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Purpose:

Materials and
Methods:

Results:

Conclusion:

To prospectively determine the reproducibility of quan-
titative magnetic resonance (MR) imaging biomarkers of
the morphology and composition (spin lattice relaxation
time in rotating frame [T1-p], T2) of knee cartilage in a mul-
ticenter multivendor trial involving patients with osteoar-
thritis (OA) and asymptomatic control subjects.

This study was HIPAA compliant and approved by the in-
stitutional review committees of the participating sites,
with written informed consent obtained from all partici-
pants. Fifty subjects from five sites who were deemed to
have normal knee joints (n = 18), mild OA (n = 16), or
moderate OA (n = 16) on the basis of Kellgren-Lawrence
scores were enrolled. Each participant underwent four se-
quential 3-T knee MR imaging examinations with use of
the same imager and with 2-63 days (median, 18 days)
separating the first and last examinations. Water-excited
three-dimensional T1-weighted gradient-echo imaging,
T1-p imaging, and T2 mapping of cartilage in the axial
and coronal planes were performed. Biomarker repro-
ducibility was determined by using intraclass correlation
coefficients (ICCs) and root-mean-square coefficients of
variation (RMS CVs, expressed as percentages).

Morphometric biomarkers had high reproducibility, with
ICCs of 0.989 or greater and RMS CVs lower than 4%.
The largest differences between the healthy subjects and
the patients with radiographically detected knee OA were
those in T1-p values, but precision errors were relatively
large. Reproducibility of T1-p values was higher in the
thicker patellar cartilage (ICC range, 0.86-0.93; RMS CV
range, 14%-18%) than in the femorotibial joints (ICC range,
0.20-0.84; RMS CV range, 7%-19%). Good to high re-
producibility of T2 was observed, with ICCs ranging from
0.61 to 0.98 and RMS CVs ranging from 4% to 14%.

MR imaging measurements of cartilage morphology, T2,
and patellar T1-p demonstrated moderate to excellent re-

producibility in a clinical trial network.

©RSNA, 2011
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n osteoarthritis (OA) research, sev-

eral quantitative magnetic resonance

(MR) imaging measures have been
proposed as imaging biomarkers of ar-
ticular cartilage change (1). These po-
tential biomarkers include quantitative
cartilage morphometric and composi-
tional parameters based on the changes
in MR imaging relaxation times that
occur with degradation of the extracel-
lular matrix. Because these biomarkers
enable noninvasive assessment of an
important indicator of joint health, they
are frequently used in natural history
studies of OA, such as the National In-
stitutes of Health-funded Osteoarthri-
tis Initiative (2,3), and in clinical trials
to evaluate responses to treatment with
disease-modifying OA drugs (4,5). Fre-
quently reported morphometric mea-
sures of cartilage include volume, thick-
ness, and surface area (6,7).

The tissue changes measured with
morphometry are preceded by bio-
chemical and structural changes that
alter the MR imaging relaxation times
of cartilage water (8,9). The spin lattice
relaxation time in the rotating frame
(T1-p) has been shown to be sensitive
to cartilage proteoglycan content (10).
The spin-spin relaxation time (T2) is
sensitive to the water content and the
concentration and anisotropic organiza-
tion of type II collagen in cartilage (11).
Use of these relaxometry parameters
facilitates the potential to detect early

Advances in Knowledge

B Quantitative biomarkers of carti-
lage morphology are highly
reproducible.

B Compared with young asymptom-
atic control subjects, subjects
with radiographically detected
knee osteoarthritis have larger
cartilage T1-p values; however,
T1-p measurements in the femo-
rotibial joint are subject to rela-
tively large precision errors.

B Quantitative cartilage T2 map-
ping yields good to high repro-
ducibility and enables layered
analysis based on the depth from
the articular surface.

cartilage damage—either to identify
subjects at risk for OA or to monitor the
response to treatment at a stage when
cartilage preservation is potentially more
effective (8).

Reproducibility is an essential prop-
erty of any biomarker (12). Accurate
measures of precision error are neces-
sary for planning clinical trials and de-
veloping methods to improve reliability
(13). With regard to measures of carti-
lage morphology, precision errors have
been studied primarily at single sites
with 1.5-T MR imaging in a test-retest
protocol (14). More recently, the pre-
cision of 3.0-T cartilage morphometry
has been reported in a multicenter clin-
ical trial (5). In contrast, the reliabil-
ity of cartilage T1-p and T2 measure-
ments has been limited to single-vendor
studies and the assessment of patellar
cartilage (15-17). Given the variability
in the implementation of these tech-
niques among different vendors and
across different clinical sites, single-site
measurements of reproducibility may
yield overestimations of the reliability
of these biomarkers in a multivendor
multicenter clinical trial. Furthermore,
inherent regional and zonal variations
in the composition and structure of the
extracellular cartilage matrix cause re-
gional differences in T1-p and T2 within
the joint and with respect to the depth
from the articular surface (18-20). This
zonal variation is greater for cartilage
T2 than for T1-p, primarily because
of the lower sensitivity of T1-p to the
orientation of the anisotropic type II
collagen matrix (20). Because of this
variability, it is common to measure
compositional biomarkers as functions
of the depth from the articular sur-
face (7,11). The use of smaller regions
of analysis may also contribute to the
lower reproducibility. Thus, in addition
to regional assessment within the knee,
evaluation of the reproducibility of T1-p

Implication for Patient Care

B Quantitative morphologic and
compositional MR imaging bio-
markers of cartilage may be
reproducible outcome measures
in clinical trials.

and T2 measurements as functions of
the depth from the articular surface
should be performed. The purpose of
this study was to prospectively deter-
mine the reproducibility of quantitative
MR imaging biomarkers of knee carti-
lage composition (T1-p, T2) and mor-
phology in a multicenter multivendor
trial involving patients with OA and
asymptomatic control subjects.

