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Purpose: To determine if T1r mapping can be used as an alterna-
tive to delayed gadolinium-enhanced magnetic resonance 
imaging of cartilage (dGEMRIC) in the quantification of 
cartilage biochemical composition in vivo in human knees 
with osteoarthritis.

Materials and 
Methods:

This study was approved by the institutional review board. 
Written informed consent was obtained from all partici-
pants. Twelve patients with knee osteoarthritis underwent 
dGEMRIC and T1r mapping at 3.0 T before undergoing 
total knee replacement. Outcomes of dGEMRIC and T1r 
mapping were calculated in six cartilage regions of inter-
est. Femoral and tibial cartilages were harvested during 
total knee replacement. Cartilage sulphated glycosamino-
glycan (sGAG) and collagen content were assessed with 
dimethylmethylene blue and hydroxyproline assays, re-
spectively. A four-dimensional multivariate mixed-effects 
model was used to simultaneously assess the correlation 
between outcomes of dGEMRIC and T1r mapping and the 
sGAG and collagen content of the articular cartilage.

Results: T1 relaxation times at dGEMRIC showed strong correlation 
with cartilage sGAG content (r = 0.73; 95% credibility in-
terval [CI] = 0.60, 0.83) and weak correlation with cartilage 
collagen content (r = 0.40; 95% CI: 0.18, 0.58). T1r relaxa-
tion times did not correlate with cartilage sGAG content (r = 
0.04; 95% CI: 20.21, 0.28) or collagen content (r = 20.05; 
95% CI = 20.31, 0.20).

Conclusion: dGEMRIC can help accurately measure cartilage sGAG con-
tent in vivo in patients with knee osteoarthritis, whereas T1r 
mapping does not appear suitable for this purpose. Although 
the technique is not completely sGAG specific and requires a 
contrast agent, dGEMRIC is a validated and robust method 
for quantifying cartilage sGAG content in human osteoar-
thritis subjects in clinical research.
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compare their performance. Finally, the 
influence of the cartilage extracellular 
matrix integrity, which is mainly pro-
vided by the collagen network, has not 
yet been studied in detail for dGEMRIC 
and T1r mapping.

The aim of our study was to deter-
mine if T1r mapping can be used as an 
alternative to dGEMRIC for quantifying 
cartilage biochemical composition in 
vivo in human knees with osteoarthritis.

Materials and Methods

This article was supported in part by 
the Anna|NOREF Foundation, Leiden, 
the Netherlands. The funding source 
had no role in the study design, collec-
tion, analysis, or interpretation of data, 
in the writing of the manuscript, or in 
the decision to submit the manuscript 
for publication.

Study Design and Participants
For our prospective observational study, 
which was conducted between October 
2012 and December 2013, all consec-
utive patients scheduled for total knee 
replacement at our institution were 
approached. Our study was approved 
by the Medical Ethical Committee of 

example, sulphated glycosaminoglycan 
(sGAG) content, have become of inter-
est during the past decade (4).

An example of such a quantitative 
imaging biomarker for measuring artic-
ular cartilage sGAG content is delayed 
gadolinium-enhanced magnetic reso-
nance imaging of cartilage (dGEMRIC) 
(5). This technique uses the inverse re-
lationship between the amount of sGAG 
in cartilage and an intravenously ad-
ministered, negatively charged contrast 
agent. Although dGEMRIC is an estab-
lished imaging biomarker for quanti-
tative imaging of articular cartilage, it 
does have disadvantages. These dis-
advantages are mainly related to the 
administration of contrast material, 
which increases costs and is potentially 
harmful to patients with impaired renal 
function, and the long delay between 
contrast material administration and 
MR imaging. Because of these draw-
backs, T1r mapping was suggested as 
a non–contrast-enhanced alternative 
to dGEMRIC for the measurement of 
sGAG content (3,4,6). In T1r mapping, 
the spin relaxation is quantified in the 
rotating frame by using a constant ra-
diofrequency field referred to as a “spin-
lock” pulse to change relaxation rates of 
water associated with large macromol-
ecules in cartilage such as sGAG (7,8).

