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Abstract
Objective—To compare a semi-quantitative and a quantitative morphological score for
assessment of early osteoarthritis (OA) evolution.

Materials and methods—3.0 T MRI of the knee was performed in 60 women, 30 with early
OA (each 15 with Kellgren–Lawrence grade 2 and 3) and 30 age-matched controls at baseline and
at 12 and 24 months. Pathological condition was assessed with the whole-organ magnetic
resonance imaging score (WORMS). Cartilage abnormalities and bone marrow edema pattern
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(BMEP) were also quantified using a previously introduced morphological quantitative score.
These data were correlated with changes in clinical parameters and joint space width using
generalized estimation equations (GEE).

Results—At baseline, OA patients had significantly (p<0.05) more and larger cartilage lesions
and BMEP. During follow-up, cartilage lesions increased significantly (p<0.05) in the patients
compared with controls: WORMS showed progression only at the lateral patella, whereas the
quantitative score revealed progression additionally at the trochlea and at the medial compartment.
Both scores showed a significant (p<0.05) increase in BMEP at the lateral femur in OA patients.
In addition, quantitative scores of BMEP of the whole knee decreased significantly (p<0.05) after
12 months and increased after 24 months in the patients, but showed an increase in controls at all
follow-up examinations. Only weak correlations between structural imaging findings and clinical
parameters were observed.

Conclusion—Quantitative assessment of cartilage lesions and BMEP is more sensitive to
changes during the course of the disease than semi-quantitative scoring. However, structural
imaging findings do not correlate well with the clinical progression of OA.

Keywords
Osteoarthritis; Magnetic resonance imaging; Cartilage lesion; Bone marrow edema pattern;
Follow-up; Lesion size

Introduction
As the most common form of arthritis and a leading cause of disability, osteoarthritis (OA)
affects at least 12 % (more than 20 million) of the United States population and is associated
with substantial socioeconomic costs [1–4]. Most people over the age of 60 will have some
form of OA and about half will have symptoms [5, 6]. Given its high prevalence and
associated limitation of activity in an aging population, improved diagnostic tools are
required for evaluation of the disease in order to detect it in the earlier stages, monitor
disease progression more sensitively, and potentially analyze the success of therapeutic
interventions early during the course of the disease.

The most widely used method that is currently accepted to monitor progression of knee OA
is the sequential assessment of the joint space width with radiographs. However, radiographs
are a relatively insensitive method incompletely assessing morphological degeneration of
cartilage, menisci, and other joint tissues; in addition, large studies of 18–24 months’
duration may be required to demonstrate changes [7]. There is also an imperfect correlation
of radiographic findings with clinical symptoms [7–10].

Currently, magnetic resonance imaging (MRI) is the best imaging technique to qualitatively
and quantitatively analyze joint tissues affected by OA at the knee. Significant associations
between MR imaging findings and clinical scores [9, 10] have been found, indicating that
OA is a whole-organ degenerative process with articular and periarticular abnormalities
contributing to the clinical expression of the disease [11]. Several studies have used MR
imaging for the diagnosis and longitudinal follow-up of OA [9, 10, 12, 13]. A number of
signs and parameters have been identified, such as cartilage loss and bone marrow edema
pattern (BMEP), which may act as potential structural risk factors, demonstrate preclinical
changes, or predict disease progression.

Since cartilage lesions and BMEP are hallmarks of OA the assessment of the disease can be
performed by the sizing of these findings. For this, several approaches exist: the whole-
organ magnetic resonance imaging score (WORMS, [11]) is a semi-quantitative method that
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has been widely used in clinical and epidemiological studies [14–18]. Quantitative MRI
(qMRI) of cartilage morphology has shown promise in the sensitive detection of changes in
cartilage thickness during the course of OA [19, 20]. However, this technique requires
dedicated software and is time-consuming, since segmentation has to be done manually or
semi-automated. Recently, a quantitative morphological score [21, 22] has been introduced
that approximates the lesion volume from knee MRIs and can be performed within a
relatively short time.