Materials and Methods

Study Participants

The protocol for this prospective cross-
sectional study, sponsored by the Penn-
sylvania arm of the American College
of Radiology Imaging Network (ACRIN)
for the ACRIN-PA 4001 trial, was re-
viewed, and the study was approved by
the ACRIN institutional review commit-
tees and the local participating sites and
conducted in compliance with the Health
Insurance Portability and Accountability
Act. All subjects were recruited from the
community by way of the print media
and provided written informed consent
for participation in the study. Inclusion
criteria included age older than 18 years,
a Kellgren-Lawrence (KL) score of 0-3,
no change in treatment for OA within the

Published online before print
10.1148/radiol.10101174
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Abbreviations:

ICC = intraclass correlation coefficient

0A = osteoarthritis

RMS CV = root-mean-square coefficient of variation
ROI = region of interest

T1-p = spin lattice relaxation time in the rotating frame
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past 6 months, and no plans to change
to a different treatment within the next
3 months. Exclusion criteria included any
contraindication to MR imaging, prior
knee surgery or trauma, and a KL score
of 4. At the initial visit, the subjects
completed the knee osteoarthritis out-
come score questionnaire (KOOS LK1.0),
and bilateral knee, fixed-flexion radio-
graphs were obtained if they had not
been acquired within 60 days of en-
rollment in the study. The participants
were assigned to one of three cohorts—
the normal knee joint (KL score, 0),
minimal OA (KL score, 1-2), or mod-
erate OA (KL score, 3) group—on the
basis of their KL score. To minimize the
likelihood of including individuals with
preradiographic cartilage damage, the
normal knee joint cohort was limited to
participants aged 18-35 years.

Fifty-three participants were recruited
from five clinical sites between November
1, 2006, and March 20, 2008. Three
of these subjects withdrew from the
study before completing the protocol
(Fig 1): One subject was unable to tol-
erate the MR imaging examination owing
to a preexisting back condition, one sub-
ject’s leg was too large for the phased-
array knee coil, and a third subject with-
drew from the study owing to scheduling
conflicts.

Demographic data on the subjects
are presented in Table 1. There were 18
participants in the normal knee joint co-
hort, 16 in the mild OA cohort, and 16
in the moderate OA cohort. To minimize
the likelihood of including individuals
with preradiographic knee OA, partici-
pants in the healthy cohort were younger
(median age, 27 years; age range, 22—
34 years). Compared with the subjects
who had mild radiographically detected
knee OA, the moderate OA cohort in-
cluded a greater percentage of women
(75% of subjects in moderate OA group,
44% of subjects in mild OA group) and
was more symptomatic, with lower mean
values for all knee osteoarthritis out-
come score (uestionnaire subscores.

As shown in the study protocol schema
(Fig 1), each subject underwent four
sequential MR imaging examinations of
the target knee, with 2-63 days (median,
18 days) separating the first and last

53 Subjects Recruited
Knee Radiographs
KOOS Questionnaire

3 Subjects

/ Withdigw

| Normal (N=18) | | Mild OA (N=16) | IModerateOA(N=16)|

I 4 MRI exams l 4 MRI exams l 4 MRI exams

Image Analysis Ir&%ct);nggée

50 Subjects excluded (1)

/\

Number of complete data sets analyzed for ICC calculation
(N=Normal, Mild OA, Moderate OA)

—_—

cMF (N=13,12,13)
cLF (N=13,12,13)
MT (N=13,12,13)
LT (N=13,12,13)

Morphometry Tirho T2
P (N=13,12,14) P (N=15,9,11) P (N=18,15,16)

cMF (N=18,14,16)
cLF (N=18,14,18)
MT (N=18,14,16)
LT (N=18,14,15)

eMF (N=17,15,13)
CcLF (N=17,15,12)
MT (N=17,15,13)
LT (N=17,15,12)

Figure 1:  ACRIN-PA 4001 flowchart: Only those subjects in whom four
complete artifact-free protocol-compliant data sets were obtained were
included in ICC determinations. Causes of data set exclusion were as follows:
For morphometric measurements, 11 cases in the patella were excluded

owing to incomplete data sets (f) (7= 3), wrong parameters (1 = 2), and
incomplete coverage (n = 6); and 12 cases in the femorotibial joint were
excluded owing to incomplete data sets (n = 3), wrong parameters (n = 2), and
incomplete coverage (n= 7). For T1-p measurements, in the patella 12 cases
were excluded owing to parameter programming error at one site and three
cases were excluded owing to artifact, two cases in the femorotibial joint were
excluded owing to artifact, and one case in the lateral tibia was excluded owing
to local susceptibility artifact. For T2 measurements, one case in the patella
was excluded owing to a missing data point, six cases in the lateral compart-
ment were excluded owing to missing data points (n = 2) and artifact (n = 4),
and five cases in the medial compartment were excluded owing to missing data
points (n = 2) and artifact (n = 3). cLF = central lateral femoral condyle, cMF =

central (weight-bearing) medial femoral
outcome score, LT = lateral tibia, MT =

examinations. For the mild OA and mod-
erate OA cohorts, the target knee was
chosen on the basis of the Kellgren-
Lawrence score used for cohort assign-
ment, whereas the target knee was ran-
domly selected for the healthy cohort.

