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In vivo transport of Gd-DTPA® into human
meniscus and cartilage assessed with delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC)
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and Leif E Dahlberg®

Abstract

Background: Impaired stability is a risk factor in knee osteoarthritis (OA), where the whole joint and not only the
joint cartilage is affected. The meniscus provides joint stability and is involved in the early pathological progress of
OA. Delayed gadolinium-enhanced MRI of cartilage (AGEMRIC) has been used to identify pre-radiographic changes
in the cartilage in OA, but has been used less commonly to examine the meniscus, and then using only a double
dose of the contrast agent. The purpose of this study was to enable improved early OA diagnosis by investigate
the temporal contrast agent distribution in the meniscus and femoral cartilage simultaneously, in healthy volunteers,
using 3D dGEMRIC at two different doses of the contrast agent Gd-DTPA?.

Methods: The right knee in 12 asymptomatic volunteers was examined using a 3D Look-Locker sequence on two
occasions after an intravenous injection of a double or triple dose of Gd-DTPA? (0.2 or 0.3 mmol/kg body weight).
The relaxation time (T;) and relaxation rate (R, = 1/T;) were measured in the meniscus and femoral cartilage before,
and 60, 90, 120 and 180 minutes after injection, and the change in relaxation rate (AR;) was calculated. Paired t-test
and Analysis of Variance (ANOVA) were used for statistical evaluation.

Results: The triple dose yielded higher concentrations of Gd-DTPA? in the meniscus and cartilage than the double
dose, but provided no additional information. The observed patterns of AR; were similar for double and triple doses
of the contrast agent. AR; was higher in the meniscus than in femoral cartilage in the corresponding compartments
at all time points after injection. AR; increased until 90-180 minutes in both the cartilage and the meniscus

(p <0.05), and was lower in the medial than in the lateral meniscus at all time points (p < 0.05). A faster increase in
AR, was observed in the vascularized peripheral region of the posterior medial meniscus, than in the avascular
central part of the posterior medial meniscus during the first 60 minutes (p < 0.05).

Conclusion: It is feasible to examine undamaged meniscus and cartilage simultaneously using dGEMRIC, preferably
90 minutes after the injection of a double dose of Gd-DTPA® (0.2 mmol/kg body weight).
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Background

In knee osteoarthritis (OA) a substantial risk factor is
impaired stability [1]. Several studies have demonstrated
that the meniscus plays an important role in knee stabil-
ity, in addition to providing congruity and the capacity
to bear load [2-4]. Knee OA is traditionally diagnosed
based on clinical symptoms and radiographic signs. Radio-
graphic changes are late events in the process during
which the menisci and cartilage gradually deteriorate [5,6].
It is therefore important to develop diagnostic methods
that can identify these degenerative changes in the menis-
cus and cartilage matrix, to enable detection and treat-
ment of OA before irreversible damage or loss of tissue
has occurred. The medial meniscus has attracted par-
ticular interest, and patients with meniscus injury are
commonly used as a model to study early events in the
development of OA [7-9].

Meniscus and articular cartilage consist of 60-80% water
and 20-40% organic matter [10,11]. The main components
of the organic matter are collagen and proteoglycan (a
core protein with glycosaminoglycans attached). The con-
tents of collagen and proteoglycan differ in the meniscus
and articular cartilage, and also between regions within
these tissues. The peripheral, vascular one-third of the me-
niscus consists almost exclusively of type I collagen, (80%
by dry weight) [12]. In the avascular, central two-thirds of
the meniscus, 70% is collagen (by dry weight), of which
40% is type I and 60% is type II [12]. The proteoglycan
content in the meniscus is about 15% (dry weight) [12,13].
In articular cartilage, type II collagen is predominant, with
a content of about 50-60% (dry weight); the other main
component being proteoglycan, which constitutes about
15-30% (dry weight) [14]. The glycosaminoglycan (GAG)
concentration in the meniscus is only 0.3-0.8% (wet
weight), compared with 2.0% (wet weight) in articular
cartilage [13,15].