Thus, the aim of this study was to assess the feasibility of this quantitative morphological
score for its potential applicability for study evaluation and usage in clinical settings.
Therefore we first compared the quantitative morphological score and the semi-quantitative
WORMS for analyzing disease progression in a subset of the A9001140-study and second
correlated their specific results of structural imaging abnormalities with progression of
clinical scores and radiographically determined joint space width.

The study was performed with high-field (HF) MRI with a field strength of 3.0 Tesla (T),
since it has been shown thatMR imaging at higher field strengths provides improved signal-
to-noise ratio, improved contrast-to-noise ratio and potential shortening of acquisition times,
which results in improved visualization of joint morphology [23–26].

Materials and methods
Subjects

Thirty female patients with OA (57.5±8.5 years) and 30 female age-matched controls
(54.5±6.8 years) were randomly selected from the A9001140 study after completion of the
trial.

The study is described in detail in [20, 27–29]. In brief, it was performed at seven clinical
sites and initially included 180 women, of which 152 (age 56.7±8.6 years) completed the
trial. Inclusion criteria for all subjects were age≥40 years; good health by medical history,
physical examination, and clinical laboratories as well as no contraindications for the use of
MRI. Additional inclusion criteria for the patients were radiographic signs of OA (grade 2–3
based on the Kellgren–Lawrence [KL] score [30]), clinical symptoms of knee OA, and a
body mass index (BMI)≥30. Patients with inflammatory arthritis were excluded and also
those with knee OA secondary to other causes (acute or chronic infection, metabolic
abnormalities, previous surgery or history of intra-articular fracture). Controls had no
clinical and radiological (KL score=0) evidence of knee OA and a body mass index<30. The
focus on obese women in this study was driven by the desire to maximize risk of
progression in this relatively small cohort, but not to marginalize men and the non-obese, as
female sex and obesity have been reported to be risk factors of OA progression [31–33].
Written informed consent was obtained from all patients after the nature of the examinations
had been fully explained. All examinations were performed in accordance with the rules and
regulations from the local Human Research Committee.

The 60 subjects for our retrospective analysis were chosen from those four clinical centers
of the A9001140 study where MRI was performed with Signa Excite magnets to avoid
methodological bias.

Clinical and radiographic assessment of OA
All subjects were evaluated at baseline (BL) and after 12 (follow-up 1, FU1) and 24 (follow-
up 2, FU2) months between September 2004 and July 2007. At these time points, several
clinical scores and outcome questionnaires were obtained.
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A standardized questionnaire (Western Ontario and McMaster Universities Pain, Stiffness,
and Physical Function scales, WOMAC) for measuring the degree of pain, functional
impairment, and stiffness in all subjects through a 5-point scale (none, slight, moderate,
severe, and extreme) was used [34]. The subjects also completed the Short Form General
Health Survey (SF-36, [35]), which measures the health-related quality of life. The SF-36 is
a validated and widely used instrument that allows quantification of limitation of health
quality in eight domains: physical activity, role activity due to physical problems, role
activity due to emotional problems, vitality, general mental health, social activity, bodily
pain, and general health. Two summary measures of physical (physical component summary
scale, PCS) and mental (mental component summary scale, MCS) health are constructed
from the eight scales, with higher scores indicating a better health status.

The subjects assessed the severity of arthritis pain in their signal knee at the time of the visit
by using a 100-mm Visual Analog Scale (VAS) between 0 (no pain) and 100 (most severe
pain).

Lyon–Schuss radiographs [36] were acquired at each visit. Independent quantitative
measurements of the minimum joint space width were obtained once in the medial
femorotibial compartment of all radiographs by an experienced observer, using digitized
image analysis software (Holy’s software, UCLB, Lyon, France, [37])

MRI
Magnetic resonance imaging of the knee joint of the signal knee was performed on a 3.0-
Tesla system (Signa; GE Medical systems, Waukesha, WI, USA) using a dedicated knee
coil, specifically developed for this study (Clinical MR Solutions, Brookfield, WI, USA) at
BL, at FU1, and at FU2. The morphology of cartilage, menisci, ligaments and other knee
structures was assessed on three pulse sequences:

1. A sagittal 2D dual-echo fast spin echo (FSE) sequence with TR/TE1/TE2
3600/8.5/34.1 ms, echo train length of 6, matrix of 256 × 256, in-plane resolution
of 0.625 × 0.625 mm2, FOV of 16 cm, one signal average, and a slice thickness of
3 mm

2. A coronal T1-weighted 3D high-spatial-resolution volumetric water-excite spoiled
gradient-echo (SPGR) sequence. Imaging parameters were as follows: TR/TE
17/8.5 ms, flip angle of 12° and number of excitations 0.75. A total of 116 sections
were acquired with a field of view (FOV) of 15 cm (matrix 512 × 512) with an in-
plane spatial resolution of 0.293 × 0.293 mm2 and a slice thickness of 1.0 mm

3. A sagittal gradient recalled acquisition in steady state sequence (GRASS) with TR/
TE 25/14 ms, flip angle of 40°, number of excitations 0.75, matrix of 512 × 512, in-
plane resolution of 0.293 × 0.293, FOV of 15 cm, slice thickness of 1.5 mm and 76
sections were acquired

All images were reviewed on PACS workstations (Agfa, Ridgefield Park, NJ, USA). Three
radiologists with experience in musculoskeletal imaging of 19, 7, and 5 years assessed
pathological findings of the knee joint independently. If scores were not identical consensus
readings by these radiologists were performed in subsequent sessions.

Semi-quantitative morphological score
Pathological findings at the knee joint were analyzed using a modified WORMS [11]. Since
only a relatively small number of lesions were expected in these subjects with mild,
moderate, and no OA, the number of anatomical compartments was reduced from 15 to 7
compartments and included: the medial and lateral tibia, trochlea, medial and lateral femur,
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and the medial and lateral patella. Cartilage signal and morphology, osteophytes, bone
attrition, medial and lateral meniscal integrity, synovitis/effusion, intra-articular loose
bodies, and periarticular cysts/bursitis, anterior and posterior cruciate ligament integrity, as
well as medial and lateral collateral ligament integrity were scored as suggested by the
original WORMS methodology. To characterize the extent of the regional involvement of
bone marrow edema and subchondral cysts, the original partitions of the femoral condyles
and tibial plateaus in anterior, central, and posterior regions were used. Any other
pathologies not included in a WORMS category were also documented.

Quantitative morphological score
To better quantify small cartilage lesions, the volume of cartilage inhomogeneity
(WORMS=1) and the volume of cartilage defects (WORMS≥2) were calculated as
previously described [22]. Briefly, the original WORMS method assigns a score of 1 to
areas with normal cartilage thickness, but increased signal on T2-weighted images.
Accordingly, we defined an area of elevated signals on the sagittal FSE images as “cartilage
inhomogeneity” (Fig. 1) and quantified its size by multiplying its largest diameter with the
number of slices that it covered (slice thickness in millimeters including the section gap).
The volume of focal cartilage defects (WORMS≥2) was approximated on the sagittal FSE
images by the following equation:

The depth of the lesion was determined by dividing the surrounding normal cartilage into
three layers with equal thickness. If the maximum lesion depth did not exceed the thickness
of the superficial layer it was assigned as one third. It became two thirds or three thirds if the
maximal lesion depth comprised also the medium or the lowest layer respectively. The
shape factor was 1 if more than 50% of the lesion had the largest depth (assessed in the
section with the largest diameter), otherwise a shape factor of 0.5 was assigned. Extent of
the bone marrow edema pattern was assessed on the FSE images by multiplying the two
largest diameters with the number of sections, where it was visualized (slice thickness
including gap).

Reproducibility of the quantitative and semi-quantitative measures
The precision of the three radiologists in the quantification of the extent of cartilage lesions
and bone marrow edema as well as in the determination of WORMS cartilage and BMEP
subscores was expressed by calculating intraclass correlation coefficients (ICCs, [38]) in a
sample of ten OA patient image datasets.

