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ABSTRACT. Objective. The optimal magnetic resonance image (MRI) slice thickness required to assess cartilage

volume accurately and efficiently in cross-sectional and longitudinal studies is unknown. We com-
pared cartilage volume measured from MRI of the knees using different slice thicknesses (1.5to 7.5
mm) and assessed longitudinal change.

Methods. A total of 123 subjects with osteoarthritis had baseline and followup MRI on their symp-
tomatic knee at 2 years. Medial and lateral tibial cartilage volumes were calculated using increasing
slice thickness by extracting each second, third, fourth, or fifth slice area to calculate total volume,
which was compared to the “gold standard” volume calculated from the original 1.5 mm slices.
Results. There was little difference in the average medial and lateral tibial cartilage volume observed
as the slice thickness increased from 1.5 to 7.5 mm; medial tibial cartilage volume ranged from 1750
pl to 1787 pl and lateral tibial cartilage volume ranged from 1949 nl to 2007 pl. There was also lit-
tle absolute difference in the average change in medial and lateral tibial cartilage volume measured
over 2 years. However, with increasing slice thickness, there was a decreased correlation between
the tibial cartilage volume change calculated from the increased slice thickness, with the lowest cor-
relation being 0.77 (p < 0.001) when the lateral cartilage volume calculated from the 7.5 mm slice
was compared to the 1.5 mm slices.

Conclusion. Increasing slice thickness may provide sufficiently accurate measurement of tibial car-
tilage volume and change over time in some studies. This would result in reduction in MRI scanning
and postimaging processing time, which has the potential of increasing the feasibility of this tech-

nique. (J Rheumatol 2004;31:2444-8)
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Osteoarthritis (OA) is a disease involving articular cartilage
and the underlying bone. With increasing disease severity,
articular cartilage is lost. However, the study of OA has been
limited by the lack of a sensitive tool with which to measure
the cartilage, as a marker of disease severity. The joint space
has been used as a proxy for disease severity, with the
underlying assumption that it consists primarily of articular
cartilage!. However, the joint space contains many struc-
tures in addition to articular cartilage, including the menis-
ci, synovium, and synovial fluid?. It is only an indirect
measure of articular cartilage.
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SLICE THICKNESS

There has been increasing interest in direct measurement
of articular cartilage from magnetic resonance images
(MRI) as a possible outcome measure of OA3* This
method has been validated against anatomic dissection, and
it has been shown to be reproducible, with coefficients of
variation of about 2%%*>. Subjects imaged by MRI are not
exposed to any radiation, which is a significant ethical ben-
efit of studies investigating factors contributing to the risk of
OA in healthy subjects.

MRI is expensive, with the cost being proportional to
imaging time. In addition, most techniques used to measure
knee cartilage volume require significant and varying levels
of postimaging processing*®. Postimaging processing
requires significant experience and training to achieve accu-
rate and reproducible results, since most validated methods
are not fully automated. This contributes to the cost of the
method, and limits the more widespread application of this
measure. One possible solution is to limit the structures
measured within the knee, and thus limit the postprocessing
time and possibly simplify the technique. We addressed this
objective by comparing the relationship between the volume
of tibial and femoral cartilage plates in the medial and later-
al tibiofemoral joints in healthy subjects and those with
OA’. We observed a significant relationship between tibial
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and femoral cartilage volume in both healthy subjects and
those with OA and in both compartments in a cross-section-
al study” and with longitudinal change®. This suggests that

it may be possible to simplify cartilage measurement by

measuring one cartilage plate aloneS.

Most current work has focused on reducing slice thick-
ness in order to improve accuracy of cartilage volume meas-
urement. However, this results in increased MRI scanning
time and an increase in the number of slices to be processed.
There is currently no information available on the optimal
slice thickness in terms of accuracy and efficiency in assess-
ing cartilage volume cross-sectionally and over time. We
compared cartilage volume measured from MRI of the
knees using different slice thicknesses (1.5, 3, 4.5, 6.0, and
7.5 mm) and assessed longitudinal change.

MATERIALS AND METHODS

Subjects with OA who had been involved in longitudinal studies of knee
cartilage within our unit over about 2 years and who had had a radiograph
at baseline were included in this study. The study was approved by the
ethics committee of the Alfred and Caulfield Hospitals in Melbourne,
Australia. All subjects provided informed consent. Subjects with knee OA
were recruited using a combined strategy including advertising through
local newspapers and the Victoria branch of the Arthritis Foundation of
Australia as well as collaboration with general practitioners, specialist
rheumatologists, and orthopedic surgeons. Subjects were excluded if any
form of arthritis other than OA was present, including evidence of chon-
drocalcinosis on plain radiographs or evidence of focal cartilage lesion on
MRI to suggest a posttraumatic etiology.

