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OBJECTIVE. Previous studies suggest that MR imaging is capable of providing accurate

dataon kneejoint cartilage volume and thickness in vitro, but the reproducibility ofthese data

in living subjects has not been analyzed rigorously. Our aim was therefore to determine the in

vivo reproducibility of volume and thickness measurements from replicated data sets, apply-

ing three-dimensional (3D) postprocessing methods.

SUBJECTS AND METHODS. Eight healthy volunteers were imaged six times at a reso-

lution of 2 x 0.31 x 0.3 1 mm with a fat-suppressed fast low-angle shot 3D sequence. the knee be-

ing repositioned in between replicated examinations. Three-dimensional reconstructions of the

articular cartilage surfaces were obtained from sagittal data sets. and the cartilage volumes were

calculated. The thickness distribution was analyzed throughout the joint surfaces independent of

the section orientation. using a previously validated 3D minimal-distance algorithm.

RESULTS. In the volunteers, the coefficient of variation for replicated volume measure-

ments ranged from I .3% (patella) to 3.4% (lateral tibia), and the standard deviation of the in-

dividual cartilage volumes ranged from ±16% (lateral tibia) to ±22% (femur). The intraclass

correlation coefficient ranged from .959 (lateral tibia) to .995 (patella). The interobserver eval-

uation was similar to the interscan reproducibility. The mean interscan deviation of the maxi-

mal cartilage thickness interval ranged from 0. 1 to 0.3 cartilage thickness intervals (of 0.5

mm); only in rare cases did we record deviations greater than one thickness interval.

CONCLUSION. MR imaging can be used to determine cartilage volume and thickness

in the knee joints of living subjects with high precision, provided that a fat-suppressed gradi-

ent-echo sequence with adequate resolution and 3D digital image processing are used.

Received July 7, 1997: accepted after revision
August27, 1997.

Some ofthe presented data have been acquired as part of
the doctoral thesis (in preparation( of J. Westhoff of the
Ludwig�Maximilians Universit#{228}t M#{252}nchen.

1 Institut f#{252}rRadiologische Diagnostik, Klinikum

GroGhadern, Marchioninistr. 15, 0 81377 MUnchen,

Germany.

2Anatomische Anstalt, Ludwig-Maximilians Universit#{228}t
Mtnchen, Pettenkoferstr. 11, 0 80336 MUnchen, Germany.
Address correspondence to F. Eckstein.

3lnstitut f#{252}rMedizinische lnformationsverarbeitung,
Biometrie und Epidemiologie, Klinikum GroShadern,
0 81377 M#{252}nchen,Germany.

4lnstitut f#{252}rMedizinische Informatik and
Systemforschung, GSF Forschungszentrum f#{252}rUmwelt
und Gesundheit, Neuherberg, lngolstadter Landstr. 1,
o 85764 Oberschlei6heim, Germany.

AJR 1998;170:593-597

0361-803X/98/1703-593

© American Roentgen Ray Society

T he ability of articular cartilage to

function effectively during joint

movement and loading depends

on the ultrastructural composition and integ-

rity of the proteoglycan-collagen matrix and

on the quantitative distribution of the tissue

within the joint surfaces. Precise data on ar-

ticular cartilage thickness are therefore re-

quired for the evaluation of both normal and

abnormal joints, for the determination of car-

tilage material properties from arthroscopic

indentation tests [1 ], and for the construction

of computer models to assess preoperatively

the effects of orthopedic interventions [2-4].

Previously, MR imaging has been used to

noninvasively quantify cartilage volume [5-

101, local cartilage thickness [8-9. 1 1-14],

and the cartilage thickness distribution

throughout entire joint surfaces [ I 5-1 7]. Us-

ing various in vitro methods for validating

these measurements, investigators have shown

that accurate data on the quantitative distribu-

tion of the cartilage can be obtained with MR

imaging if fat-suppressed gradient-echo Se-

quences are selected [5, 6, 9, 10, 15-17]. In

sectional images, however, the apparent car-

tilage thickness depends on its orientation

relative to the imaging plane, the true thick-

ness being overestimated by the cosecant of

the angle between the images and the carti-

lage layer [18. 19]. Because identical section

locations and orientations cannot be obtained

in longitudinal studies, it is impossible to reli-

ably quantify changes of cartilage thickness

over time from serial images [5, 6, 15-19].