Changes in cartilage GAGs are often studied to iden-
tify early changes in the tissue matrix and to study the
progression of OA. The methods used today to detect
pre-radiographic OA include the assessment of biochem-
ical markers in synovial fluid, serum, and urine, as well as
new molecular imaging techniques by MRI, such as de-
layed gadolinium-enhanced MRI of cartilage (dGEMRIC),
glycosaminoglycan chemical exchange saturation transfer
(gagCEST) and sodium magnetic resonance imaging
(Na-MRI) [16-22]. dGEMRIC has been used to estimate
the depletion of GAG in articular cartilage during the
early stages of OA in research and in the clinical setting
[23-25]. In dGEMRIC, the fixed charge density of GAG
is studied in vivo by quantitative measurements of the
longitudinal relaxation time (T;) of articular cartilage
in the presence of the ionic contrast agent Gd-DTPA*"
(T1(Gay)- Gd-DTPA?" distribution, which is inversely re-
lated to the concentration of negatively charged GAGs
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in the cartilage, is suggested as a measure of cartilage
quality [18,19]. Longer T; values correspond to lower
concentrations of Gd-DTPA*", and hence higher cartil-
age quality.

The dGEMRIC technique has rarely been applied to
the meniscus, and in the few studies published a dose of
0.2 mmol/kg of Gd-DTPA*, a so-called double dose,
has been used [26,27]. In the present study we have
compared double and triple doses to investigate the
feasibility of dGEMRIC in clinical meniscus diagnostics.

The specific aims of this study were to investigate:

1. whether a triple dose provided any addition
information, not provided by the double dose,

2. whether there was a difference between the uptake
of contrast agent in the meniscus and joint cartilage,
regarding the amount and when after injection the
maximum level was attained, and

3. whether there was a difference in the uptake of
contrast agent within the meniscus and in the
meniscus at different locations in the knee joint.

Methods

Subjects

Twelve asymptomatic healthy volunteers (5 males and
7 females), aged 23-28 years (mean 25 years), were
included after diagnostic MRI, demonstrating no patho-
logical changes. Before inclusion, the nature of the pro-
cedure was fully explained to all subjects and written
informed consent was obtained. The exclusion criteria
were: 1. history of injury or pain in the knee; 2. contra-
indications for MRI (i.e. metal prosthesis, claustropho-
bia, serious allergy to contrast agent); 3. abnormality at
physical examination of the knee; 4. abnormality in
renal function. The study was approved by the ethics
review board at Regionala Etikprovningskommittéen,
Lund, Sweden.

MRI

Intravenously injected Gd-DTPA®  (Magnevist’, Bayer
Schering Pharma AG, Berlin, Germany) was used as
contrast agent. The injection of Gd-DTPA* was given in
an antecubital vein. Zero time was defined as the end of
the injection. After injection, the subjects walked for ten
minutes at a slow pace, to optimize the distribution of
Gd-DTPA® in the meniscus and cartilage.

Each subject was examined using both double
(0.2 mmol/kg body weight) and triple (0.3 mmol/kg
body weight) doses, administered on two different occa-
sions separated by 5-6 months. Each subject was random-
ized to receiving the double or triple dose at the first
examination. All imaging was performed on a Siemens
Magnetom Sonata 1.5 T scanner with a CP extremity coil
(Siemens Healthcare, Erlangen, Germany). Identical MRI
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protocols were used on both occasions. Each examination
included quantitative T; measurements which were per-
formed before and 60, 90, 120 and 180 min after the injec-
tion of the contrast agent. A 3D Look-Locker sequence
(FOV 160 x 160 x 90 mm, matrix 256 x 256 x 30 pixels,
TR 2500 ms, flip angle 6°, 10 TIs), was used to acquire the
3D T; maps. The acquisition time was 10 minutes and
42 seconds. T was calculated using the pre-calculated flip
angle correction method, and the associated flip angle
slice profile was acquired from previous phantom mea-
surements [28]. All data were evaluated using software
programmed in MATLAB (The MathWorks Inc., Natick,
MA, USA).