MR Imaging Technique

Subjects were positioned supine in the
magnet bore with use of an MR imaging—

condyle, KOOS = knee osteoarthritis
medial tibia, P = patella.

compatible device to stabilize the patient’s
feet and reproducibly align the target
knee in the MR imaging coil. This de-
vice was fixed to the patient’s bed and
enabled adjustment of the knee position
in three orthogonal planes as well as in
an axial rotation. Knee flexion was ad-
justed to 5°-10° and maintained through-
out the study by placing a pad under the
knee. No attempts were made to control
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Table 1

Comparisons of Subject Demographic Data and Symptoms

Normal Knee Joint Group Mild OA Group Moderate OA Group
Parameter (n=18) (n=16) (n=16)
No. of male subjects 6 9 4
No. of female subjects 12 7 12
Age (y)* 27 (22-34) 51 (24-63) 57 (28-88)
Male subjects* 29 (28-34) 51 (44-58) 55 (43-88)
Female subjects™ 26 (22-31) 49 (24-63) 57 (28-69)
Mean KOOS*
Symptoms 95.6 = 7.7 781 =18.0 56.6 = 18.4
Pain 959 +7.1 73.9 +19.5 58.1 +17.5
Daily living activities 978 =54 76.1 =185 62.8 =219
Sports and recreational activities 93.0 = 13.9 63.1 = 30.3 38.7 + 28.3
Quality of life 93.0 =95 57.3 = 26.0 39.4 =204

* Median ages, with age range in parentheses.

T Data are mean knee osteoarthritis outcome scores (KO0S) =+ standard deviations.

Table 2

MR Imaging Parameters

3D Water-excited 3D T1-p Balanced T2-weighted MSME

Parameter GRE Sequence FFE Sequence Sequence

Repetition time (msec) 16 6 1500

Echo time (msec) 6 3 16, 32, 48, 64, 80, 96, 112

Flip angle (degrees) 20 90 90

Spin lock time (msec) 1,10, 20, 30, 40 .

Section thickness (mm) 1 4 4

Field of view (cm) 14 14 14

Matrix 512 x 512 256 x 256 384 x 384

In-plane resolution (mm) 0.27 0.55 0.36

Note.—FFE = fast field-echo, GRE = gradient-echo, MSME = multisection multiecho, 3D = three-dimensional.

for activity level or joint loading before
the MR imaging examinations.

The MR images were obtained by
using 3-T instrumentation with phased-
array coil technology. At three of the
five sites, 3-T Magnetom Trio magnets
(Siemens, Erlangen, Germany) were
used, and at two sites, 3-T Achieva mag-
nets (Philips Healthcare, Best, the Neth-
erlands) were used. A phased-array knee
coil with a minimum of four elements
was used at all of the sites. Cartilage
morphometric, T1-p, and T2 mapping
source images were obtained in the axial
plane for assessment of patellar cartilage
and in the coronal plane for assessment of
femorotibial joint cartilage. The acquisi-
tion parameters used are listed in Table 2.

Cartilage morphometry was performed
with use of axial and coronal images that
were obtained by using a water-excited
three-dimensional T1-weighted spoiled
gradient-echo sequence. T1-p measure-
ments were obtained by using a previ-
ously validated fat-suppressed three-
dimensional T1-p-prepared balanced
gradient-echo technique (21). T1-p mag-
netization was prepared by using a three-
pulse cluster consisting of two 90° hard
pulses and a low-power spin-lock pulse
with a radiofrequency magnetic induction
field of 500 Hz and was imaged with coro-
nal and axial three-dimensional balanced
fast field-echo sequences. Cartilage T2
was measured by using two-dimensional
multisection multiecho sequences.

Six quality control phantoms were
constructed, calibrated, and distributed
across the five sites in the trial network.
The phantom contained two internal
reservoirs of gadolinium-doped water
with different relation parameters and
geometric features. Monthly imaging
examinations were performed at each
site and after major hardware or soft-
ware upgrades, and the resultant im-
ages were sent to the ACRIN for quality
control.

Image Analysis

Data from the MR imaging examinations
were analyzed as a set for direct com-
parison of the regions of interest (ROIs)
based on the visualization of local ana-
tomic features. Cartilage morphometric
analysis was performed by Chondro-
metrics (Ainring, Germany) personnel
by using customized software, as pre-
viously described (22,23). After quality
control review of the data sets, manual
segmentation of the patella and femo-
rotibial cartilage plates was performed
by technicians with prior training and
experience in cartilage segmentation.
Segmentation involved manual segmen-
tation of the cartilaginous joint surface
area of five sites in the knee: the pa-
tella, medial tibia, lateral tibia, central
(weight-bearing) medial femoral con-
dyle, and central lateral femoral con-
dyle. The segmented regions were used
to calculate the area of the cartilage
surface (in square centimeters), the car-
tilage volume (in cubic millimeters), and
the mean cartilage thickness over the
area of the subchondral bone (in mil-
limeters) (7).

To account for zonal variation as
a function of depth from the articular
surface, the reproducibility of T1-p and
T2 was described as a deep, middle,
or superficial zone for each of the five
sites in the joint. Reproducibility was
also estimated by using a pooled ROI
in which the depth-dependent zones
were collapsed into a single ROI that
encompassed the full thickness of the
cartilage.

T1-p source images were analyzed at
the University of Pennsylvania by using
proprietary image analysis software (24).
At the time of analysis, it was discovered
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that the 1-msec spin lock time for the ax-
ial T1-p source images was programmed
with the wrong spin lock time duration
at one site. As a result, the patellar T1-p
values from the 12 subjects examined at
this site were excluded from the study.
The image data were processed offline
at an SGI workstation (Silicon Graph-
ics International, Freemont, Calif) with
custom-built routines written in Matlab
(Mathworks, Natick, Mass) script. A
series of T1-p-weighted images were
used to calculate T1-p maps by fitting
every voxel to an appropriate signal ex-
pression to calculate the T1-p by using
the linear least-squares method, as de-
scribed previously (24). Cartilage ROIs
were selected by using a semiautomated
segmentation algorithm. Zonal ROIs
were then automatically generated on
the basis of the depth from the articular
surface by using an automated subrou-
tine in which the superficial layer was
eroded by using an iterative process
to determine the cartilage thickness in
each region and partitioning the thick-
ness into three equal ROls.