For these reasons, three-dimensional (3D) ap-

proaches have been developed and validated,

which allow the articular cartilage thickness

to be measured independent of the original

section plane [18-211.

The objective of our study was to determine

the in vivo reproducibility of cartilage volume

and thickness measurements under clinically re-

alistic imaging conditions, based on a previ-

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

jr
on

lin
e.

or
g 

by
 1

46
.1

07
.3

.4
 o

n 
03

/0
7/

16
 f

ro
m

 I
P 

ad
dr

es
s 

14
6.

10
7.

3.
4.

 C
op

yr
ig

ht
 A

R
R

S.
 F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d 



Fig. 1.-Anterior view ofthree-dimensional (30) recon-
struction of knee joint cartilage plates of 26-year-old
healthy volunteer (P = patella , F = femur, T = tibia), ob-
tamed with optimized surface-reconstructing algorithm

122] after semiautomatic segmentation of MR images.
The image data were acquired with a high-resolution

fat-suppressed fast low-angle shot 3D sequence (60/11
[TR/TE]: flip angle, 30�; resolution, 2 x 0.31 x 0.31 mm).
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ously validated tht-suppressed gradient-echo

sequence IS. 6. 10, 15-171. 3D computer recon-

struction, and digital image processing I 19-2 11.

Subjects and Methods

Volunteers and Imaging Protocol

Eight volunteers who had no musculoskeletal dis-

orders or internal derangements of the knee were cx-

aniined (six nien and two women, 23-50 years old).

A I .5-T magnet (Magnetom Vision: Siemens, Erlan-

gen. Genliany). a circularly polarized transmit-receive

knee coil, and a previously validated high-resolution.

h:it-suppressed 3D gradient-echo fast low-angle shot

sequence (6()/l I ITRIFEI: flip angle. 30#{176}:number of

acquisitions. one: readout bandwidth. 65 Hz: imag-
ittg time. 20 nun) were used I 16. 17, 19-21 1. Sagittal

inlages were obtained at a partition thickness of 2

01111 uid an in-plane resolution of 0.3 I x 0.3 I mm

(field of view, l6() mm: matrix. 512 x 512 pixels).

Saturation pulses were used to reduce flow artifacts

produced by the fernoral and p()pliteal vessels. Six

data sets of the right knee were obtained for each

volunteer. and the volunteers were asked to move

and reposition the joint in between replicated acqui-

sitions. The studying protocol had been ratified by

the local ethics committee. and informed consent

had been obtained from the volunteers.

;artilage Volumes in Eight
�1oIunteers on MR Imaging

.

JointSurface
�

Mean
(mm)

SD
�

(mm)
. CV%
�

Patella. -

Fem�ir� � “.

Media) tibia

Lateral tibia

3,512 .

13.851

2,328

2,794

7i�l.

3,04?

469

442

r22’

, 20’.

,16

Note -CVY coefficient of variation in percent (SO /
mean 100).

Digital Image Processing

The digital data were converted to a workstation-

compatible fonnat and transferred to a symmetric

multiprocessing computer with a high-perlbrmance

graphic system (Onyx: Silicon Graphics. Mountain

View, CA). Segmentation of the patellar. femoral.

and tibial cartilage plates was performed semiauto-

matically section by section using a region-growing

algorithm I 19-2 11. Areas of relatively low contrast

between the cartilage and adjacent tissue (e.g., the

joint contact zones and the marginal recesses. where

the cartilage is in direct contact with synovial folds)

were marked manually. We then placed in the center

of the cartilage a seed pixel that was programmed to

expand automatically into all directions until either a

strong gradient of signal intensity or a manually

traced tx)rder was reached. The performance of the

algorithni was controlled visually in each section. An

isotropic voxel size was then obtained by a trilinear

interpolation routine. and each cartilage plate was re-

constructed three-dimensionally with an optimized

surtitce-constructing algorithm [221. From these re-

constructions (Fig. 1 ). the cartilage volumes were

computed. To assess the intraobserver and interob-

server reproducibility. one knee joint was analyzed at

tour different occasions by the same observer and by

four different observers.