Evaluation of MRl measurements

T, was measured before (T,.) and four times after
(Ty(Ga)) contrast agent injection (60, 90, 120 and
180 minutes). From these T, values, the change in re-
laxation rate, AR;, was calculated according to: AR; =
1/T1(Ga)-1/T1pre), which reflects the post injection con-
centration of Gd-DTPA* in the tissue. The primary
advantage of using 3D rather than 2D measurements
in this study was that it was possible to choose the
exact slice on which the regions of interest (ROIs) are
defined after image acquisition.

Two sagittal slices, one in the lateral and one in the
medial compartment, were selected from the 3D volume
to enable analysis of the weight-bearing parts of the me-
niscus and femoral cartilage. ROIs were drawn to cover
the lateral and medial anterior and posterior regions of
the meniscus, and the lateral and medial anterior and
posterior femoral cartilage (Figure 1), in accordance with
a scheme partly derived from Eckstein et al. [29]. The
value of T; for each ROI was calculated. The meniscus
was also divided into a peripheral vascular region (the
outer one-third of the meniscus) and a central avascular
region (the inner two-thirds of the meniscus) to enable
calculations of T in these parts of the meniscus (Figure 1).
All ROIs were drawn by a single investigator. The paired
t-test and analysis of variance (ANOVA) were used for
statistical evaluation. The results are presented in the
figures as mean values and 95% confidence interval
(95% CI). A p-value <0.05 was considered to indicate
statistical significance.

Results

Relaxation time of the meniscus and femoral cartilage
before contrast agent injection

A difference was found in the average value of Tpe be-
tween the meniscus and femoral cartilage. Similar values
of Type Were seen in each tissue on the two measure-
ment occasions. The mean values of Ty, over the four
compartments of the meniscus using the double dose of
contrast agent were 617 +67 and 624+65 ms, on
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Figure 1 Sagittal view of a knee joint. The average value of T,
was calculated in the following regions of interest: AFC = Anterior
Femoral Cartilage, PFC = Posterior Femoral Cartilage, AM = Anterior
Meniscus, ACM = Anterior Central Meniscus (inner two-thirds),

APM = Anterior Peripheral Meniscus (outer one-third), PM = Posterior
Meniscus, PCM = Posterior Central Meniscus (inner two-thirds) and

PPM = Posterior Peripheral Meniscus (outer one-third).
- J

occasions one and two, respectively. The corresponding
mean values of Ty in the articular cartilage were 662 +
75 ms and 655 + 57 ms.

Effect of contrast agent dose on meniscus image
enhancement

The uptake of contrast agent was clearly visible in the
meniscus after both double and triple doses. The triple
dose resulted in higher values of AR; than the double
dose in all four compartments of the meniscus, as exem-
plified by the posterior medial compartment in Figure 2.
It can also be seen from this figure that AR; increased
until 90 minutes post injection (p < 0.05). Evaluation with
the paired t-test revealed no significant increase between
90 and 120 minutes (p=0.308) or between 120 and
180 minutes (p =0.085). However, the values at 90 and
180 minutes were significantly different (p = 0.008). Simi-
lar patterns were seen in the other compartments (data
not shown).

Comparison of relaxation time of the meniscus and
femoral cartilage after contrast agent injection

The results in Figure 3 show that the change in relaxation
rate in the posterior medial meniscus was generally higher
than in the corresponding femoral cartilage, at all times
after the double dose injection (0.001 < p <0.017). Similar
results were seen in the posterior lateral compartment at
all times post injection (0.001 < p < 0.008). In the anterior
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Figure 2 Change in relaxation rate (AR, = SD) in the posterior
medial meniscus, after injection of a double (o) or a triple ()
dose of Gd-DTPA? (0.2 mmol/kg and 0.3 mmol/kg body
weight, respectively). Significantly higher mean values were
observed after injection of the triple dose (ANOVA, p < 0.001).
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Figure 4 Change in relaxation rate (AR, = SD) in the posterior
medial meniscus after injection of a double dose of Gd-DTPA%
(0.2 mmol/kg body weight). The mean values over time were
significantly higher in the peripheral (o) than in the central (-) part of
the meniscus (ANOVA, p =0.024).

compartments, a significant difference was seen in the
lateral (p <0.001) but not in the medial compartment
(0.001 < p £0.720). Similar patterns were observed after
the triple dose injection (data not shown).