Cartilage T2 mapping analysis was
performed at Penn State University and
ACRIN headquarters by using propri-
etary software written in Interactive
Data Language (ITT Visual Information
Solutions, Boulder, Colo) (25). The T2
analysis was performed by two technicians
who underwent training with a computer-
based tutorial. The reproducibility of
cartilage T2 measurements was limited
to that in an ROI on one section through
the central uncovered cartilage of the
femorotibial joint (Fig 2). Because less
regional variation is observed in patellar
cartilage, T2 analysis of this site involved
the use of a larger ROI that included
the medial and lateral patellar facets of
the axial image obtained through the
center of the patella (16).

Cartilage T2 maps were calculated,
on a voxel-by-voxel basis, from seven
multisection multiecho images by means
of linear least-squares curve fitting. The
first of the seven echoes was excluded
from the fit to reduce error that results
from the signal produced by stimulated
echoes (26). The cartilage ROI was seg-
mented from the multisection multiecho
source images by using a semiautomated

Figure 2

a.
Figure 2:

Representative ROIs for (a) lateral and (b) medial compartments of femorotibial joint used in

analysis of cartilage T2. ROl was limited to center section of coronal multisection multiecho source images.
Orange indicates tibial ROIs, and blue indicates femoral ROIs. ¢LF = central lateral femoral condyle,
cMF = central (weight-bearing) medial femoral condyle, LT = lateral tibia, MT = medial tibia.

technique. After the segmentation, the
software determined the center of each
voxel in the ROI as a function of the
normalized distance from the bone car-
tilage interface. The T2 values with a
normalized distance of 0-0.33 were
pooled to determine the T2 of the deep
cartilage zone, values with a normalized
distance of 0.34-0.65 were pooled to
determine the T2 of the middle zone, and
values with a normalized distance of

0.66-1.00 formed the superficial zone.

Statistical Analysis

MR imaging—derived cartilage biomark-
ers were compared between the subject
cohorts by using a linear mixed model
that included all three cohorts and
proper contrasts to avoid the problems
associated with multiple comparisons.
The reproducibility of the biomarkers
was assessed by using intraclass corre-
lation coefficients (ICCs) derived from
the variance estimates of a one-way
repeated-measures analysis of variance
model, with session as the class term,
and by pooling the data of all partici-
pants in each cohort from all sites (27).
The 95% confidence interval was cal-
culated as the exact confidence interval
based on the F distribution (28). Only
compliant data sets from participants
who completed all four MR imaging

examinations were included in the ICC
analysis (Fig 1). In addition, the root-
mean-square coefficient of variation
(RMS CV, expressed as a percentage)
was determined from all available data
according to the method of Gliier et al
(29), with which the coefficient of vari-
ation for each subject with repeated
measurements is the ratio of the stan-
dard deviation to the mean and is ex-
pressed as a percentage. With use of a
previously described scale (30), the re-
producibility of the cartilage biomarkers
was subjectively rated as poor (ICC =
0.69), fair (ICC, 0.70-0.79), good (ICC,
0.80-0.89), or high (ICC = 0.90) ac-
cording to the estimated ICC.

Comparison of MR Imaging Biomarkers
between Cohorts

To assess face validity, the MR imaging
biomarkers were compared between
the cohorts (Table 3). The greatest dif-
ference in cartilage morphology mea-
surements was observed between the
mild OA and moderate OA cohorts, in
which differences in cartilage volume
and cartilage thickness were significant
in all regions of the knee. Compared
with the younger, normal knee joint
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Table 3

Comparisons of Cartilage Biomarker Values between Cohorts

Biomarker Normal Knee Joint Group Mild OA Group Moderate OA Group
Morphometric
No. of involved subjects 16 15 15
Volume (mm?)
Femur 1064.65 * 20.13 1124.74 + 29.29 987.24 = 19.22¢
Tibia 1936.52 + 30.56 2230.44 + 33.8* 1877.02 + 38.94%
Patella 2880.09 + 59.82 3087.74 = 71.13 1853.29 + 45,131
Thickness (mm)
Femur 1.78 = 0.03 1.85(0.04 1.67 = 0.03%
Tibia 1.75 = 0.02 1.86 = 0.02* 1.67 = 0.03%
Patella 2.32 = 0.04 2.23 = 0.04 1.49 = 0.041#
Area (cm?)
Femur 5.79 + 0.03 5.87 = 0.05 5.80 = 0.05
Tibia 10.94 + 0.08 11.83 = 0.10* 11.28 = 0.08
Patella 11.89 = 0.11 13.14 = 0.15* 12.29 + 0.11%
T1-p (msec)
No. of involved subjects 18 16 16
Femur
Deep zone 38.55 + 2.91 39.69 + 3.96 46.49 + 6.78'*
Middle zone 39.40 = 2.41 41.39 = 4.07 47.55 + 5981
Superficial zone 40.80 = 2.72 43.16 * 3.81 48.15 + 559™
Tibia
Deep zone 33.39 = 3.99 3459 (3.75 40.99 + 5.89™*
Middle zone 35.53 = 3.02 37.05 (3.75 4256 + 4.78™
Superficial zone 37.89 = 2.84 39.54 (3.80 44,95 + 515™
Patella8
No. of involved subjects 15 11 12
Deep zone 51.25 = 6.47 50.34 = 6.95 63.37 + 10.741F
Middle zone 55.64 = 7.83 55.56 (7.58 69.20 + 11.07™*
Superficial zone 55.30 + 7.31 59.18 (7.55 75.06 + 10.06™*
T2 (msec)
No. of involved subjects 18 16 16
Femur
Deep zone 38.89 = 2.06 39.28 = 1.79 4213 + 2.841*
Middle zone 40.58 = 1.74 4119 = 1.74 44.38 + 2.60™*
Superficial zone 45,59 + 1.92 46.19 = 1.95 47.38 + 2.721
Tibia
Deep zone 41,54 = 2.04 41.05 = 1.53 42.03 = 2.23
Middle zone 43.76 = 1.84 43.41 = 1.69 44.42 + 2.36
Superficial zone 47.79 = 1.64 48.42 + 1.68 48.51 + 2.53
Patella
Deep zone 35.18 = 1.86 36.03 = 1.61 42.60 + 2.73*
Middle zone 37.90 = 2.07 39.17 = 1.73 44.43 + 317H
Superficial zone 42.37+ 2.78 44.49 + 2.28* 47.30 + 3.60™

Note.—With exception of numbers of involved subjects, data are mean values + standard deviations.
* Significant difference (P < .05) in mean values between normal knee joint and mild OA groups.