The distribution patterns of cartilage thickness

were obtained by determining the minimal 3D dis-

tance of each surface voxel to the lxne-canilage

intethice in the 3D reconstructed cartilage plates us-

ing a previously validated algorithm (20. 2 1 1. Finally.
the thickness distribution was visualized using a tex-

ture-mapping technique by projecting color-coded

thickness intervals of 0.5 mm onto the 3D recon-

structed joint surfaces.

StatisticalAnalysis

The interscan reproducibility of the patellar.

femoral. and tibial volume measurements was as-

sessed by calculating the coeflicient of variation in

percent (CVC/c SD I mean x 1(X)) of the sixfold

determination of each cartilage plate in the eight

volunteers. Because the reliability ofa method in a

transverse study depends on the reproducibility of

the method and on the variability of the parameter

in the population. the iisethodologic variation was

related to the biologic one by calculating the intra-

class correlation coefficient on the basis of the

analysis of variance 123. 241. The intraclass corre-

lation coefficient can be a potential maximum of

I .0 and relates the CV�4 of the repetitive measure-

ments to the CVC% of the mean values in the group.

From the average interscan precision we also esti-

mated the minimal number of individuals required

for a reliable demonstration of 2C/ volume

changes (95C/ confidence level) in the cartilage

surfaces in a longitudinal study. applying a sample

size calculation involving the t test (paired type. a

=0.01. power=95C/(i.
The reproducibility of the cartilage thickness

distribution was evaluated by identifying in each

pattern the maximal cartilage interval in the patel-

lar surface. in the femoral trochlea (facies patel-

laris femoris), in the medial temoral condyle. in

the medial tibial plateau. in the lateral femoral

condyle. and in the lateral tibial plateau. In each

case, the maximal interval was numbered (0-().5

mm= l,0.5-l.Omm=2. l.()-l.Smm=3....5.5-

6.0 mm = 12, >6.0 mm = 13) and the means and

SDs of the maximal cartilage intervals were calcu-

lated from the transformed values. Then. for each

volunteer all six thickness plots were compared

with one another ( I 5 paired comparisons). The de-

viations were determined in terms of the differ-

ences of the maximal cartilage interval (0. ±1

interval, ±2 intervals. etc.). and the mean of these

differences for each of the eight volunteers was

calctilated for all six joint regions.

Results

Cartilage Volume Measurements

The cartilage volumes in the patellae of the

volunteers ranged from 283 1 to 4795 mm3. in

the femur from 10.015 to 19,306 mm3. in the

medial tibial plateau from 1915 to 3343 mm3.

and in the lateral plateau from 2 1 28 to 3458

mm3. The mean, SD, and CV% are shown in

Table I and Figure 2. The interscan reproduc-

ibility of the cartilage volume was on average

1.3% in the patella. 1.8% in the femur, 3.0% in

the medial tibial plateau. and 34(’/ in the lat-

eral tibial plateau, the maximum being 2.7ck.

47C/( SIC/c, and 6.2C/c, respectively (Table 2

and Fig. 2). The intraclass correlation coeffi-

cient ranged from .959 in the lateral tibia to

.995 in the patella (Table 2). An estimate of the

cartilage volume differences that may be reli-

ably detected when several individuals are in-

eluded in a longitudinal study (paired study

type) showed that a minimum of six individu-

als is required in the case of the patella. 10 in

the femur. 28 in the medial tibia. and 33 in the

lateral tibia to show a statistically significant

difference of 2% of the cartilage volume. Four-

told semiautomatic analysis of the same data

set by the same observer yielded a CV% of

I .#{244}�/for the patella. 1 .6C/c for the femur. 3.7%

for the medial tibial plateau. and 2.2% for the

lateral tibial plateau: analysis by four differ-

ent observers yielded a CV% of I .8% for the

patella. 2.6% h)r the femur. I . I (% for the me-

dial tibial plateau. and 4.6% for the lateral

tibial plateau.