Statistical analysis
All the data analysis was performed with PASW Statistics 18, Release Version 18.0.2
(SPSS, Chicago, IL, USA, www.spss.com). Data were initially assessed for normality by
visual inspection of their histograms. On the basis of these results mean and standard
deviation (SD) by visit and groups were calculated for all numerical variables comprising
age, weight, BMI, SF-36 physical and mental component summary scale, and JSW. For the
remaining clinical outcome variables (WOMAC, VAS) and the MRI measurements
(modified WORMS; quantified sizes of cartilage lesions and BMEP) the median values and
the 10% and 90% percentiles are reported. Fisher’s exact test, the t test, and the Mann–
Whitney U test were used to compare the significance of individual characteristic variables
between the two groups at baseline. In the case of normally distributed data the difference in
the mean between the groups and its 95% confidence interval are reported.
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The annual change in the measurement and outcome variables over time were assessed by
generalized estimation equations (GEE). Fixed effects were given by group, time,
interaction of group and time and the adjustment for age and BMI. Random effects were
given by subject ID repeated by time. The correlation structure was chosen to be
autoregressive first-order. Depending on the distribution of the response, linear or ordinal
logistic models were fitted to the data. In a second analysis with GEE models the annual
change in the longitudinal data was assessed for all compartments. There was no necessity
for adaptation of the correlation structure under the assumption that correlation of
observations remained equal among all time points and compartments.

Furthermore, correlation and partial correlation with visit time were analyzed between the
measurement variables by compartments and the subject characteristics or outcome
variables. This was performed with the Spearman rank correlation coefficient. Findings were
not corrected for multiple testing due to the exploratory design of the study. A level of
significance of α=0.05 was used throughout the study.

Results
Patient characteristics

Table 1 shows the baseline characteristics of all subjects. Given the subject inclusion
criteria, age was not different between the groups whereas OA patients had significantly
(p<0.0001) higher weight and BMI.

The mean time between BL and FU1 examination was 367.7±8.4 days (95% CI: 362.3;
373.0) in the OA group and 365.8±7.0 days (95% CI: 362.0; 369.5) in the control group.
Between FU1 and FU2, 361.0±8.1 days (95% CI: 355.9; 366.2) in the OA group and
367.2±10.0 days (95% CI: 361.8; 372.5) in the control group have passed. These data were
not significantly different between the groups (p>0.100).

Clinical and radiographic assessment of OA
Osteoarthritis patients had significantly higher (p<0.0001) values in the WOMAC total
score, as well as in the subgroups for pain, stiffness, and function (Table 2). OA patients
reported significantly more (p<0.0001) arthritis pain compared with controls when assessed
with the visual analog score (VAS). The SF-36 physical component summary scale was
significantly (p<0.0001) lower in the patients, whereas the mental component summary
scale did not differ between the two groups. Within the OA patients there was no significant
difference in the distribution of the clinical OA scores for different KL grades: VAS yielded
19 (0; 68.4) in KL 2 vs 15 (1.5; 68.5) in KL 3 subjects (p=0.880); SF-36 (PCS): 44.0 (25.6;
56.1) vs 42.8 (28.8; 51.3), p=0.949; SF-36 (MCS): 56.3 (32.3; 65.2) vs 59.4 (41.0; 66.9),
p=0.290; WOMAC pain: 2 (1.6; 11.4) vs 5 (0; 9.5), p=0.533; WOMAC stiffness: 2 (1; 5.2)
vs 2 (0; 5), p=0.999; WOMAC function: 14 (0.6; 48.4) vs 14.5 (1.0; 34.0), p=0.847; and
WOMAC total: 23.0 (3.6; 64.4.) vs 22 (2; 47), p=0.539.

None of the above quoted scores changed significantly at follow-up within the groups.

The minimal joint space width obtained with the modified Lyon–Schuss technique [39, 40]
at baseline was slightly, but not significantly, lower in OA patients compared with that of
the controls. The amount of change in the JSW after 2 years was significantly (p=0.021)
higher in OA patients (−0.37±0.14 mm) than in controls (−0.09±0.04 mm).
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Quantitative and semi-quantitative assessment of focal cartilage lesions
Two hundred and ten compartments of the knee were studied in each subject group. At BL a
total of 56 (26.7%) compartments in the controls and 119 (56.7%) in the OA patients had
cartilage lesions. The distribution of median WORMS of the cartilage lesions and their size
is shown in Table 3. Compared with controls, OA patients exhibited at BL significantly
higher (p<0.014) cartilage lesion WORMS and sizes in all compartments and in the whole
knee (median value [10th percentile, 90th percentile]: WORMS: 14 [6.5, 21] in OA patients
vs 2 [0, 10.2] in controls; size: 353 [146, 1, 339] in OA patients vs 54.4 [0, 253.8] in
controls). These significant differences between the groups persisted at all follow-up time
points.