Although both dGEMRIC and T1r 
mapping are increasingly used as out-
come measures for cartilage biochem-
ical composition in clinical osteoarthri-
tis research, they have been validated 
mainly in vitro (9,10) or ex vivo (11,12) 
by using bovine and cadaveric human 
cartilage. In vivo validation was per-
formed in only one study of dGEM-
RIC (13) and only two studies of T1r 
mapping (14,15). Furthermore, to 
our knowledge, no investigators have 
applied both imaging biomarkers in 
humans in vivo and compared the out-
comes with a standard of reference for 
cartilage sGAG content to validate and 
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Advances in Knowledge

 n The T1 relaxation times after 
delayed gadolinium-enhanced MR 
imaging of cartilage (dGEMRIC) 
at 3.0 T show strong correlation 
with cartilage sulphated glycos-
aminoglycan (sGAG) content 
measured with dimethylmeth-
ylene blue assay (r = 0.73; 95% 
credibility interval [CI]: 0.60, 
0.83) and weak correlation with 
cartilage collagen content mea-
sured with hydroxyproline assay 
(r = 0.40; 95% CI: 0.18, 0.58).

 n Although sGAG is the most 
important component of cartilage 
that influences contrast material 
distribution throughout the artic-
ular cartilage in vivo in human 
osteoarthritic knees, our results 
suggest that dGEMRIC measure-
ments may also depend on other 
composites of the cartilage.

 n T1r relaxation times at 3.0 T do 
not show correlation with either 
cartilage sGAG content or 
cartilage collagen content.

 n T1r mapping cannot be regarded 
as an alternative for dGEMRIC in 
the measurement of cartilage 
sGAG content in clinical osteoar-
thritis research.

Implication for Patient Care

 n dGEMRIC is a validated and 
robust method for quantifying 
sGAG content in human osteoar-
thritis subjects.

Knee osteoarthritis is the most 
common joint disease in mid-
dle-aged and elderly subjects, 

causing serious morbidity and having 
a large socioeconomic impact (1). Be-
cause no definitive treatment options 
other than joint replacement surgery 
in end-stage osteoarthritis are avail-
able, research mainly focuses on novel 
interventions such as disease-modify-
ing osteoarthritis drugs. These should 
be effective in the early stages of os-
teoarthritis by modifying the course of 
the disease, for example by improving 
cartilage biochemical composition (2,3). 
To monitor the structural effectiveness 
of such novel interventions in early os-
teoarthritis, accurate in vivo imaging 
biomarkers are essential. Therefore, 
quantitative biomarkers that measure 
cartilage biochemical composites, for 
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for patient motion and fitting of T1 re-
laxation times with dGEMRIC and T1r 
relaxation times. First, all images from 

MR Image Analysis
With use of Matlab (R2011a; The Math-
Works, Natick, Mass), we drew three 
cartilage regions of interest (ROIs) in 
both tibiofemoral compartments: the 
weight-bearing cartilage of the femoral 
condyles, posterior non–weight-bearing 
cartilage of the femoral condyles, and 
weight-bearing cartilage of the tibial 
plateaus (Fig 1). All ROIs consisted of 
15 consecutive sections—the most cen-
tral section through the medial or lateral 
tibiofemoral compartment (defined as 
the sagittal section depicting the most 
caudal point of the femoral condyle 
identified with multiplanar reconstruc-
tions of the 3D high-spatial-resolution 
fat-saturated SPGR sequence) along 
with the neighboring seven sections me-
dially and laterally. All ROIs were drawn 
on the high-spatial-resolution SPGR im-
ages by a researcher with a medical de-
gree and 4 years of experience in mus-
culoskeletal research (J.v.T).

Image analysis was performed with 
a registration and T1-fitting algorithm 
developed in-house (Software for Post-
processing and Registration of Cartilage 
of the Knee) (21,22). The image analysis 
pipeline included registration to correct 

Erasmus MC (MEC-2012-218), and 
written informed consent was obtained 
from all participants.