Cartilage Thickness Measurements

The maximal cartilage thickness interval

ranged from greater than 4 mm to greater

than 6 mm in the patella, from greater than 2

miii to greater than 3.5 mm in the femoral

trochlea. from greater than 2 mm to greater

than 2.5 mm in the medial and lateral femo-

ral condyles. from greater than 3 mm to

greater than 4.5 mm in the medial tibial pla-

teau. and from greater than 2.5 mm to greater
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Fig. 2.-Box plots show variability of sixfold repeated volume measurements (mm3) of knee joint cartilage in eight
volunteers and variability of cartilage volumes in same group (P = patella, F = femur, TM =tibia medialis, IL = tibia
lateralis, 1 = first volunteer, 2 = second volunteer. . ., 8 = eighth volunteer, med. = medialis, lat. = lateralis).
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than 3.5 mm in the lateral plateau. The mean

of the maximum was greater than 5 mm in

the patella (SD = 1.5 intervals, CV% = 13%),

greater than 2.5 mm in the femoral trochlea

(SD = 1.1 intervals, CV% = 17%), greater than

2.0 mm in the medial femoral condyle (SD =

0.5 interval, CV% = 10%) and in the lateral

condyle (SD = 0.5 interval, CV% = 9%),

greater than 4.0 mm in the medial tibia (SD =

1.2 intervals, CV% = 13%), and greater than

3.0 mm in the lateral tibia (SD = 0.7 interval,

CV% = 1 1%). Distribution patterns of carti-

lage thickness of one volunteer (as obtained

from the six different data sets) are shown in

Figure 3, the femur being taken as an exam-

pie. With regard to the maximal thickness in-

terval, only rarely were deviations of more

than one interval observed in replicated mea-

surements (Table 3). The evaluation of the

mean deviation of the maximal thickness in

each of the eight volunteers yielded an aver-

age difference of 0.3 intervals (of 0.5 mm) in

the patella, the femoral trochlea, and the me-

dial and lateral tibial plateaus and of 0. 1 and

0.2 intervals in the medial and lateral femo-

ral condyles, respectively (Table 3).

Discussion

Whereas previous studies dealt with the

validation of MR imaging protocols for quan-

titative measurement of cartilage [5-21], our

investigation focused on the in vivo reproduc-

ibility of MR imaging-based cartilage vol-

ume and thickness measurements in the knee

joint ofliving subjects, and particularly on in-

terscan reproducibility. This type of investiga-

tion is required for evaluating the potential of

MR imaging to effectively discriminate be-

tween individuals with high or low cartilage

volume and thickness and to reliably monitor

changes in cartilage volume and thickness

longitudinally in the same subject. Potentially

useful clinical applications include the screen-

ing of individuals at high risk of cartilage loss

(e.g., patients with cruciate ligament rupture)

and the evaluation of the effectiveness of

chondroprotective treatment strategies (e.g.,

drugs, surgical interventions, physiotherapy).

Moreover, animal studies have suggested that

cartilage thickness dynamically adapts to im-

mobilization and exercise by atrophy and hy-

pertrophy, respectively [25-29]. However, the

functional adaptation of cartilage thickness to

mechanical stimuli and the clinical relevance

of this adaptation have not yet been analyzed

in humans because of the lack of noninvasive

measurement techniques.

