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Abstract
Objective The aim of this study was to evaluate the longitudinal reproducibility of cartilage volume and surface area
measurements in moderate osteoarthritis (OA) of the knee.
Materials and methods We analysed 5 MRI (GE 1.5T,
sagittal 3D SPGR) data sets of patients with osteoarthritis
(OA) of the knee (Kellgren Lawrence grade I–II). Two
scans were performed: one baseline scan and one follow-up
scan 3 months later (96±10 days). For segmentation, 3D
Slicer 2.5 software was used. Two segmentations were
performed by two readers independently who were blinded
to the scan dates. Tibial and femoral cartilage volume and
surface were determined. Longitudinal and cross-sectional
precision errors were calculated using the standard deviation (SD) and coefficient of variation (CV%=100×[SD/
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mean]) from the repeated measurements in each patient.
The in vivo reproducibility was then calculated as the root
mean square of these individual reproducibility errors.
Results The cross-sectional root mean squared coefficient
of variation (RMSE-CV) was 1.2, 2.2 and 2.4% for surface
area measurements (femur, medial and lateral tibia respectively) and 1.4, 1.8 and 1.3% for the corresponding
cartilage volumes. Longitudinal RMSE-CV was 3.3, 3.1
and 3.7% for the surface area measurements (femur, medial
and lateral tibia respectively) and 2.3, 3.3 and 2.4% for
femur, medial and lateral tibia cartilage volumes.
Conclusion The longitudinal in vivo reproducibility of
cartilage surface and volume measurements in the knee
using this segmentation method is excellent. To the best of
our knowledge we measured, for the first time, the
longitudinal reproducibility of cartilage volume and surface
area in participants with mild to moderate OA.
Keywords Cartilage volume . Osteoarthritis . MR imaging .
Knee joint

Introduction
Injuries and degenerative changes in cartilage are significant
causes of osteoarthritis (OA), leading to reduced quality of
life. The high incidence and the increasing average lifespan
of the population has resulted in enormous costs in the
diagnosis and treatment of OA. In the USA, the annual total
cost of arthritis and other rheumatic conditions was about
$116.3 billion in 1997 [1]. The economic problem is of
similar magnitude in European countries [2]. Thus, there is
a significant need for a non-invasive method of monitoring
OA to judge the success of potential chondroregenerative
and surgical treatment. Magnetic resonance imaging (MRI)
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is widely used as a non-invasive imaging tool for OA of the
knee [3, 4]. The measurement of cartilage volume has been
reported to be a measure to monitor disease progression [5].
The accuracy of cartilage volume and surface measurement
has been validated for healthy and moderate to advanced
OA in cross-sectional studies [6–10]. However, in assessing
the reproducibility of a quantitative measurement technique, it is important not only to assess short-term
reproducibility in cross-sectional, single time point data,
but also to evaluate longitudinal reproducibility.
In the present study, we evaluated the longitudinal
reproducibility of cartilage volume and surface in patients
with early mild to moderate OA with Kellgren-Lawrence
stage I– II changes.