The inclusion criteria were as fol-
lows: age of at least 18 years and radio-
graphic knee osteoarthritis with asym-
metric distribution and a maximum 
Kellgren-Lawrence grade of 1–2 (doubt-
ful or definite osteophyte formation 
without definite joint space narrowing) 
(16) in the least affected tibiofemoral 
compartment. Exclusion criteria were 
as follows: renal insufficiency (glomer-
ular filtration rate, ,60 mL/min), his-
tory of previous reactions to contrast 
material, or significant comorbidities 
in the ipsilateral lower extremity (eg, 
severe hip osteoarthritis, neurologic or 
muscular diseases causing hip or knee 
disability), which prohibit exercising af-
ter administration of contrast material 
for dGEMRIC.

MR Image Acquisition
MR imaging was performed 1 day before 
patients underwent total knee replace-
ment by using a 3.0-T MR unit (Discov-
ery MR750; GE Healthcare, Milwaukee, 
Wis) and a dedicated eight-channel 
knee coil (Invivo, Gainesville, Fla).

The MR imaging protocol included 
the following three pulse sequences, 
all of which were performed in the 
sagittal plane: (a) a three-dimensional 
(3D) high-spatial-resolution fat-satu-
rated spoiled gradient-echo (SPGR) 
sequence, (b) a 3D fast spin-echo T1r 
mapping sequence with five different 
spin-lock times (17), and (c) a 3D 
inversion-recovery non–fat-saturated 
SPGR sequence with five different in-
version times for dGEMRIC (18). Spe-
cific imaging parameters are shown in 
the Table.

Before dGEMRIC, a double dose 
(0.2 mmol per kilogram of body weight) 
of gadopentetate dimeglumine (Magn-
evist; Bayer Schering, Berlin, Germany) 
was injected intravenously as advocated 
previously (19). Subsequently, partici-
pants cycled for 10 minutes on a sta-
tionary bike at a constant speed to pro-
mote contrast material distribution into 
and throughout the knee. After a delay 
of 90 minutes, the inversion-recovery 
SPGR sequence was performed (20).

MR Imaging Parameters

Parameter
High-Spatial-Resolution  
SPGR Imaging T1r Mapping dGEMRIC 

Plane Sagittal Sagittal Sagittal
Imaging mode 3D 3D 3D
Sequence SPGR FSE IR SPGR
Matrix
 Frequency 512 288 288
 Phase 512 192 192
No. of sections 108 36 36
Field of view (mm) 150 150 150
Section thickness (mm) 1.0 3.0 3.0
Spin-lock time (msec) NA 1/16/32/64/125 NA
Spin-lock frequency (Hz) NA 500 NA
Inversion time (msec) NA NA 2100/800/400/200/100
Flip angle (degrees) 12 90 15
Bandwidth (Hz/pixel) 122 244 244
No. of signals averaged 0.75 0.5 1
Fat saturation Yes Yes No
Acquisition time 5 min 37 sec 5 min 43 sec 14 min 18 sec

Note.—IR = inversion recovery, FSE = fast spin echo, NA = not applicable.

Figure 1

Figure 1: ROIs used with dGEMRIC and T1r 
mapping. High-spatial-resolution SPGR image 
shows three anatomic cartilage ROIs in which 
outcomes of dGEMRIC and T1r mapping were 
calculated in 15 consecutive sections in each 
compartment of tibiofemoral joint (lateral side shown 
in this example). Posterior non–weight-bearing 
cartilage of femoral condyle (pFC ) is shown in red, 
weight-bearing cartilage of femoral condyle (wbFC ) 
is shown in green, and weight-bearing cartilage of 
tibial plateaus (wbTP ) is shown in yellow.



526 radiology.rsna.org n Radiology: Volume 279: Number 2—May 2016

MUSCULOSKELETAL IMAGING: Assessment of Sulphated Glycosaminoglycan Content in Osteoarthritic Knees van Tiel et al

this model, it is assumed that dGEM-
RIC, T1r mapping, and sGAG and colla-
gen content are multivariately normally 
distributed (ie, Y ~ N4[m,S], where Y 
= dGEMRIC, T1r mapping, sGAG con-
tent, or collagen content and m and S 
are the mean vector [ie, m1 = dGEMRIC, 
m2 = T1r mapping, m3 = sGAG content, 
m4 = collagen content] and covariance 
matrix of these variables, respectively).