T Significant difference (P < .05) in mean values between normal knee joint and moderate OA groups.
* Significant difference (P < .05) in mean values between mild OA and moderate OA groups.

§ Patella T1-p values in 12 cases were excluded owing to parameter programming error at one site.

cohort, the mild OA cohort had greater  four of nine comparisons) and the mod-
articular surface area, cartilage thick- erate OA cohort had smaller values
ness, and volume values (P < .05 for (P < .05 for seven of nine comparisons).

The T1-p measured in the moderate OA
cohort was significantly longer than that
measured in the normal knee joint and
mild OA cohorts at all sites. The differ-
ence in cartilage T2 between cohorts
varied according to location in the joint,
with significant differences between the
moderate OA cohort and both the nor-
mal knee joint and mild OA cohorts in the
patella and femur, but not in the tibia.

Reproducibility of Cartilage MR Imaging
Biomarkers

The reproducibility of the cartilage
morphology measurements (Table 4),
regardless of the cohort, parameter, or
location, was rated as high. The 1CC ex-
ceeded 0.99 in all except one case (ICC =
0.989 for mean thickness of central
medial femoral condyle in normal knee
joint cohort). The lower bounds of 95%
confident intervals were at least 0.975.
Similar results were observed for the
RMS CV calculations, which were lower
than 4% for all measurements.

As shown in Table 5, the reproduc-
ibility of cartilage T1-p values was mod-
erate and varied according to location.
The reproducibility of measurements in
the patella was higher than that of mea-
surements in other locations and rated
as good or high for all cohorts and all
zones. ICCs for patellar T1-p measure-
ments ranged from 0.86 to 0.93, with the
lower-bound 95% confidence interval as
low as 0.67. In the femorotibial joint,
ICCs for T1-p measurements ranged from
0.20 to 0.84, with 27 (60%) of 45 mea-
surements rated as having poor reliabil-
ity and six (13%) measurements rated
as having fair reliability. As shown in
Table 6, pooling the depth-dependent
zones did not improve the reproducibil-
ity of measurements in the femorotibial
joint, where the reliability of all T1-p
measurements was rated as fair or poor.
ICCs for the pooled patellar T1-p mea-
surements ranged from 0.89 to 0.92, in-
dicating good to high reliability.

Cartilage thickness influenced the
reliability of T1-p measurements. The
ICCs for T1-p measurements in subjects
with thinner cartilage, defined as carti-
lage in the thinner half of the joint at carti-
lage morphology thickness assessment,
were consistently lower than the ICCs for
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Table 4

Reproducibility of Morphometric Biomarkers according to Location and Cohort

Morphometric Biomarker

Normal Knee Joint Group

Mild OA Group

Moderate OA Group

and Location ICC RMS CV ICC RMS CV ICC RMS CV
Volume
Medial femur 0.993 (0.985,0.998) 2.87 0.997 (0.993, 0.999) 3.44 0.998 (0.996, 0.999) 2.83
Lateral femur 0.995 (0.990,0.998) 853 0.992 (0.982, 0.997) 3.94 0.999 (0.998, 1.000) 2.81
Medial tibia 0.998 (0.996, 0.999) 2.31 0.998 (0.995, 0.999) 2.08 0.997 (0.993, 0.999) 2.86
Lateral tibia 0.999 (0.997, 1.000) 1.91 0.998 (0.996, 0.999) 2.79 0.999 (0.998, 1.000) 2.54
Patella 0.997 (0.994, 0.999) 2.54 0.999 (0.997, 1.000) 2.47 0.999 (0.999, 1.000) 2.81
Thickness
Medial femur 0.989 (0.975, 0.996) 2.24 0.992 (0.982, 0.997) 3.24 0.998 (0.995, 0.999) 2.22
Lateral femur 0.994 (0.987, 0.998) 2.54 0.994 (0.985, 0.998) 2.99 0.999 (0.998, 1.000) 2.43
Medial tibia 0.994 (0.986, 0.998) 1.94 0.993 (0.983, 0.998) 1.79 0.996 (0.9990, 0.999) 2.07
Lateral tibia 0.997 (0.993, 0.999) 1.70 0.996 (0.990, 0.999) 2.47 0.999 (0.998, 1.000) 2.14
Patella 0.994 (0.986, 0.998) 2.22 0.996 (0.991, 0.999) 2.18 0.999 (0.999, 1.000) 3.07
Area
Medial femur 0.995 (0.989, 0.998) 1.17 0.999 (0.997, 1.000) 1.25 0.999 (0.997, 1.000) 1.46
Lateral femur 0.997 (0.994, 0.999) 1.05 0.997 (0.993, 0.999) 1.67 0.999 (0.999, 1.000) 1.06
Medial tibia 0.999 (0.997, 1.000) 0.97 0.999 (0.997, 1.000) 1.07 0.998 (0.997, 0.999) 1.25
Lateral tibia 0.998 (0.995, 0.999) 1.14 0.998 (0.996, 0.999) 1.21 0.999 (0.998, 1.000) 0.94
Patella 0.999 (0.998, 1.000) 1.06 0.999 (0.998, 1.000) 1.32 0.999 (0.998, 1.000) 1.01

Note.—At subjective reliability rating, an ICC of less than or equal to 0.69 indicated poor reproducibility; an ICC of 0.70-0.79, fair reproducibility; an ICC of 0.80-0.89, good reproducibility; and an ICC
of 0.90 or greater, high reproducibility. Regardless of the cohort, parameter, or location, reproducibility of the cartilage morphology measurements was rated as high. RMS CV values are percentages.
Numbers in parentheses are the 95% confidence limits that define the 95% confidence intervals.