Comparison of relaxation time of different parts of the
meniscus after contrast agent injection

Comparisons of different parts of the posterior medial
and lateral meniscus revealed a faster increase in AR; (i.e.
steeper curve) during the first 60 minutes in the peripheral
vascular region, than in the central avascular region (p =
0.022 medial, p=0.007 lateral). This is illustrated for the
medial meniscus in Figure 4. Furthermore, the mean

-

2,0 —— Meniscus n=12
—O— Femurcartilage n=12

0,5

T T T

T T T
30 60 90 120 150 180
Time (minutes)

Figure 3 Change in relaxation rate (AR + SD) in the meniscus
(+) and the femoral cartilage (o) in the posterior medial
compartment after injection of a double dose of Gd-DTPA*
(0.2 mmol/kg body weight). The values were significantly higher
in the meniscus than in the femoral cartilage 90-180 minutes post
injection (0.001 <p <0.017).

values of AR; over time were significantly higher in the
peripheral than in the central part of the posterior medial
meniscus (p =0.024). A difference was seen in the lateral
meniscus, but it was not significant (p = 0.175).

Comparison of AR; in the posterior and the anterior
horn of the meniscus showed a lower value in the poster-
ior horn, reflecting a lower concentration of Gd-DTPA>.
Similar results were seen in the medial and lateral com-
partments (Figure 5A) (p =0.015 in both compartments).
AR; was lower in the posterior medial meniscus than in
the posterior lateral meniscus (Figure 5B). Similar results
were seen in the anterior horn of the meniscus, (p = 0.049
and p = 0.003).

Similar results were observed within and between dif-
ferent parts of the meniscus in different compartments
after the triple dose (data not shown).

Discussion
The dGEMRIC method includes an injection of contrast
agent and the patient also need to wait after the injec-
tion to do the MRI scan. In clinical use it would be bet-
ter with a non-invasive MRI technique. T2 mapping and
Tlrho are such techniques. Both T2 and Tlrho are
thought to be sensitive to tissue hydration and matrix
macromolecular architecture. T2 has been shown to be
increased in subjects with pre-OA and also in subjects at
risk for developing OA [30]. Reports indicate that T1rho
may be more sensitive to cartilage degeneration than T2
mapping [31]. Those results are promising but further in-
vestigations are needed to evaluate the relative strengths
and weaknesses of T2 and Tlrho before they can be in
clinical use.

In this study of contrast distribution in the meniscus
and femoral joint cartilage, AR; values, reflecting the
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Figure 5 Change in relaxation rate (AR, + SD) reflecting the concentration of Gd-DTPAZ, after injection of a double dose (0.2 mmol/kg
body weight) of contrast agent. A) presents the results for the medial meniscus, showing that the mean values over time were significantly
lower in the posterior (o) than in the anterior () horn of the meniscus (ANOVA, p = 0.015). B) presents the results for the medial and lateral
posterior meniscus, showing that AR; was lower in the medial (o) than in the lateral () horn (ANOVA, p =0.049).
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Gd-DTPA? concentration, were considerably higher in
the meniscus than in the femoral cartilage 90 to 180
minutes after injection. The triple dose yielded higher
concentrations of Gd-DTPA* in the meniscus and car-
tilage than the double dose, but provided no additional
information. The double dose of Gd-DTPA* was suffi-
cient to detect all compartmental and regional differences,
and appears to be adequate in dGEMRIC analysis of both
the meniscus and cartilage. This is consistent with previ-
ous results in articular cartilage [18,32].