Materials and methods
We analysed MR images from 5 patients (2 female and 3
male) with osteoarthritis (OA) of the knee. The ages ranged
from 40–73 years (mean age 64.3 years). These patients were
enrolled in the placebo arm in a clinical trial evaluating a
chondroregenerative drug for the treatment of OA, which
was approved by the Institutional Review Board. All had a
cartilage lesion in a weight-bearing area of the knee
(Kellgren–Lawrence grade I–II). We have previously described detailed inclusion criteria for this clinical trial [11].
The MR images were obtained with a 1.5 T MR scanner
(Signa, software version 8.3; GE Healthcare, Milwaukee,
Fig. 1 Screen shots of the segmentation software. a Sagittal
slice of the knee with segmented
femur and tibial cartilage. b 3D
view of the same knee with 3D
models of the femur and tibial
cartilage. c Zoom view of the
region, which is segmented
(violet red femur cartilage, green
tibia cartilage). The zoom view
offers the possibility of segmenting precisely, pixel by pixel
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WI, USA) using a transmit–receive extremity coil. In each
patient, sagittal fat-suppressed 3D spoiled gradient recalled
(SPGR) images (repetition time [TR] ms/echo time [TE]
ms/flip angle = 60/5/40°) were obtained with continuous
1.5-mm section thickness, a partition of 64, an image matrix
of 256×160, a 120-mm field of view (FOV), a band width of
16 kHz, and one excitation for a total acquisition time of
10 min 18 s. Two scans were performed: one baseline scan
and one follow-up scan 3 months later (96± 10 days).
The MR image data were transferred to a workstation
using our in-house software 3D Slicer version 2.5 (http://
www.Slicer.org). For each of the two scans a manual
segmentation was performed (Fig. 1). With manual segmentation, the reader draws a line around the cartilage
borders of the femur and tibia cartilage on every single
MRI slice with a computer mouse. A second round of
segmentations was performed 2 weeks later to avoid
memory recall. Both segmentation sessions were done by
each reader independently and blinded to the scan dates.
The segmentations for baseline and follow-up scans were
not segmented simultaneously. Each reader segmented all
the baseline scans first and all the follow-up scans in the
second segmentation round. The segmentation and the resegmentation were performed by two experts (MHB and
JP) experienced in cartilage imaging and segmentation.
Both readers underwent extensive training (more than
1 year) on the recognition of cartilage damage prior to the
study. Furthermore, they underwent 4 months’ training on
cartilage segmentation. The volume of the femoral and the
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reproducibility between two scans (time point 2 versus 1),
including variability that depends on the readers, image
quality, software and MRI machine. We computed each
patient’s standard error of estimation (SEE), taking into
account the appropriate degrees of freedom, and obtained
the total estimated long-term longitudinal precision error by
computing the root mean squared error (RMSE-SEE; see
Glüer et al. [14]). For data analyses the open-source data
analysis environment R was used [15].

Results

Fig. 2 3D models of the segmented cartilage (pink Reader 1, blue
Reader 2). The models of time point 1 (left) and time point 2 are
projected over each other. The “spotting” appearance of the superimposed models shows that essentially neither of the readers
segmented differently from the other

medial and lateral tibial cartilage was measured and the
total surface area of the femoral and the medial and lateral
tibial cartilage 3D model was calculated (Fig. 2). The area
and volume measurement were computed using the
marching cubes algorithm [12, 13].
Measurements of reproducibility and precision errors
were calculated as described by Glüer et al. for test–retest
(short term/cross-sectional) reproducibility for a single time
point and longitudinal (long-term) reproducibility for dual
time points [14].
According to this approach, precision error is expressed as
the root mean squared standard deviations of the individual
patients (RMSE-SD) and the corresponding coefficient of
variation (RMSE-CV) [14]. The individual standard deviations are each based on a total of four readings made by two
readers for the same scan. While short-term precision refers
to the reproducibility of measurements derived from the
same scan, the long-term precision error represents the

The RMSE-CV for the short-term precision of the femoral
volume cartilage ranged from 1.4% for time point 1 (t=1)
to 1.3% for time point 2 (t=2). The RMSE-SD was 0.21 for
t=1 and 0.19 for t=2. The results for the short-term
precision of the medial tibial cartilage volume RMSE-CV
ranged from 1.1% (t=1) to 1.8% (t=2) and we found a
RMSE-SD=0.03 for t=1 and RMSE-SD=0.05 for t=2. The
RMSE-CV for the short-term precision of the lateral tibial
cartilage volume ranged from 1.3% (t=1) to 1.1% (t=2)
and showed RMSE-SD of 0.03 for t=1 and 0.03 for t=2.
The RMSE-CV for the short-term precision of the femoral
surface area RMSE-CV was 1.0% (t=1) and 1.2% (t=2). The
RMSE-SD was 137.29 (t=1) and 162.34 (t=2). The RMSESV for the short-term precision for the surface area of the
medial tibial cartilage was 2.2% for t=1 and 1.6% for t=2
(RMSE-SD = 55.92 and 40.06 respectively). The RMSE-CV
for the short-term precision for the surface area of the lateral
tibial cartilage was 1.5% for t=1 and 2.4% for t=2. The
RMSE-SD were 36.06 and 58.41 respectively.
For the long-term precision of the femoral volume the
RMS-CV was 2.3% and the RMSE-SEE was 0.33. The
long-term precision for the medial tibial volume showed a
RMSE-CV of 3.3% and a RMS-SEE of 0.08. For the longterm precision of the lateral tibial volume the RMSE-CV
was 2.3% and the RMS-SEE 0.06. The RMSE-CV for the
long-term precision of the femoral surface area was 3.3%
and the RMSE-SEE was 446.66.