A number of difficulties arise with such an

analysis. One is that accurate delineation of

articular cartilage depends on high contrast

relative to the adjacent tissues. With conven-

tional MR sequences the contrast-to-noise ra-

tios may be unsatisfactory and various artifacts

may distort the bone-cartilage interface. There-

fore, a previously validated fat-suppressed

gradient-echo sequence was selected in this

study [5, 6, 10, 15-17, 19-21] to provide

high tissue contrast and to eliminate chemi-

cal shift at the interface with the subchondral

bone. A second difficulty is that for cartilage

thickness measurements, the conventional

in-plane resolution in the knee of 0.6 x 0.6

mm [5, 8-10] may not be sufficient because

under these circumstances only a few pixels

are available to delineate the cartilage layer.

Therefore, a matrix of 512 x 5 12 pixels was

chosen. resulting in an in-plane resolution of

0.3 1 x 0.3 1 mm. A third difficulty is that be-

cause the precise realignment of the section

location and orientation in sequential mea-

surements is problematic [5-S. 15-2 11� changes

of cartilage thickness cannot be reliably

* .

quantified from serial images. We therefore

used a method for determining the cartilage

thickness throughout the entire joint rather

than at specific locations [20. 21]. A fourth

difficulty is that when cartilage thickness is

determined in geometrically complex articu-

lar surfaces, the true normal or minimal sur-

face distances may not lie in the imaging

plane and the real thickness may be overesti-

mated as a function of the out-of-plane devi-

. Mm. , Max. � 4MeanL
. Joint Surface - � i -‘� � .- �‘ ,1� � ‘#{149} ‘ ICC

I;-,. �i�ii’L#{149}i�#{149}:i�� �.(/�j �.M)1�1 �
. ,Pate’ila’.’ � 0.4’ 2�7 � l�3 :995�

f�ur �2 I 4.� , J�8 �

Medi�ltibia 1�7 � 51 30 965

Later�l’�tibi� � 1 2 62 34 959

Note-Mm #{149}�minimum’Max�maximum JICC,_Jintra

class correlation coefficient 123. 241.
aCoefficient of variation in percent (SO I mean x 100) for

sixfold determination.
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Fig. 3.-Sixfold evaluation of femoral cartilage thickness of 26-year-old healthy volunteer (anterior view of fern-
oral trochlea; medial = left, lateral = right) as obtained with minimal-distance algorithm [20, 21] from MR images
after three-dimensional (3D) reconstruction (Fig. 1). Thickness intervals of 0.5 mm have been projected onto 30
reconstructions offemoral cartilage. Knee joint has been deliberately repositioned in between six replicated ac-
quisitions. For better clarity some thickness intervals have been grouped together in this image, but for evalua-
tion of maximal cartilage thickness interval, we had color graphs that showed all 13 thickness intervals.

Cartilage Thickness Measurements on MR Imaging

Joint Surface

Number of Deviations a Mean Deviationb

0
1 2

Average
lntervalc

Worst-Case
Intervalc

Patella

Femoral trochlea

Medial femoral condyle

Lateral femoral condyle

Medialtibia

Lateral tibia

71

76

92

81

69

70

43

39

28

36

41

46

6

5

0

3

10

4

0.3

0.3

0.1

0.2

0.3

0.3

0.9

0.5

0.3

0.5

1.1

0.6

Note.-30 = three dimensional.
a0fthe maximaithickness interval(O.5-mm steps) observed in 120 cases (15 paired comparisons in eight volunteers).

b0f the maximal thickness interval (0.5-mm steps) in the eight volunteers when comparing six replicated examinations.

C Of 0.5-mm cartilage thickness.
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ations of these distances. Because the section

location and orientation may vary from ex-

amination to examination, 3D reconstruction

and image processing are required, and we

therefore performed the measurements inde-

pendent of the original section plane.

In our study. the reproducibility of the vol-

ume measurements was slightly higher in the

patella than in the femur, whereas in the tibial

plateau reproducibility was somewhat less.

These difficulties may be due to partial volume

effects in the internal aspects of the tibial sur-

faces. which rise steeply to the intercondylar

region. The reproducibility in these areas may

be improved by reducing the section thickness,

acquiring coronal (rather than sagittal) images,

or both. However, the disadvantage is that in

this case either the semiautomatic segmenta-

tion procedure becomes more time-consuming

or the other joint surfaces of the knee cannot

be reconstructed from the same data set. The

reproducibility of our sequential volume mea-

surements is in the same range as that found by

Marshall et al. [9] in the medial femoral

condyle but is higher than that reported by

Pilch et al. [8] and Peterfy et al. [5] in the knee.