At baseline, each asymptomatic subject had a weight-bearing antero-
posterior tibiofemoral radiograph, taken in full extension, of the dominant
knee. In the case of symptomatic subjects, both knees were imaged, but the
knee with the least symptomatic radiographic OA was used as the study
joint. These radiographs were independently scored in duplicate by a
trained observer who used a published atlas to classify disease in the
tibiofemoral joint”. The intraobserver reproducibility as measured by kappa
statistic was 0.92 for tibial and 0.90 for femoral osteophytes, and 0.82 for
medial and 0.80 for lateral joint space narrowing (kappa statistic).

Knee cartilage volume was determined by means of image analysis
using the Osiris program™®3. The volumes of the medial tibial and lateral tib-
ial knee cartilage plates were isolated from the total volume by manually
drawing disarticulation contours around the cartilage boundaries on an
image by image basis. All individual slice areas for each cartilage and each
subject were subsequently recorded. The total area of each individual car-
tilage was then multiplied by the slice thickness to produce a volume esti-
mate. These measurements were then repeated independently by a second
researcher. This “all slice” estimate of cartilage volume (based on slice
thickness of 1.5 mm) was used as the “gold standard” for later comparison.

Medial and lateral tibial cartilage volumes were calculated based on
increasing slice thickness by extracting each second, third, fourth, or fifth
slice area from the data file of each individual’s medial and lateral tibial
cartilage plate. These were then summed and this total was multiplied by
the corresponding slice thickness (3.0, 4.5, 6.0, or 7.5 mm). In practical MR
scanning the actual position of the first intersection of the cartilage will be
unknown until after a scan is acquired. To simulate this real-practice situa-
tion, a second series of estimates was calculated by randomly selecting the
slice that was the starting point.

Statistical analysis. Descriptive statistics for characteristics of the subjects
were tabulated. Results were assessed for normality. To assess the relation-
ship between medial and lateral tibial cartilage volumes calculated from the
thinnest slices (1.5 mm) compared to those calculated from the increased

slice thicknesses (3.0, 4.5, 6.0, and 7.5 mm), Spearman’s correlation coef-
ficients were calculated. Absolute over and under errors (i.e., irrespective
of direction) for each cartilage volume measurement compared to that esti-
mated from the 1.5 mm slice data are reported as the mean absolute values
of the differences between the cartilage volumes based on the scans of 1.5
mm thickness and the measurements obtained from the increasing slice
thickness. Absolute percentage error was obtained by dividing the absolute
error by the cartilage volumes based on the data for the scan at 1.5 mm
thickness. To assess the relationship between medial and lateral tibial car-
tilage volume, and changes in medial and lateral tibial cartilage volume,
Spearman’s correlation coefficients were calculated. A p value less than
0.05 (2-tailed) was considered statistically significant. All analyses were
performed using SPSS (v. 10.0.5; SPSS, Chicago, IL, USA).

RESULTS

There was little difference in the average medial and lateral
tibial cartilage volume obtained as the slice thickness
increased from 1.5 to 7.5 mm. The medial tibial cartilage
volume varied from 1750 pl to 1787 pl as the slice thickness
increased from 1.5 mm to 7.5 mm (Table 1). The correspon-
ding average lateral tibial cartilage volumes varied from
1949 pl to 2007 pl.

The absolute over and under-estimates of the medial and
lateral tibial cartilage volumes increased as the slice thick-
ness increased (Table 1). For the medial tibial cartilage vol-
ume this increase ranged from 4.8% using the 3.0 mm slice
thickness to 7.4% when the volume was calculated from the
7.5 mm slices. For the lateral tibial cartilage volume this
increase ranged from 4.2% using the 3.0 mm slice to 7.4%
when the volume was calculated from the 7.5 mm slices.
There was only a small reduction in the correlation between
the medial tibial cartilage volumes calculated from the
increased slice thickness, with the lowest correlation being
0.96 (p < 0.001) when the medial cartilage volume calculat-
ed from the 7.5 mm slice was compared to that calculated
from the 1.5 mm slices (Table 1). Similarly, the correlation
between the lateral tibial cartilage volume calculated from
the 1.5 mm slices and that calculated from the 7.5 mm slices
was R = 0.95 (p < 0.001). For slice thicknesses of 3.0 mm
and 4.5 mm the average over and under-estimates of both
medial and lateral cartilage volumes were 5.1% or less, with
correlations of 0.98. When the medial and lateral tibial car-
tilage volumes were calculated by randomly selecting a dif-
ferent MRI slice as the starting point, there was very little
difference in the mean cartilage volume calculated com-
pared to the volume calculated when using slice number 1 as
the first slice with the correlation being R = 0.99 (p < 0.001)
for both the medial and lateral tibial cartilages.