Table 1 Results of the calculation of the root mean square (RMSE) for short-term and long-term precision

Femur volume
Tibia medial volume
Tibia lateral volume
Femur surface
Tibia medial surface
Tibia lateral surface

Short-term/single time point (t=1)

Short-term/single time point (t=2)

Long-term/dual time point

RMS-SD

RMS-CV%

RMS-SD

RMS-CV%

RMS-SEE

RMS-CV%

0.21 mm3
0.03 mm3
0.03 mm3
137.29 mm2
55.92 mm2
36.06 mm2

1.4
1.1
1.3
1.0
2.2
1.5

0.19 mm3
0.05 mm3
0.03 mm3
162.34 mm2
40.06 mm2
58.41 mm2

1.3
1.8
1.1
1.2
1.6
2.4

0.33 mm3
0.08 mm3
0.06 mm3
446.66 mm2
78.29 mm2
92.12 mm2

2.3
3.3
2.3
3.3
3.1
3.7

RMS-SD root mean squared standard deviations, RMS-CV root mean squared coefficient of variation.
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Table 2 Mean values of volume and surface measurement
Volume measurement (mm3)

Femur
Tibia medial
Tibia lateral

Surface measurement (mm2)

t=1

t=2

Difference in %

t=1

t=2

Difference in %

14.86
2.48
2.58

14.94
2.45
2.6

<1
1.2
<1

13,677.69
2,500.23
2,466.24

13,520.33
2,522.59
2,431.87

1.2
<1
1.4

For the long-term precision of the medial tibial cartilage
surface the RMS-CV was 3.1% and the RMSE-SEE was
78.29. For the long-term precision of the lateral tibia we
found a RMS-CV of 3.7% and the RMSE-SEE was 92.12
(Table 1).
The mean results of both readers differed from each
other by only a small range between less than 1% and a
maximum of 2%. This shows a high inter-reader precision
for the cartilage volume as well as for the cartilage surface
(Fig. 2, Tables 2, 3).

Discussion
To our knowledge, this is the first time that long-term
reproducibility in patients with mild to moderate OA has
been evaluated. The RMS-CVs expressed in CV% ranged
between 2.3 and 3.3% for the long-term volume measurement and between 3.1 and 3.7% for the long-term surface
area measurement for all areas.
Previous studies evaluated the longitudinal reproducibility of cartilage volume with data acquired from healthy
volunteers [9, 16–18]. They achieved precision errors of up
to 3.8% (3 healthy volunteers, baseline scan and 2-month
follow-up scan) [18]. Another study showed results ranging
from 2.5 to 3.6% CV for reproducibility of volume and 2.1
to 3.1% CV for reproducibility of surface measurements
[9]. Our data indicate that longitudinal reproducibility
similar to that obtained in healthy participants can be
achieved in patients with mild to moderate OA. This is
important since this is the most likely target group for
future pharmacologic intervention.

The manual segmentation technique in this study used
the “3D-Slicer” software. This application is widely
applicable and can be downloaded free of charge (http://
www.Slicer.org). Semi-automated segmentation is feasible
in healthy participants [17]. It may not be feasible in
patients with cartilage defects, due to changes in cartilage
signal and loss of borders between cartilage and surrounding tissue. Especially in the posterior femoral region nonuniform signal intensity can cause difficulties in the
detection of cartilage borders as reported by Yoshioka et
al. [11]. This non-uniform signal intensity needs direct the
intervention of the reader.
We did not evaluate sub-regions of femoral and tibial
cartilage since our purpose was to measure the precision of
the segmentation method. We did not want to confound our
results by introducing precision errors introduced by the
choice of sub-region landmarks.
Short-term errors are within the range reported previously by other authors for healthy participants and OA
patients [6, 10, 18]. A recently published study evaluated
the longitudinal change in cartilage volume in OA (Kelgren
I–III) over a time span of 2 years [16]. For coronal
reformatted planes they achieved intra-observer values
(CV) of 2.3% for lateral tibia cartilage to 2.8% for the
lateral femoral cartilage, similar to our values for repeated
measurements of the same knee at the same time points.
We found the smallest precision error by calculating the
RMS-CV (1.1%) for the femoral volume measurement and
the highest by calculating the RMSE-CV for the medial
tibial surface (2.4%). The relative high precision error may
be related to the small mean value, as described above.