In the GEE model the OA patients had a significant (p<0.010) increase in cartilage WORMS
and cartilage lesion size at the lateral patella in comparison to the controls (Fig. 1). In
addition, the cartilage lesion size increased significantly (p<0.026) over time at the trochlea
(Fig. 2), the medial femur, the medial tibia, and in the whole knee in the OA patients.

Using the WORMS 3.8% of the cartilage lesions in OA patients increased, while 96.2% of
the lesions remained unchanged. In controls, 2.5% of the cartilage lesions increased; for the
remaining, no change was observed. With the quantitative score an increase in cartilage
lesion size was shown in 23.8% of the lesions in OA patients, no change occurred in 61.9%,
and a decrease was observed in 14.2%. For controls, these values were 6.6%, 89.8%, and
3.6% respectively.

Quantitative and semi-quantitative assessment of BMEP
Eighteen out of 210 (8.6%) compartments in controls and 49 out of 210 (23.3%)
compartments in OA patients had a BMEP at BL. The OA group had significantly (p<0.012)
higher BMEP WORMS and BMEP sizes at BL at the lateral tibia and in the whole knee
(WORMS: 2 [0, 6] in OA patients vs 0 [0, 2.2] in controls; size: 291 [0, 4, 788] in OA
patients vs 0 [0, 537.9] in controls; Table 4). In addition, the BMEP size was significantly
(p=0.002) higher at the medial tibia.

The change over time demonstrated mixed results in the GEE model: a significant (p<0.042)
increase in BMEP WORMS and BMEP size was observed in OA patients at the lateral
femur. At the lateral tibia, BMEP size in OA patients revealed a significant (p<0.0001)
decrease at FU1 and an increase at FU2, whereas controls had a slight increase at each
follow-up examination (Fig. 3). At the trochlea, OA patients showed a significantly
(p=0.001) higher increase in BMEP size during the follow-up than controls. At the lateral
patella, controls had a significant (p=0.013) decrease in BMEP size at FU1 and an increase
at FU2, whereas OA patients exhibited an increase over time. The BMEP size values
comprising the whole knee yielded a significant (p=0.047) increase in controls, whereas in
OA patients the size decreased at FU1 and increased at FU2.

Applying the WORMS, BMEP decreased in 3.4% and increased in 4.9% of the lesions in
the OA patients. These values were 9.2% and 1.8% for controls respectively. Using the
quantitative score in OA patients, an increase in 12.8%, no change in 73.4%, and a decrease
in 13.8% of the lesions were observed. For controls, these values were 9.8%, 88.3%, and
2.6% respectively.

Changes in focal cartilage lesions and BMEP were not statistically significant (p>0.165)
between OA patients with KL grade 3 and KL grade 2, irrespective of which scoring system
was used.
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Correlation between quantitative/semi-quantitative scores and clinical/radiographic
parameters of OA during follow-up

In the controls, changes in the SF-36 PCS score significantly positively correlated with
changes in the quantitative BMEP values (WORMS: 0.400, p=0.035; size: r=0.520,
p=0.005) for the whole knee.

In OA patients, several significantly positive correlations between changes in the assessed
parameters were observed: WOMAC pain scores with quantitative cartilage lesion size at
the lateral tibia (r=0.409; p=0.034) and at the lateral patella (r=0.450; p=0.018) as well as
with cartilage WORMS at the lateral tibia (r=0.380, p=0.042); WOMAC stiffness scores
with cartilage WORMS at the lateral tibia (r=0.412, p=0.027), and the lateral patella
(r=0.411, p=0.033) as well as with quantitative BMEP size at the lateral patella (r=0.382,
p=0.041); WOMAC function scores with quantitative BMEP size at the medial tibia
(r=0.419, p=0.030), and quantitative cartilage lesion size at the lateral femur (r=0.397,
p=0.044); WOMAC total scores with the surface WORMS of the lateral femur (r=0.388,
p=0.046); SF-36 PCS with quantitative BMEP size at the medial tibia (r=0.453; p=0.018)
and at the whole knee (r=0.435, p=0.023); VAS with quantitative cartilage lesion size at the
lateral patella (r=0.397, p=0.040); JSW with surface WORMS of the trochlea (r=0.418,
p=0.033); and WORMS cartilage lesion size at the whole knee (r=0.406, p=0.039).

