatic and have no degenera-
tive findings on plain radiographs or conventional MRIs.
This method is useful for the evaluation of lurking cartilage
degeneration and the investigation of risk factors for the
development of secondary OA.

Conflict of interest The authors declare that there was no conflict
of interest regarding this study.
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