We used the knee cartilage volume to assess change in
cartilage volume over the study duration of 2 years to com-
pare change measured by the different slice thicknesses
(Table 2). There was little difference in the average medial
and lateral tibial cartilage volume change observed as the
slice thickness increased from 1.5 to 7.5 mm. However,
there was a reduction in the correlation between the medial
tibial cartilage volume change calculated from the increased
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Table 1. Comparison of medial and lateral tibial cartilage volumes measured using MRI images acquired using different slice thickness, compared to the “gold

standard” volume measured from 1.5 mm slice thickness.

Section Thickness Section Thickness

Section Thickness

Section Thickness

Section Thickness

1.5 mm 3.0 mm 4.5 mm 6.0 mm 7.5 mm

Medial tibial cartilage, pl

Mean cartilage volume (SD) 1787 (507) 1750 (528) 1757 (500) 1763 (532) 1780 (548)

Absolute difference (SD)* 84 (78) 90 (70) 113 (96) 123 (93)

Absolute % difference (SD) 4.8 (4.6) 5.1 (4.0) 6.5 (5.1) 7.4 (6.1)

Correlation (R) of cartilage volume

with that calculated using 1.5 mm

slice thickness 0.98, p < 0.000 0.98, p < 0.000 0.96, p < 0.000 0.96, p < 0.000
Lateral tibial cartilage, pl

Mean cartilage volume (SD) 1990 (606) 1949 (589) 1966 (598) 1997 (606) 2007 (597)

Absolute difference (SD)* 82 (81) 94 (83) 110 (76) 140 (117)

Absolute % difference (SD)* 4.2 4.2) 4.8 (3.8) 6.0 (4.9) 7.4 (6.0)

Correlation (R) of cartilage volume

with that calculated using 1.5 mm

slice thickness 0.98, p < 0.000 0.98, p < 0.000 0.98, p < 0.000 0.95, p < 0.000

* Mean absolute differences and mean absolute percentage differences of cartilage volume measured using the different slice thicknesses compared to the

volume measured from the 1.5 mm slice thickness.

Table 2. Comparison of change in medial and lateral tibial cartilage volumes over a 2 year period measured using MRI images acquired using different slice
thicknesses, compared to the “gold standard” volume measured from 1.5 mm slices.

Comparator Change in Medial Tibial Cartilage Plate Using Different Section Thickness
Section Thickness
1.5 mm 3.0 mm 4.5 mm 6.0 mm 7.5 mm
Mean change in cartilage volume (SD), pl 576 (370) 616 (388) 625 (422) 582 (414) 590 (447)
Correlation (R) of change in cartilage volume
with that calculated using 1.5 mm slice thickness 0.91, p < 0.000 0.91, p < 0.000 0.85,p<0.000 0.81, p<0.000
Comparator Change in Lateral Tibial Cartilage Plate Using Different Section Thickness
1.5 mm 3.0 mm 4.5 mm 6.0 mm 7.5 mm
Mean change in cartilage volume (SD), pl 258 (310) 210 (309) 207 (338) 265 (317) 280 (359)
Correlation (R) of change in cartilage volume
with that calculated using 1.5 mm slice thickness 0.91, p < 0.000 0.90, p < 0.000 0.83, p<0.000  0.77, p < 0.000

slice thickness, with the lowest correlation being 0.81 (p <
0.001) when the medial cartilage volume calculated from
the 7.5 mm slice was compared to that calculated from the
1.5 mm slices (Table 2). Similarly, the correlation between
the lateral tibial cartilage volume calculated from the 1.5
mm slices and that calculated from the 7.5 mm slices was
0.77 (p < 0.001). The standard deviation of the in change
cartilage volume can be seen to increase for both the medi-
al and lateral tibial cartilage volumes (Table 2).

DISCUSSION

Our data suggest that for slice thicknesses of 3.0 mm and 4.5
mm the average over and under-estimates of both medial
and lateral cartilage volumes were 5.1% or less, with corre-
lations of 0.98 between the cartilage volumes obtained using
these slice thicknesses and those obtained from 1.5 mm slice
thickness. There was very little change in the magnitude of

the average loss of cartilage volume over 2 years as the slice
thickness increased, although the standard deviation
increased. There was, however, a gradual reduction in the
correlation between the cartilage volume measured using
1.5 mm slice thickness and the increased slice thickness for
individual subjects.