T1-p measurements in subjects with
thicker cartilage (results not shown);
however, the only significant difference
occurred at the central medial femoral
condyle. The differences in ICC between
thin and thick cartilage were greater at
the thinner femorotibial sites than in the
patella.

As shown in Table 5, the reproduc-
ibility of cartilage T2 measurements was
higher than the reproducibility of coun-
terpart T1-p measurements. ICCs for
individual cohorts and regions ranged
from 0.61 to 0.98, with 38 (84%) of 45
sites demonstrating good or high repro-
ducibility. As with T1-p measurements,
pooling the depth-dependent zones did
not substantially influence the repro-
ducibility of T2 measurements. Pooled
ICCs ranged from 0.73 to 0.98, with
all but the lateral femur demonstrating
good or high reproducibility. In contrast
to the ICCs for T1-p values, the ICCs
for cartilage T2 values measured in the
thinner cartilage were consistently higher
than those for T2 values measured in
the thicker cartilage, but no differences
were significant.

Key steps in using quantitative imag-
ing biomarkers in clinical trials are the
documentation and systematic assess-
ment of reproducibility in a represen-
tative population and trial network. In
this study, we prospectively evaluated the
reproducibility of a portfolio of mor-
phologic and compositional MR imaging
biomarkers that have been proposed for
use in OA studies involving a multisite
multivendor network.

In this study, the reproducibility of
cartilage morphology measurements was
extremely high, regardless of the degree
of radiographically detected knee OA,
parameter, or location. The results of this
study are similar to those of a previous
multicenter multivendor trial to evaluate
the test-retest reliability achieved with
use of 3-T MR imaging units (5). In that
study, reported RMS CVs for cartilage
volume and thickness ranged from 2.1%
to 3.9%, and those for cartilage sur-
face area ranged from 1.0% to 2.0%.
In comparison, in our study, the RMS
CVs for cartilage volume and thickness

ranged from 1.9% to 3.9%, and those
for cartilage surface area ranged from
0.9% to 1.7%. In terms of RMS CV, the
measured reproducibility of cartilage
volume and cartilage thickness measure-
ments was approximately 0.05% lower
than that of measurements obtained with
3-T imaging in a single-site trial (31) and
compares favorably with the results of
reproducibility studies performed with
1.5-T imaging at single sites (14).
Cartilage T1-p has been proposed
as a potential biomarker of cartilage
proteoglycan content. Although this pa-
rameter has been assessed in several
validation studies (10,32,33), it has had
limited application in clinical trials. To
our knowledge, the reproducibility of
this potential biomarker has not been
previously reported on in a multicenter
trial. Of the MR imaging biomarkers
evaluated in our current investigation,
T1-p had the lowest reproducibility,
with the majority of ROl measurements
rated as having fair or poor reliability.
The reliability of T1-p measurements
was substantially better in the patella than
in the femorotibial joint for all cohorts.
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Table 5

Reproducibility of Compositional Biomarkers according to Location, Zone, and Cohort

Parameter and Location

T1-p Reproducibility

T2 Reproducibility

Normal Knee
Joint Group

Mild OA Group

Moderate OA Group

Normal Knee
Joint Group

Mild OA Group

Moderate OA Group

Medial femur
Deep zone ICC
Deep zone RMS CV
Middle zone ICC
Middle zone RMS CV
Superficial zone ICC
Superficial zone RMS CV
Lateral femur
Deep zone ICC
Deep zone RMS CV
Middle zone ICC
Middle zone RMS CV
Superficial zone ICC
Superficial zone RMS CV
Medial tibia
Deep zone ICC
Deep zone RMS CV
Middle zone ICC
Middle zone RMS CV
Superficial zone ICC
Superficial zone RMS CV
Lateral tibia
Deep zone ICC
Deep zone RMS CV
Middle zone ICC
Middle zone RMS CV
Superficial zone ICC
Superficial zone RMS CV
Patella
Deep zone ICC
Deep zone RMS CV
Middle zone ICC
Middle zone RMS CV
Superficial zone ICC
Superficial zone RMS CV