To take into account potential in-
trinsic correlation between outcomes of 
different ROIs within one participant, a 
random intercept was included in the 
model (eg, m1,i.j. = b1 + b1,I; i = 1, …, 
12, j; j = 1, …, 63). We also included 
the participant’s BMI as a predictor in 
our multivariate mixed-effects model. 
Pearson correlation coefficients of 
dGEMRIC and T1r mapping and each 
reference test were extracted from the 
results of this model. These analyses 
were performed by using a Bayesian 
approach with Markov chain Monte 
Carlo sampling with use of software 
(WinBUGS; MRC Biostatistics Unit, 
Cambridge Institute of Public Health, 
Cambridge, England; http://www.mrc-
bsu.cam.ac.uk/software/bugs/) (31).

In Bayesian statistics, a parame-
ter is a stochastic variable and has a 
distribution. This distribution is called 
the posterior distribution, which is 
comprised of prior information (your 
belief) and the likelihood (data). Bayes-
ian approaches can summarize the pa-
rameter uncertainty by giving a range 
of values on the posterior distribution 
that includes 95% of the probability. 
This is called the 95% credibility in-
terval (CI). The 95% CI was calcu-
lated for all Pearson correlation coef-
ficients. To assess goodness of fit, we 
used an omnibus posterior predictive 
check (32). We computed a Bayesian 
P value; extreme P values (eg, ,.05 
or ..95) were indicative of a poor fit 
of the model to the data (32). In our 
study, we used relatively noninforma-
tive priors for the model parameters, 
that is, a normal distribution with a 
mean of zero and a large variance for 
the fixed-effects parameters, and an 
inverse gamma distribution with small 
shape and rate values for the vari-
ance of the random effects. We also 

The weighted T1 relaxation times 
at T1r mapping and dGEMRIC for each 
anatomic cartilage ROI were averaged 
over the 15 consecutive MR images. 
Thus, for each patient, six mean T1 re-
laxation times from six cartilage ROIs 
were obtained with T1r and dGEMRIC.

Harvesting of Cartilage and Biochemical 
Cartilage Analyses
During total knee replacement, weight-
bearing and non–weight-bearing femo-
ral cartilage and weight-bearing tibial 
cartilage were harvested and stored in 
saline for 30 minutes to 1 hour before 
further processing in the laboratory. 
Four full-thickness cartilage explants 
measuring 6 mm in diameter were ob-
tained from posterior femoral cartilage 
and six or eight were obtained from 
weight-bearing femoral and plateau 
cartilage (with the number of explants 
dependent on specimen size) with use 
of a biopsy punch. The explants corre-
sponded to cartilage of the ROIs ana-
lyzed with dGEMRIC and T1r mapping. 
All explants were cut in half and stored 
separately in airtight tubes at 220°C.

Before biochemical analysis, ex-
plants were thawed at room tempera-
ture. One half was digested in a papain 
solution overnight and used to quantify 
sGAG content with the dimethylmeth-
ylene blue assay, as described by Farn-
dale et al (29). The other half of each 
explant was not digested and was used 
to quantify collagen content on the ba-
sis of the hydroxyproline content as de-
scribed by Bank et al (30). This assay 
quantifies the degraded as well as the 
intact collagen content. The outcomes of 
both measures were summed together, 
resulting in the total collagen content 
per explant. For each cartilage ROI, the 
mean sGAG or collagen content was cal-
culated by adding up the sGAG or col-
lagen content of each explant analyzed 
and dividing this by the number of ex-
plants taken from that specific ROI.