No statistically significant increase in AR; was seen in
the meniscus between 90 and 120 minutes or between
120 and 180 minutes. However, there was a difference
between the values at 90 and 180 minutes. Thus, there
was a trend of increasing AR; after 90 minutes in the
meniscus, but the increase between successive points in
time was not significant. Mayerhoefer et al. suggested
that 2.5-4.5 hours was a suitable time window for T;(gq)
mapping of the meniscus, based on the investigation of
six healthy volunteers over a period of 1-9 hours [27].
From a clinical point of view, it is advantageous to be
able to examine the patient as soon as possible after injec-
tion. It is also desirable to be able to examine the cartilage
and meniscus simultaneously. The results of the present
study indicate that a delay of approximately 1% hour after
the injection of contrast agent is sufficient to allow uptake
of Gd-DTPA* into both the cartilage and meniscus. This
is in good agreement with previously published in vivo
data [18,26].

It may be argued that an increase in the level of Gd-
DTPA* in meniscus blood vessels affects the relax-
ation rate. The negligible volume of the blood vessels
compared to the total volume of the meniscus, in
combination with the fact that measurements were
made up to 180 minutes post injection (the half-life of
Gd-DTPA in plasma is approximately 20 minutes),
suggest that Gd-DTPA® in the blood vessels is not a
source of bias [33].

The distribution of Gd-DTPA* in the cartilage, as well
as different parts of the meniscus, depends on several
factors that are currently not fully understood. Experimen-
tal studies on cartilage suggest that the distribution is de-
termined to a large extent by the GAG content of the
tissue [24,25]. Thus, the higher concentration of contrast
agent observed in the meniscus in this study suggests that
the meniscus contains less GAG than femoral cartilage.
Similar results have been reported in several experimental
studies of cartilage in the meniscus of dogs and rabbits
[34,35]. A larger contact area with the synovial fluid,
possibly facilitating the influx of contrast agent from
both sides of the meniscus, may also contribute to the
higher Gd-DTPA* concentration in the meniscus.
Moreover, the fact that the peripheral one-third of the
meniscus is vascularized probably facilitates the uptake
of Gd-DTPA? by the meniscus, at least in the periph-
eral layer, leading to higher values than seen in the
femoral cartilage. This explanation is supported by the
faster increase in AR; seen in the vascularized part of
the meniscus during the first 60 minutes post injection.
Other factors may also contribute to the Gd-DTPA*"
distribution. For example, it was recently shown that
cartilage thickness strongly affects the bulk cartilage
contrast agent concentration [36].

GAG content is related to differences in load distribu-
tion and weight-bearing between joint surfaces [37]. A
higher content of GAG has been reported in the central
zone than in the peripheral zone of the meniscus in rab-
bits and humans [38,39]. Due to the need for compres-
sive integrity, cells in the central two-thirds of the
meniscus synthesize more GAG than those in the per-
ipheral one-third [40]. Thus, the differences in the distri-
bution of contrast agent in the different compartments
of the knee joint and in the different parts of the menis-
cus observed in this study may reflect spatial differences
in GAG content caused by adaptation to biomechanical
demands.
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Increased GAG content, associated with early degenera-
tive changes (Gr I or Gr II according to the Outerbridge
classification), has been reported following a histochemical
study using Safranin-O staining of the inner body of the
meniscus in human knees [41]. Although no degenerative
changes were seen in the menisci in this study, minor le-
sions with no symptoms, not detectable with MRI, may
have been present. This may partly explain the spread in
AR; values observed in the menisci in the present study
(as shown by the wide range of the 95% Cls in Figure 2,
Figure 3, Figure 4 and Figure 5). A wide range of post
injection T; values was also reported in a previously
published dGEMRIC study of the meniscus [26], while
Mayerhoefer et al. did not report or discuss a wide vari-
ation in values [27]. To determine the diagnostic value
of dGEMRIC in predicting meniscal degeneration con-
sistent with early OA, the change in relaxation rate in
patients with a diseased meniscus must be compared
with a well-defined reference range of values obtained
from healthy menisci.

Conclusions

A triple dose of contrast agent yielded higher concentra-
tions of Gd-DTPA® in the meniscus and cartilage than
the double dose, but provided no additional information.
It is feasible to examine undamaged meniscus and cartil-
age simultaneously using dGEMRIC at 90 minutes after
the injection of Gd-DTPA®" at a dose of 0.2 mmol/kg body
weight. The uptake of contrast agent differs both within
the meniscus, and in the meniscus at different locations in
the knee joint.
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