0.69 (0.49, 0.85)
9.75
0.66 (0.46, 0.83)
7.23
0.54 (0.31,0.76)
8.41

0.65 (0.4, 0.83)
9.36
0.63 (0.42, 0.82)
7.74
0.72 (0.54, 0.87)
8.08

0.53 (0.30, 0.75)
16.31

0.55 (0.32, 0.77)
11.84

0.57 (0.34, 0.78)
10.43

0.60 (0.38, 0.80)
15.89

0.61 (0.39, 0.80)
177

0.67 (0.46, 0.84)
10.92

0.93 (0.87, 0.97)
14.27

0.90 (0.79, 0.96)
15.24

0.90 (0.80, 0.96)
14.13

0.63 (0.39,0.84)
13.22

0.50 (0.24,0.77)
13.09

0.62(0.37,0.83)
11.97

0.51(0.25, 0.77)
11.28

0.57 (0.32, 0.81)
11.07

0.67 (0.44, 0.86)
10.62

0.64 (0.39, 0.84)
15.39

0.26 (0.02, 0.59)
16.61

0.20 (0.00, 0.54)
14.84

0.43 (0.16,0.71)
16.78

0.70 (0.48, 0.87)
13.88

0.75 (0.55, 0.90)
12.7

0.86 (0.67, 0.96)
15.52

0.88 (0.72,0.97)
15.02

0.88 (0.72,0.97)
15.14

0.49 (0.24,0.74)
18.8

0.69 (0.48, 0.86)
16.7

0.73 (0.53, 0.88)
15.32

0.69 (0.48, 0.86)
17.58

0.77 (0.60, 0.90)
16.19

0.82 (0.67,0.92)
14.81

0.30 (0.07, 0.60)
18.83

0.67 (0.45, 0.85)
13.22

0.74 (0.55, 0.88)
14.36

0.55 (0.30, 0.78)
18.34

0.81 (0.65,0.92)
15.23

0.84 (0.69, 0.93)
15.29

0.86 (0.71, 0.95)
18.37

0.89 (0.77,0.97)
18.1

0.91(0.80, 0.97)
15.37

0.74 (0.55, 0.88)
8.56
0.81 (0.66, 0.92)
6.17
0.83 (0.68, 0.92)
5.86

0.7 (0.59, 0.89)
7.64
0.91 (0.82, 0.96)
6.27
0.91 (0.83, 0.96)
5.95

0.93 (0.86, 0.97)
6.05
0.95 (0.89, 0.98)
5.14
0.95 (0.90, 0.98)
4.86

0.93 (0.86, 0.97)
6.76
0.95 (0.90, 0.98)
6.04
0.97 (0.94, 0.99)
4.57

0.77 (0.60, 0.89)
7.26

0.93 (0.87,0.97)
6.3

0.92 (0.84, 0.96)
7.26

0.86 (0.73, 0.94)

0.93 (0.84,0.97)

6.62 14.00
0.91(0.82,097)  0.97(0.93,0.99)
55 13.54
0.93(0.85,0.97)  0.97 (0.92,0.99)
491 13.91

0.82 (0.66, 0.93)

0.70 (0.45, 0.88)

8.1 7.87
0.80 (0.63, 0.92) 0.61(0.34, 0.84)
6.73 6.56
0.62 (0.38, 0.83) 0.74 (0.52, 0.90)
6.76 6.56

0.95 (0.89, 0.98)

0.94 (0.87, 0.98)

492 9.83
0.94(0.88,0.98)  0.97 (0.92,0.99)
4.82 10.02
0.94(0.97,0.97)  0.98(0.95,0.99)
436 9.93

0.88 (0.76, 0.95)

0.90 (0.78, 0.96)

6.31 5.82
0.84 (0.69, 0.93) 0.92 (0.82, 0.97)
6.81 475
0.92 (0.84, 0.97) 0.91 (0.80, 0.97)
6.16 5.55

0.95 (0.89, 0.98)

0.93 (0.85, 0.97)

497 75
0.96(0.91,0.98)  0.86(0.73,0.94)
496 8.32
0.94(0.87,0.98)  0.89(0.79,0.95)
5.7 9.00

Note.—At subjective reliability rating, an ICC of less than or equal to 0.69 indicated poor reproducibility; an ICC of 0.70-0.79, fair reproducibility; an ICC of 0.80-0.89, good reproducibility; and an ICC
of 0.90 or greater, high reproducibility. RMS CV values are percentages. Numbers in parentheses are the 95% confidence limits that define the 95% confidence intervals.

Several factors probably contrib-
ute to the lower reproducibility of T1-p
measurements. First, there is an inher-
ent trade-off of reproducibility for sen-
sitivity. Of all the biomarkers evaluated,
T1-p measurements demonstrated the
greatest responsiveness to differences
between cohorts based on the severity
of radiographically detected knee OA.
In subjects with radiographically de-
tected knee OA, the dynamic range of

T1-p values was greater than the dy-
namic range of cartilage T2 measure-
ments, consistent with the results pre-
viously reported by Regatte et al (24)
and Li et al (34). Cartilage degradation
in subjects with radiographically detected
knee OA demonstrates substantial spa-
tial heterogeneity (34,35). The high sen-
sitivity of T1-p to these heterogeneous
differences results in greater variation
in the measurement with relatively small

differences in subject positioning and
ROI segmentation.

Second, the higher reliability of T1-p
measurements in the patella suggests
that cartilage thickness may be a factor
in measurement precision. In our study,
this effect was probably accentuated
by the lower in-plane resolution of the
T1-p source images (0.55 mm) compared
with the 0.27-mm in-plane resolution
of the cartilage morphometry source
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Table 6

Reproducibility of Compositional Biomarkers when Depth-Dependent Zones Are Pooled