Statistical Analysis
To assess the correlation between 
dGEMRIC or T1r mapping and refer-
ence tests (sGAG content and collagen 
content), a four-dimensional multivari-
ate mixed-effects model was applied. In 

T1r mapping and dGEMRIC with dif-
ferent spin-lock times and inversion 
times were registered to images with a 
spin-lock time of 1 msec and inversion 
time of 2100 msec. The femoral condyle 
and tibial plateau were registered sep-
arately. The images were registered by 
using a 3D rigid transformation model 
by means of maximization of localized 
mutual information (23). Cubic in-
terpolation was used to minimize the 
blurring of the registered images. All 
registrations were performed by us-
ing open-source registration software 
(Elastix, http://elastix.isi.uu.nl/) (24). 
Second, datasets from both registered 
T1r mapping and dGEMRIC were reg-
istered to the high-spatial-resolution 
SPGR images. This registration was 
based on images with a spin-lock time 
of 1 msec and inversion time of 2100 
msec; images with other spin-lock 
times and inversion times were trans-
formed accordingly. This second regis-
tration step allows analysis of matching 
cartilage ROIs on matching sections 
from both sequences.

After registration, T1r maps and 
T1 maps with dGEMRIC were esti-
mated by using a maximum likelihood 
fit. Before fitting, partial volume voxels 
for cortical bone within the cartilage 
ROIs were excluded by using a thresh-
old. Next, weighted T1 relaxation times 
with T1r mapping and dGEMRIC were 
calculated by using the reciprocal of 
the uncertainty of the estimated T1 
relaxation time with each technique in 
each voxel (21). This uncertainty was 
measured with the square root of the 
Cramér-Rao lower bound, which gives 
a lower bound for the standard devi-
ation of the estimated T1 relaxation 
time with T1r mapping or dGEMRIC 
(25–27). Images from T1r mapping and 
dGEMRIC that are not perfectly aligned 
after registration might result in im-
plausible T1 relaxation times, especially 
at tissue boundaries. With use of the 
weighted mean, these implausible re-
laxation times will not heavily influence 
the results of the analyses (21). Finally, 
as proposed by Tiderius et al (28), T1 
relaxation times at dGEMRIC were cor-
rected for the participants’ body mass 
index (BMI).



Radiology: Volume 279: Number 2—May 2016 n radiology.rsna.org 527

MUSCULOSKELETAL IMAGING: Assessment of Sulphated Glycosaminoglycan Content in Osteoarthritic Knees van Tiel et al

dimethylmethylene blue assay (n = 69; 
 r = 0.73; 95% CI: 0.60, 0.83; Fig 2, A)  
and weak correlation with cartilage 
collagen content measured with the hy-
droxyproline assay (n = 69; r = 0.40; 
95% CI: 0.18, 0.58; Fig 2, B). When 
each ROI was analyzed separately, the 
correlation coefficients between out-
comes of dGEMRIC and sGAG content 
ranged from 0.70 to 0.80. For the cor-
relation between dGEMRIC and colla-
gen content, the correlation coefficients 
ranged from 0.30 to 0.49.

T1r relaxation times for all femo-
ral and tibial cartilage ROIs did not 
show correlation with either cartilage 
sGAG content (n = 63; r = 0.04; 95% 
CI: 20.21, 0.28; Fig 3, A) or cartilage 
collagen content (n = 63; r = 20.05; 
95% CI: 20.31, 0.20; Fig 3, B). A range 
of 20.07 to 0.06 was observed for the 
correlation coefficients between T1r 
relaxation times and sGAG content for 
all separate cartilage ROIs in both knee 
compartments. This range was 20.18 
to 0.10 for the correlation between T1r 
mapping and collagen content.

Figure 4 shows representative im-
ages of cartilage, with relatively high 
and low sGAG content measured with 
dGEMRIC, T1r mapping, equilib-
rium partitioning of an ionic contrast 
material by using micro-computed 

a mean age of 64 years (interquartile 
range = 63–65 years) and a mean BMI 
of 33 kg/m2 (interquartile range = 30–37 
kg/m2). Men had a mean age of 62 years 
(interquartile range = 58–66 years) and 
a mean BMI of 32 kg/m2 (interquartile 
range = 27–36 kg/m2). P values for age 
and BMI were .94 and .75, respectively, 
between women and men individuals, 
which indicates that both distributions 
were similar for both sexes.

The Kellgren-Lawrence grades in 
the medial tibiofemoral compartments 
were 3 or 4 in seven patients and 1 or 2 
in four. The Kellgren-Lawrence grades 
in the lateral tibiofemoral compart-
ments were 1 or 2 in nine patients and 
3 in two.