No previous study has examined the effect of increasing
slice thickness on measurement of cartilage volume. We
have previously shown that there is good correlation
between cartilage volume measured using 1.5 mm slice
thickness and anatomical dissection of cartilage’, and that
this method of measuring cartilage volume is sensitive for
detecting change in tibial cartilage volume*. We showed that
subjects with OA lose about 5% of their knee cartilage per
annum®. In the current study we used this well described
population to explore the effect of increasing the slice thick-
ness on measurement of cartilage volume, while other meas-
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urement variables were kept constant. We saw that increas-
ing slice thickness resulted in surprisingly little change in
the magnitude of the average cartilage volume loss over 2
years when cartilage volume was measured using 1.5 mm
slice thickness and increasing slice thickness up to 4.5 mm.
This can be explained by the spatial resolution decreasing
with increasing slice thickness, and thus the variance in the
data increasing because the remaining slices focus on differ-
ent portions of the irregularly shaped cartilage. Depending
on what particular surfaces remain, the overall volume may
be increased or decreased. However, if this is random, then
the mean will remain roughly the same, as we found.

The increase in the standard deviation of the average car-
tilage loss as the slice thickness increased would be expect-
ed to influence the sample size required in order to demon-
strate a change in cartilage volume. For example, based on
these data, if all other measurement variables were kept con-
stant, it would be expected that for a given effect size, the
sample size would increase by about 30% as the slice thick-
ness increased from 1.5 mm to 7.5 mm at the medial tibial
cartilage, and 35% at the lateral tibial cartilage. These obser-
vations only remain true for the average change in cartilage
volume of a population, since we also observed a reduction
in the correlation between the cartilage volume measured
using 1.5 mm thick slices and the increasing slice thickness,
suggesting that greater error is likely on an individual level.

This study has simply looked at the effect of increasing
slice thickness while all other variables were kept constant.
We used the measurements of a single, experienced observ-
er. We did not rescan the study subjects, but simply estimat-
ed the cartilage volume by using every second, third, fourth,
and fifth slice. This has merit in that it allowed us to exam-
ine the single effect of slice thickness in the situation where
all other variables, such as repositioning the subject and
measurement, were kept constant. The effects of these errors
on measurement have been well documented!®%!!. One fur-
ther potential problem of increased slice thickness is that
there may be variability in the position at which the first
MRI slice is positioned. When we examined this by ran-
domly selecting the site at which cartilage volume estimate
was started, we found strong correlation between cartilage
volume estimations.

Intuitively, reducing the number of slices of tibial carti-
lage measured may seem unwise. However, it should be
kept in mind that for a completely regular structure, such as
a cylinder, the area of a single slice with length gives an
exact volume. This principle can also be applied to more
complex structures. Recent theory has been developed to
estimate volume from a systematic sample of tissue slices of
a given thickness and to predict the corresponding error!%13,
A recent study was performed to determine the minimum
number of MRI slices required to estimate the volumes of
the cerebrum and of the compartments of gray matter and
white matter!2. Irrespective of slice thickness, a minimum of

3,5, and 10 slices provided estimates of the true total vol-
ume of grey matter and white matter with coefficients of
error of 10%, 5%, and 3%. For the cerebrum, a minimum of
2, 3, and 4 slices were required for coefficients of error of
the same precision. The tibial cartilage is a relatively regu-
lar structure, so it is not surprising that a limited number of
slices give an accurate estimate of the volume. By reducing
the number of slices to 25% in 2 typical subjects tested, we
estimated that the predicted increase would increase by less
than 1% (data not shown). This is consistent with the rela-
tively modest error that we observed in cartilage volume
estimation when the slice thickness was increased.

Our combined data suggest that it may not be necessary
to use very thin slice thickness in all studies examining joint
cartilage. A major problem with routine use of MRI in the
epidemiology of OA is the issue of feasibility. Currently,
MRI is an expensive modality with limited access.
However, postimaging processing requires significant expe-
rience and training to achieve accurate and reproducible
results, since it is not an automated method*®. This means
that it is currently limited to few institutions. However, MRI
is a very versatile tool and can be used to address a number
of issues in knee OA, and we have already seen its potential
in examining factors affecting knee cartilage!*13.

For some purposes, increasing slice thickness may pro-
vide sufficiently accurate results. This would mean reduc-
tion in MRI scanning time. The cost of this technique is
directly proportional to scanning time. In addition, there will
also be a proportional reduction in postimaging processing
time. This approach is analogous to the early work in the
area of osteoporosis that was aimed at simplifying the meas-
urement of bone mineral density (BMD), yet retaining clin-
ically useful information. For example, increasing slice
thickness by 3-fold will reduce imaging and postprocessing
time by roughly one-third. This can be used to negotiate the
cost of MRI. How the investigators then design their study
will depend on the effect size they estimate will occur, the
cost of the limited MRI, the estimated cost-savings of pro-
cessing the images, and the feasibility and cost of recruiting
study subjects. We believe that studies such as this one that
aim to simplify assessment of articular cartilage will con-
tribute useful data for the debate about the most efficient
way of assessing the state of articular cartilage for different
purposes. When more is known about structural change in
OA, MRI may assist in routine clinical assessment in a way
analogous to the use of BMD in management of osteoporo-
Sis.
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