This difference may be related to the higher in-

plane resolution obtained in our study, but one

must keep in mind that the cases investigated

by Peterfy et al. included joints with cartilage

lesions. In this context, our present analysis is

valid for healthy cartilage. Future studies are

required to establish the reproducibility of this

technique in joints with moderate and severe

osteoarthrosis and to what extent various im-

aging conditions (e.g., section orientation and

thickness) affect the precision of the measure-

ments in the differentjoint surfaces. In cases of

cartilage damage, partial volume effects can be

a problem and a lower section thickness may

be required. However, with regard to the func-

tional adaptation of normal cartilage, the

screening of risk groups, and the staging of

cartilage loss at its early phase, our data should

provide a reasonable estimate of the current

potential of MR imaging in sequential quanti-

tative evaluation of articular cartilage.

The intraclass correlation coefficient of

.959-.995 123, 24] suggests that the method is
highly reliable in the discrimination of individ-

uals with high and low cartilage volumes in the

population. The comparison of intra- and inter-

observer reproducibilities indicates that, owing

to the high contrast that exists between the car-

tilage and surrounding tissues, different ob-

servers reach similar conclusions. Therefore,

the measurements need not necessarily be

made by the same person. On the basis of rea-

soning analogous to that of Cummings and

Black [30], Peterfy et al. [5, 6] stated that the

minimal difference of cartilage volume that

may be reliably detected in a single individual

(95% confidence level) is 2.8 times the CV%

for the sequential determination. In our study

this difference is equivalent to 4% in the pa-

tella, 5% in the femur, 8% in the medial tibia.

and 10% in the lateral tibia. Ifseveral individu-

als are included in a study (e.g., to test the ef-

fectiveness of chondroprotective treatment

strategies), these differences are of course con-

siderably lower. However, these estimates are

based on the single time point precision deter-

mined in this study.

Our study shows that not only the cartilage

volume but also the 3D cartilage thickness
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patterns are reproducible. The advantage of

these reconstructions is that the cartilage

thickness can be determined at specific joint

regions, and this type of information is re-

quired for the calculation of cartilage mate-

rial properties from arthroscopic indentation

tests [1], the design of computer models of

diarthrodial joints [2-4], and the evaluation

of the functional adaptation of the cartilage

thickness to mechanical stimuli [25-29]. Not

only general but also regional changes of car-

tilage thickness may be analyzed. The benefit

of the 3D technique is that the true (and not

the apparent) cartilage thickness is deter-

mined and that its changes can be studied

longitudinally because the measurements are

not distorted by a nonidentical section orien-

tation. Whereas the average deviation of the

maximal cartilage thickness interval in repli-

cated measurements of one individual was

found to range from 0.1 to 0.3 intervals (of

0.5 mm), the maximal thickness in the group

ranged from one (femoral condyles) to four

(patella) intervals. These results suggest that

regional changes of articular cartilage thick-

ness can be suspected when they encompass

more than one thickness interval (0.5 mm)

and that they can be reliably determined when

more than two intervals. Previous investigations

indicate that cartilage lesions are accurately de-

lineated by fat-suppressed gradient-echo se-

quences [31-33], and future studies must

address the value of the 3D technique for quan-

tifying local cartilage lesions and their progres-

sion injoint disease.

In conclusion, we have shown a high inter-

scan reproducibility of MR imaging for the

noninvasive quantification of cartilage volume

and thickness in vivo, provided that a fat-sup-

pressed gradient-echo sequence with adequate

resolution and 3D concepts of digital image

prOcessing are used. On the basis ofthese meth-

cxls, differences between individuals and

changes in cartilage volume and thickness in

the same individual over time, which cannot be

directly determined from sectional images, may

be evaluated with relatively high precision.
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