Correlation of dGEMRIC and T1r Mapping 
with Biochemical Cartilage Analyses
For the applied four-dimensional mixed-
effects model, the Bayesian P value of 
the omnibus posterior predictive check 
was .52, which indicates that the model 
assumptions appear to be satisfied. The 
effect of BMI as a predictor in our mul-
tivariate mixed-effects model was not 
significant.

The T1 relaxation times at dGEMRIC 
for all femoral and tibial cartilage ROIs 
showed strong correlation with cartilage 
sGAG content measured with the 

used an inverse Wishart distribution 
with an identity scale matrix and 4 
df for the covariance matrix of the 
four-dimensional multivariate normal 
distribution. Finally, the Mann-Whit-
ney U test was used to compare age 
and BMI distributions between male 
and female patients.

Results

Participants
Fourteen patients participated in our 
study. Two patients were excluded be-
cause their total knee replacement 
was postponed after inclusion. There-
fore, 12 patients (six men, six women; 
six left and six right knee joints) were 
analyzed. T1r mapping data were not 
be obtained in one patient because its 
acquisition failed. Three cartilage spec-
imens (one posterior non–weight-bear-
ing cartilage specimen of the lateral 
femoral condyle and two weight-bear-
ing cartilage specimens of the medial 
tibial plateau) were severely damaged 
during surgery and excluded from the 
analysis.

The mean patient age was 63 years 
(interquartile range = 61–65 years), and 
the mean BMI was 32 kg/m2 (interquar-
tile range = 28–38 kg/m2). Women had 

Figure 2

Figure 2: Average regression line of dGEMRIC and ex vivo reference standards for sGAG and collagen content of articular cartilage. Scatterplots show relationship 
between mean T1 relaxation times at dGEMRIC in all anatomic ROIs and, A, sGAG content of cartilage measured with dimethylmethylene blue assay and, B, collagen 
content of cartilage measured with hydroxyproline assay. Dashed lines indicate 95% confidence band of average regression lines.
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times showed a modest to strong cor-
relation with sGAG amount in bovine 
and human cartilage (9,15). Our re-
sults, however, are more consistent with 
those from one of the two previous in 
vivo validation studies of T1r mapping, 
which showed only a weak correlation 
(r = 0.44) between T1r relaxation times 
and sGAG content in the lateral tibial 
plateau cartilage of 20 patients with 
osteoarthritis (14). A possible explana-
tion for the difference in the strength of 
reported correlation values between in 
vivo and in vitro or ex vivo acquired T1r 
maps and cartilage sGAG content may 
be the differences in specific acquisition 
parameters. For example, the number 
and duration of spin-lock times, field 
of view, and in-plane image matrix are 
usually different for in vitro or ex vivo 
experiments (9–11) compared with in 
vivo experiments (7,14,15). Optimiza-
tion of these parameters might improve 
the ability of T1r mapping to help assess 
cartilage sGAG content but will likely in-
crease the acquisition time. Moreover, 
the spin-lock frequency was usually high-
er in vitro and ex vivo (8,10) compared 
with in vivo (14,15). A higher spin-lock 
frequency causes less B0 inhomogene-
ity, which may improve the accuracy 
of T1r mapping; however, increased 
spin-lock frequency is a limiting factor 

sGAG content measured with high-
performance liquid chromatography in 
nine cartilage explants.

We found a weak correlation be-
tween outcomes of dGEMRIC and the 
amount of collagen in the articular 
cartilage (correlation with intact colla-
gen content measured with the hydroxy-
proline assay was comparable; there 
was no correlation between dGEMRIC 
and degraded collagen content [data not 
shown]). Despite the weak correlation, 
this finding suggests that, in addition to 
sGAG content, the integrity of cartilage 
extracellular matrix also has an influence 
on contrast material influx into cartilage. 
Therefore, dGEMRIC outcomes appear 
not to be dependent on sGAG content 
alone, which was recently also sug-
gested by others (34,35). The difference 
between the strength in correlation be-
tween the outcomes of dGEMRIC and 
cartilage sGAG and collagen content, 
however, suggests that sGAG is the com-
posite that has the most influence on 
contrast material distribution through-
out the articular cartilage.