Whole knee pathology
The median global knee WORMS at BL (median value [10th percentile, 90th percentile])
was 35.25 (22.1; 51.3) in OA patients and 7 (2; 15) in controls, which was also significantly
(p<0.0001) different between the groups for the follow-up. For OA patients, the values were
35.5 (24; 53.4) at FU1and 35.5 (24; 54) at FU2. Controls had a global median knee
WORMS of 8 (2; 15) at each follow-up examination. The slope of these values between the
subject groups was not significantly (p=0.179) different in the GEE model.

Reproducibility of the quantitative MRI measurements
Results of the interobserver reliability assessments in the subset of the OA data indicated
good agreement: ICCs for cartilage lesion size and BMEP size were 0.84 and 0.86. For the
WORMS cartilage and BMEP subscores the ICCs were 0.82 and 0.89 respectively.

Discussion
In our study we sought to assess the feasibility of a quantitative score for monitoring
changes in cartilage lesion and BMEP size at the knee joint in subjects with and without
early OA using 3.0 T MRI. Findings were compared with the semi-quantitative WORMS,
which was developed as a multi-feature, whole organ evaluation method of the knee in OA.
Results were correlated with clinical and radiographic findings. A subset of the A9001140
study subjects was retrospectively analyzed. The study comprised an observation period of 2
years with a total of three surveys including 12- and 24-month follow-up examinations.

As expected, OA patients had higher clinical parameters of OA and higher WORMS global
scores of the whole knee. They presented with significantly higher semi-quantitative
cartilage WORMS scores and quantitative determined cartilage lesion sizes in all
compartments of the knee at BL. During follow-up, a significant increase in the cartilage
lesion WORMS score and size in OA patients compared with the controls occurred at the
lateral patella. These results could be explained by increasing cartilage degeneration during
OA progression, including preceding thinning and erosion. It is in agreement with previous
findings, with the patellofemoral compartment being the most affected [41], and also in
concordance with the radiographic findings, showing a significant reduction in JSW in our
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patients. However, applying the quantitative score an increase in cartilage lesion size was
additionally observed at the trochlea, at the medial compartment, and in the whole knee,
indicating a higher sensitivity to subtle cartilage changes of this approach than the WORMS.
This is supported by the findings of Le Graverand et al. [20], who analyzed 145 subjects
from the A9001140 study and revealed a significant decrease in cartilage thickness in the
central medial femorotibial compartment in OA patients with a KL grade of 3.

Using the semi-quantitative WORMS, 3.8% of the cartilage lesions in OA patients and 2.5%
in controls increased. However, by using the quantitative score the rate of change was also
more sensitively monitored than with the WORMS score: an increase in cartilage lesion size
was shown in 23.8% of the lesions in OA patients and in 6.6% of the controls; a decrease
was observed in 14.2% of the OA patients and in 3.6% of the controls.

Bone marrow edema pattern had significantly higher WORMS scores and sizes in OA
patients when evaluated for the whole knee. The frequency of this pathology at BL was
23.3% in OA patients and 8.6% in controls. This is in agreement with the literature and
reflects the high prevalence of this abnormality in OA, but also to a lesser extent in healthy
subjects [9, 12, 13, 16, 42–47]. The change at the follow-up examinations yielded mixed
results: an increase over all time points was observed in OA patients at the lateral femur
with both scores. The quantitative score revealed in addition in OA patients a significant
increase at the trochlea and at the lateral patella as well as a temporary reduction at the
lateral tibia; controls had a small increase in BMEP size at the lateral tibia and a small
decrease at FU1 at the lateral patella.