T1-p

T2

Parameter and Location ~ Normal Knee Joint Group

Mild OA Group

Moderate OA Group

Normal Knee Joint Group

Mild OA Group

Moderate OA Group

Medial femur
ICC 0.62 (0.41,0.81)
RMS CV 5.74

Lateral femur
ICC 0.68 (0.48, 0.85)
RMS CV 7.08

Medial tibia
ICC 0.52 (0.28, 0.74)
RMS CV 9.61

Lateral tibia
ICC 0.55 (0.32, 0.76)
RMS CV 13.58

Patella
ICC 0.92 (0.83, 0.97)
RMS CV 7.98

0.61(0.36, 0.83)
6.15

0.60 (0.35, 0.82)
8.38

0.39(0.13,0.69)
10.12

0.72 (0.50, 0.88)
11.17

0.89(0.74,0.97)
11.10

0.69 (0.48, 0.86)
8.53

0.78 (0.60, 0.90)
7.65

0.63 (0.40, 0.83)
12.25

0.79 (0.61,0.91)
12.00

0.90(0.77,0.97)
11.71

0.83(0.69, 0.93)
9.42

0.88 (0.78, 0.95)
10.87

0.94 (0.89, 0.98)
9.16

0.97 (0.93, 0.99)
8.12

0.91(0.82, 0.96)
10.95

0.90 (0.80, 0.96)
9.49

0.74 (0.54, 0.89)
11.19

0.92 (0.84,0.97)
10.02

0.88 (0.77, 0.95)
9.94

0.91(0.81, 0.96)
12.00

0.98 (0.95, 0.99)
6.60

0.73 (0.50, 0.90)
9.02

0.97 (0.94, 0.99)
8.88

0.93 (0.84, 0.98)
8.44

0.94 (0.88, 0.98)
8.81

Note.—At subjective reliability rating, an ICC of less than or equal to 0.69 indicated poor reproducibility; an ICC of 0.70-0.79, fair reproducibility; an ICC of 0.80-0.89, good reproducibility; and an ICC
of 0.90 or greater, high reproducibility. RMS CV values are percentages. Numbers in parentheses are the 95% confidence limits that define the 95% confidence intervals.

images and the 0.36-mm in-plane reso-
lution of the T2-weighted multisection
multiecho source images. In terms of
the number of voxels in the articular
cartilage, femoral and tibial sites with
an average thickness of 1.8 mm contain
approximately 3.2 pixels across the av-
erage cartilage plate. The median pa-
tellar cartilage thickness was 2.1 mm,
yielding about 3.9 pixels across the av-
erage cartilage plate. There was a trend
toward lower reproducibility of T1-p
measurements in subjects with thin car-
tilage, which was more pronounced in
the thinner cartilage of the femorotibial
joint. These findings suggest that there
is a floor effect below which cartilage
thickness is a factor in determining the
reliability of the measurement. Our re-
sults suggest that in planning protocols
for T1-p measurements, the in-plane
spatial resolution should be sufficient
to yield at least 4 pixels across the tar-
geted cartilage plate.

Previous evaluations of cartilage T2
reproducibility have been limited to single-
site single-vendor studies of the patella
(16,36,37). In our study, cartilage T2
measurements generally had good to
high reproducibility. The calculated ICCs
for cartilage T2, in contrast to those
for T1-p, were similar for the patellar

cartilage and femorotibial cartilage, with
slightly lower reproducibility observed
in the lateral femur, as compared with
other sites. Also, the influence of car-
tilage thickness on reproducibility was
smaller for T2 measurements than for
T1-p measurements, with slightly better
reproducibility observed in subjects with
thinner cartilage. Pooling cartilage ROls
did not substantially improve reproduc-
ibility. In terms of the five sites, the re-
producibility of global cartilage T2 mea-
surements was rated as good or high in
all but the lateral femoral cartilage.
Similar results are observed when
the reproducibility is determined by
using RMS CVs. In the current study,
RMS CVs in the patella ranged from 5%
to 9%, which is approximately 2%-3%
higher than the values reported by
Glaser et al (16) in a single-site study of
cartilage T2 reproducibility in a cohort of
10 healthy volunteers. In the prior study
of Glaser et al, lower reproducibility
in the superficial layer of the cartilage,
probably due to volume averaging with
adjacent tissues, was reported (16). Our
results indicated slightly better repro-
ducibility in the middle zone than in the
deep and superficial layers; however, the
difference was small and not significant.
If segmentation variability and volume

averaging with adjacent tissue had been
major sources of variation in our study,
we would have expected to see lower
measurement reproducibility in thinner
cartilage, where the relative contribu-
tion of volume averaging would be greater.
Instead, we observed a trend toward
better reproducibility in the thinner carti-
lage. This observation is consistent with
the results of Koff et al (37), indicat-
ing that segmentation errors are a small
source of variability in the precision of
cartilage T2 measurements.

In the femorotibial joint, the T2 was
longer than the T1-p—probably owing
to several factors. First, the T2 analysis
was restricted to the central femorotib-
ial joint, where the radial zone of car-
tilage, which has lower T2 values (38),
comprises the majority of the cartilage
structure (18). In comparison, the T1-p
analysis included cartilage from the
entire femorotibial articular surface.
Second, the T2 was measured by us-
ing a multisection multiecho readout se-
quence in contrast to the gradient-echo
technique used to measure the T1-p.

There were several limitations of
the study. First, it involved a global as-
sessment of reproducibility within a
multicenter multivendor clinical trial
network. The study was not sufficiently
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powered for a comparison of reproduc-
ibility between sites or between vendors.
Second, we did not perform a subanaly-
sis to determine the relative contribu-
tion of image acquisition and image
analysis precision errors on the overall
reproducibility of the measurements.
The reported reproducibility values rep-
resent aggregate estimates. Third, be-
cause the T2 and the T1-p were mea-
sured by using different image readout
techniques and were analyzed by using
different ROIs, the data did not allow a
direct comparison of T2 and T1-p val-
ues within individual subjects.

This study facilitated a global assess-
ment of the reproducibility and discrimi-
natory power of a portfolio of cartilage
morphometric and compositional bio-
markers in a multicenter multivendor
clinical trial network. Our results indi-
cate the reproducibility of MR imaging
biomarkers of knee cartilage morphol-
ogy, T2, and patellar T1-p and that these
are sufficient for use as quantitative out-
come measures in clinical studies. The
MR imaging measurements of cartilage
morphometry were highly reproducible
in a multicenter multivendor trial. T1-p
measurements were the most respon-
sive to differences in cartilage among
subjects with different grades of radio-
graphically detected knee OA. The re-
producibility of this measurement in the
femorotibial joint was poor, whereas it
was substantially better in the patellar
cartilage—probably owing in part to the
greater thickness of the cartilage in this
compartment. Cartilage T2 mapping
demonstrated moderate responsiveness
to differences in cartilage among subjects
with different grades of radiographically
detected knee OA and yielded results
that were sufficiently reproducible for
subregional analysis based on the depth
from the articular surface.
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