Table 3 Mean values of surface and volume by readers and differences between the mean values in percent
t=1

Femur volume in mm3 (mean)
Medial tibial volume in mm3 (mean)
Lateral tibial volume in mm3 (mean)
Femur surface in mm2 (mean)
Tibia medial surface in mm2 (mean)
Tibia lateral surface in mm2 (mean)

t=2

Reader 1

Reader 2

Difference in %

Reader 1

Reader 2

Difference in %

15.01
2.48
2.59
13,734.92
2,503.36
2,467.32

14.71
2.49
2.57
13,620.45
2,497.1
2,465.15

2
<1
<1
<1
<1
<1

15.09
2.47
2.61
13,582.81
2,530.28
2,427.92

14.79
2.43
2.59
13,457.85
2,514.9
2,435.82

2
1.4
<1
<1
<1
<1
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In a 2-year study Wluka et al. calculated an average
annual volume loss in the medial and lateral tibial compartment of about 4.7 and 5.3% respectively, assuming a linear
loss [5]. Using the same assumptions, the maximum loss
observed during the 3-month observation period would be
1.3%. Of note, percent differences between time points 1
and 2 were much smaller in this study, suggesting that no
significant progression had occurred during the longitudinal
observation period. Thus, the longitudinal observation
period selected in this study appears to be ideally suited
to assessing machine or imaging technique-related longitudinal errors, while minimising the effects of disease
progression on the measurement.
We chose the statistical technique, as described above, to
quantify short- and long-term variability to be consistent
with a statistical technique that has been applied in published
studies on this subject. It would therefore permit comparable
measures between similar studies [9, 10]. For estimating
long-term precision errors, we made the reasonable assumption that cartilage volumes and surfaces do not change
considerably during the 3-month period between the two
scans. Wluka et al. reported a mean volume loss of about
5.3% tibial cartilage on an annual basis [5]. Assuming
linear progression cartilage loss during a 3-month period,
cartilage loss would be 1.3% during the observation period
in this study. This is well below reproducible errors of
measurement of cartilage volume in cross-sectional single
time point studies. Based on this assumption, we considered each patient’s cartilage volume and surface at time
point 2 as being not significantly changed compared with
the mean of the measurements made at time point 1.
We did not calculate inter-reader correlations because we
do not consider it a meaningful measure for inter-reader
reproducibility in the present context. For example, a high
correlation could be the result of great differences between
baseline and follow-up measurements. Paradoxically, if
there is no systematic difference between baseline and
follow-up measurements and between first and second
segmentations (as suggested by our results), the inter-reader
correlation for each patient would inevitably vary randomly
around zero as a consequence of non-systematic random
measurement/segmentation error.
This study has several limitations. The data were
acquired from a single MRI manufacturer and at 1.5 T with
a single type of acquisition. Results may be different with
other equipment, field strength and pulse sequence. This
study did not specifically address the time taken to draw
and measure cartilage and volume. It is a technique that
may take a couple of hours.
In conclusion, our study showed that the excellent
longitudinal reproducibility of cartilage volume and surface
area measurements can be obtained in patients with mild to
moderate OA, the primary target group for future pharma-
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cologic intervention. This method is ideally suited for
longitudinal assessment of progression of disease in OA or
therapeutic response in longitudinal drug trials. This is an
essential requirement for any studies utilising MRI for
monitoring therapeutic efficacy. MRI-based measurements
of cartilage volume and surface are well suited for
longitudinal studies.
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