Applying the WORMS, BMEP decreased in 3.4% and increased in 4.9% of the lesions in
our OA patients, whereas a decrease was found in 13.8% and an increase in 12.8% when the
lesions were assessed with the quantitative score. For controls, these numbers were 9.2%
and 1.8% applying the WORMS in comparison to 9.8% and 2.6% for the quantitative score.
Therefore—similar to cartilage lesions—the quantitative score is more sensitive to changes
in the BMEP sizes than the WORMS score. However, the fluctuation of BMEP parallels that
of other studies, where in OA patients after 2 years a significant change in up to 66–80% of
the lesions is reported [13, 47]. It illustrates the dynamic process of this imaging parameter
in the course of the disease. Therefore, care should be taken when BMEP is utilized as a
surrogate endpoint.

We demonstrated low correlations between changes in the WOMAC total score and its
subscores with changes in cartilage and BMEP morphology indices in the OA patients in
several subregions of the knee, whereby mostly the lateral compartments were affected.
Changes in SF-36 PCS and VAS scores correlated in a considerably lower amount of
compartments with changes in cartilage or BMEP morphology. We conclude that the use of
a disease-specific health score like WOMAC is more sensitive in the evaluation of changes
in the early disease processes in contrast to the utilization of only general outcomes scores
like SF-36 or VAS. However, since changes in volume approximation of cartilage and
BMEP lesions were almost equally correlated with changes in the clinical parameters, like
changes in the respective WORMS scores we think that both methods have a comparable
sensitivity to draw conclusions from morphology as to the clinical status of the disease. The
overall lack of strong correlations of clinical OA scores with morphological findings may be
related to the fact that the knee becomes more accustomed to cartilage damage. Link et al.
[10] found most symptoms in patients with lower grade cartilage lesions and concluded that
clinical symptoms are more substantial at the onset of OA. Furthermore, controversy still
exists about the cause of knee pain in OA patients. Felson et al. [43] found a moderately
strong association between the change in BMEP with the development of frequent knee
pain, whereas this association was not found by Link et al. [10]. Kornaat et al. [48] found
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that the presence of large central osteophytes are associated with pain. Hunter et al. [49]
reported that alterations in patella volume are associated with pain and other subscores of
the WOMAC. Since hyaline cartilage does not contain pain fibers it is hypothesized that
other factors like inflammation within the joint or enlargement of effusions might also play
an important role [43].

Our study was conducted with HF-MRI at 3.0 Tesla. Visualization of the morphological and
pathological features of cartilage has been shown to be improved at 3.0 T compared with the
clinically widely-used 1.5-T systems in cadaver studies [23, 24] and in specimens [23, 26].
One recent larger scale clinical study [25] utilizing MRI at 3.0 T and validation of the
findings with arthroscopy has shown further promise with higher specificity, higher
accuracy, and higher diagnostic confidence for detecting cartilage lesions, but not for higher
sensitivity. However, Wong et al. [50] found even increased sensitivity in a similar setting
with a smaller sample size. We therefore assume that detection of lesions and estimation of
their size in our study was improved in comparison to using lower field strengths.

Several limitations can be identified in our study. First is the small sample size of subjects in
the OA patient and control groups. Second, there was no true gold standard in the study;
none of the study subjects underwent arthroscopy, which could not be ethically justified in
healthy subjects. Also, no histopathological examination has been performed. However, the
subjects were thoroughly monitored. Careful simultaneous assessment of accepted clinical
and radiographic progress indicators of OA was also performed. Third, obesity is a known
risk factor for OA. Although differences in BMI were outlined in the inclusion criteria, BMI
was adjusted for the analysis of each group given the presence of confounding. Fourth,
reducing WORMS partitioning to seven compartments could have potentially affected the
number of grade 4 or grade 6 lesions. Grade 6 lesions, however, were not expected in this
cohort with early disease and grade 4 lesions are very rare, as usually full thickness lesions
are present before >75% partial thickness lesions in one subcompartment occur. Finally, our
study was limited to women, so it is questionable whether the results could be extrapolated
to men.