We did not observe any correla-
tion between T1r relaxation times and 
cartilage sGAG content. These results 
are surprising when compared with 
those from previous in vitro and ex 
vivo research in which T1r relaxation 

tomography (CT) (visual representa-
tion of sGAG content), and histologic 
examination (visual representation of 
sGAG content with use of safranin O 
staining). These images confirm the 
strong correlation between dGEMRIC 
and cartilage sGAG.

Discussion

The results of our study showed that 
outcomes of in vivo dGEMRIC in pa-
tients with osteoarthritis showed a 
strong correlation with cartilage sGAG 
content measured with dimethylmeth-
ylene blue assay. This finding indicates 
that dGEMRIC performed in vivo en-
ables accurate measurement of sGAG 
content in patients with osteoarthritis. 
These results are consistent with those 
from previous research showing a strong 
correlation between T1 relaxation times 
at dGEMRIC acquired in vitro and ex 
vivo in cadaveric animal cartilage after 
microfracture treatment and human 
osteoarthritis cartilage (5,33). Our re-
sults are also in agreement with those 
of the only in vivo validation study of 
dGEMRIC, which was performed by 
Watanabe et al (13) in 2006 and found 
a strong correlation (r = 0.82) between 
outcomes of dGEMRIC after treatment 
of focal cartilage defects and cartilage 

Figure 3

Figure 3: Average regression line of T1r mapping and ex vivo reference standards for sGAG and collagen content of articular cartilage. Scatterplots show rela-
tionship between mean T1r relaxation times in all anatomic ROIs and, A, sGAG content of cartilage measured with dimethylmethylene blue assay and, B, collagen 
content of cartilage measured with hydroxyproline assay. Dashed lines indicate 95% confidence band of average regression lines.
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(they also did not show correlation with 
intact and degraded collagen content 
measured with the hydroxyproline assay 
[data not shown]). Although this finding 
is consistent with those from previous 
research in human cartilage after total 
knee replacement (12), it suggests that 
T1r mapping measures other elements 

from the previous literature. Another 
option to improve T1r mapping would 
be to acquire a B0 map to correct for B0 
inhomogeneity. Thus, different results 
may be obtained if the acquisition is op-
timized in future research.

T1r relaxation times also did not 
correlate with cartilage collagen content 

in vivo because it induces a higher spe-
cific absorption rate (4). T1r mapping 
performed with a spin-lock frequency 
higher than 500 Hz has been described 
as safe (8); however, we applied a 500-
Hz spin-lock frequency because this is 
most commonly used in vivo, enabling 
us to compare our results with those 

Figure 4

Figure 4: Spatial agreement between dGEMRIC, T1r mapping, equilibrium partitioning of an ionic contrast material by using 
micro-CT (EPIC-mCT ), and histologic examination. Representative images are matching sagittal sections from dGEMRIC, T1r 
mapping, equilibrium partitioning of an ionic contrast material by using micro-CT, and histologic examination (safranin O stain; 
original magnification, 310). Relaxation time and/or attenuation of cartilage are visualized in color and are representative of 
sGAG content. In dGEMRIC, a high T1 relaxation time represents high sGAG content and a low T1 relaxation time represents 
low sGAG content. The opposite is true for T1r relaxation times. In equilibrium partitioning of an ionic contrast material by using 
micro-CT, high attenuation represents low sGAG content and low attenuation represents high sGAG content. On photomicro-
graphs obtained with safranin O staining, the location and intensity of redness is representative of cartilage sGAG distribution 
and content. High intensity represents high sGAG content, and low intensity or discoloration represents low or absent sGAG 
content. Top row shows visual agreement for dGEMRIC and disagreement for T1r mapping with regard to relative high cartilage 
sGAG content, and bottom row shows the same for a relatively low cartilage sGAG content in superficial and partially middle 
zone of cartilage. Images were obtained from male subjects. The subject with relatively low sGAG content was 66 years of age 
at study inclusion, and the subject with relatively high sGAG content was 55 years. Visual section matching was performed for 
the histologic slices.
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