In summary, with our retrospective analysis of longitudinal data at 3.0 T by application of a
quantitative scoring system, we were able to detect changes in cartilage and BMEP
morphology between OA patients and controls within a follow-up period of 24 months.
More compartments of the knee in OA patients are affected by changes in comparison to the
semi-quantitative WORMS score. The amount of lesions that experience changes is also
higher with the quantitative scoring system. Since a progression of the disease in our OA
patients is indicated by significant narrowing of the JSW, we conclude that the quantitative
score is more sensitive to changes in cartilage and BMEP morphology in the course of the
disease than the semi-quantitative technique. Since it has a good reproducibility and can be
applied relatively quickly, we believe that the quantitative score is feasible for study
evaluation and has potential usage in clinical settings. However, verification in a larger
number of patients is needed to ascertain whether the method could be used as an alternative
to time-consuming approaches like qMRI. Only weak associations were found when the rate
of change of the lesions correlated with health-related quality of life, as assessed by the
WOMAC and SF-36 scores. But these findings were not unexpected and had been
demonstrated by previous studies [9, 10], indicating that structural imaging findings do not
correlate well with the clinical progression of OA.
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Fig. 1.
Sagittal T2w-FSE images (TR/TE 3,600/8.5 ms) of the lateral left patella in a 63-year-old
female osteoarthritis (OA) patient at baseline (BL, left) and after 12 months (FU1, right). At
BL, an area of cartilage signal inhomogeneity (arrow) was visible without a clear cartilage
defect; therefore, a whole-organ magnetic resonance imaging score (WORMS) of 1 (signal
inhomogeneity with normal cartilage thickness) was assigned. At FU1, a fissure of the
cartilage is clearly depicted (the maximal extent in the sagittal orientation is outlined by the
arrows) yielding a WORMS of 2.5. Semi-quantitative estimated lesion size was 117 mm3 at
BL and 170 mm3 at FU1
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Fig. 2.
Sagittal T2w-FSE images (TR/TE 3,600/8.5 ms) of the right trochlea in a 50-year-old female
OA patient at BL (left) and after 12 months (FU1, right). At both time points, a 12-mm-wide
partial thickness defect of the cartilage is shown (the maximal extent of this lesion in cranio-
caudal extent is outlined by the solid arrows); therefore, a WORMS of 3 has been assigned.
At BL, only the superficial layer of the cartilage is affected, whereas at FU1 the middle and
parts of the basal layer are also impaired, resulting in a semi-quantitative estimated lesion
size of 53 mm3 at BL and 126 mm3 at FU1
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Fig. 3.
Sagittal T2w-FSE images (TR/TE 3,600/8.5 ms) of the lateral tibia at BL (left), FU1
(center), and at FU2 (right) of the left knee in a 60-year-old female OA patient (upper row)
and a 59-year-old female OA control (lower row). The patient had a large area of bone
marrow edema pattern (BMEP) at BL (WORMS of 2 and 4,095 mm3 in size), which
encompasses a subchondral cyst. The BMEP decreased at FU1 (WORMS 1; size 504 mm3)
and increased again at FU2 (WORMS 2; size 6,318 mm3). The control subject had a small
BMEP at BL, which showed a slight increase at the follow-up examinations. The WORMS
was 1 for all time points; the size was 18 mm3, 48 mm3, and 90 mm3 at BL, FU1, and FU2
respectively
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Table 1

Subject characteristics at baseline

Patients Controls Diff. mean (95% CI) p values

n 30 30

Age (years) 57.5±8.5 54.5±6.8 3.0 (−1.0, 6.9) 0.143

Weight (kg) 94.2±14.6 64.8±10.2 29.4 (22.9, 35.9) < 0.0001

BMI (kg/m2) 35.3±4.8 24.2±3.2 11.1 (9.0, 13.2) < 0.0001

Kellgren–Lawrence grade (n)

  Grade 0 0 30

  Grade 2 15 0

  Grade 3 15 0

Age, weight, and body mass index (BMI) values are reported as means ± standard deviations
Intergroup comparison was performed with t-tests
p values in bold indicate significant group differences
Diff. mean: difference in the mean between the groups; CI: confidence interval
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