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Abstract
Objectives To evaluate the technical feasibility and applica-
bility of quantitative MR techniques (delayed gadolinium-
enhanced MRI of cartilage (dGEMRIC), T2 mapping, T2*
mapping) at 7 T MRI for assessing hip cartilage.
Methods Hips of 11 healthy volunteers were examined at 7 T
MRI with an 8-channel radiofrequency transmit/receive body
coil using multi-echo sequences for T2 and T2* mapping and
a dual flip angle gradient-echo sequence before (T10) and after
intravenous contrast agent administration (T1Gd; 0.2 mmol/kg
Gd-DTPA2− followed by 0.5 h of walking and 0.5 h of rest) for
dGEMRIC. Relaxation times of cartilage were measuredman-
ually in 10 regions of interest. Pearson’s correlations between
R1delta=1/T1Gd−1/T10 and T1Gd and between T2 and T2*
were calculated. Image quality and the delineation of acetab-
ular and femoral cartilage in the relaxation time maps were
evaluated using discrete rating scales.
Results High correlations were found between R1delta and
T1Gd and between T2 and T2* relaxation times (all p<0.01).
All techniques delivered diagnostic image quality, with best

delineation of femoral and acetabular cartilage in the T2*
maps (mean 3.2 out of a maximum of 4 points).
Conclusions T1, T2 and T2* mapping of hip cartilage with
diagnostic image quality is feasible at 7 T. To perform
dGEMRIC at 7 T, pre-contrast T1 mapping can be omitted.
Key Points
• dGEMRIC of hip cartilage with diagnostic image quality is
feasible at 7 T.

• To perform dGEMRIC at 7 T, pre-contrast T1 mapping can
be omitted.

• T2(*) mapping of hip cartilage with diagnostic image quality
is feasible at 7 T.

• T2 and T2* relaxation times of cartilage were highly corre-
lated at 7 T.

• Best delineation of femoral and acetabular cartilage was
found in T2* maps.
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BMI body mass index
dGEMRIC delayed gadolinium-enhanced MRI of cartilage
DREAM dual refocusing echo acquisition mode
FOV field of view
FLASH fast low angle shot
MRI magnetic resonance imaging
RF radiofrequency
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SAR specific absorption rate
SD standard deviation
SNR signal-to-noise ratio
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TE echo time
TR repetition time
UHF ultra-high field

Introduction

Magnetic resonance imaging (MRI) plays an important role in
the non-invasive staging of osteoarthritis, as well as in the diag-
nosis of focal cartilage lesions [1] and their postoperative follow-
up [2]. Traditional anatomical imaging techniques can provide
information about cartilage morphology, whereas quantitative
imaging methods are able to show subtle changes in cartilage
composition even before structural changes appear.Among them,
T2 and T2* mapping techniques provide information about the
collagen structure [3], whereas delayed gadolinium-enhanced
MRI of cartilage (dGEMRIC), a T1 mapping technique after
intravenous application of negatively charged contrast agent, pro-
vides information about the glycosaminoglycan content in carti-
lage [4, 5]. The use of quantitative imagingmethods has emerged
during recent years, especially against the background of increas-
ingly utilized hip-preserving, regenerative therapies [6].

Especially in the hip, high spatial resolution is needed for
adequate quantitative as well as qualitative cartilage imaging,
mainly as a result of the thinner cartilage layer and the spherical
shape of the joint compared to the knee [7]. MRI at 7 Tesla (T),
with its inherently higher signal-to-noise ratio (SNR) compared
to clinical field strengths of 1.5 Tor 3 T, allows to invest SNR in
increased spatial resolution and is thus expected to improve
diagnostic accuracy in such demanding applications [8]. How-
ever, imaging at ultra-high-field strengths (UHF, ≥7 T) remains
challenging. These challenges include increased power deposi-
tion in the examined tissue, characterized by the specific ab-
sorption rate (SAR) [9] on the one hand, and limited available
radiofrequency (RF) peak power and hence decreased penetra-
tion depth on the other hand. Another factor complicating im-
aging at UHF is B1 field heterogeneity, resulting in the need for
dedicated RF shims to achieve homogenous excitation in the
region of interest [10, 11]. These RF issues are emphasized
when imaging larger fields of view (FOV) or deep anatomical
regions like the hip. Furthermore, just recently a limited number
of commercially available surface coils for imaging the body at
7 T have become available, mostly prototype RF coils distrib-
uted through spinoff companies from other 7 T sites, resulting
in the need to develop those individually [12].

Despite these challenges, imaging the hip joint at 7 T MRI
has been successfully shown by Ellermann et al. [13]. Further-
more, Chang et al. [14] and Theysohn et al. [15, 16]
established high-resolution anatomical MR sequences at 7 T
with a focus on qualitative cartilage depiction. However,
quantitative MR techniques at 7 T, as applied for analysing
knee cartilage by several authors [17–20], have, to our knowl-
edge, not yet been applied in the hip.

Therefore, the aim of this study was to evaluate the techni-
cal feasibility and the applicability of quantitative MR tech-
niques at 7 T MRI for imaging hip cartilage.

Materials and methods

Study population

Approval from the local institutional ethics committee was
gained prior to the study. Exclusion criteria were collected
anamnestically and defined as current or previous hip pain,
previous hip surgeries, risk of having renal insufficiency
(assessed anamnestically, including any history of renal dis-
ease (i.e. dialysis, transplantation, single kidney, kidney sur-
gery or cancer), diabetes and hypertension), implants incom-
patible with 7 T MRI as well as claustrophobia. After signing
informed consent, unilateral hip-joint imaging was performed
on 11 healthy volunteers (5 female, 6 male; 21–46 years, mean
27.0, SD 7.3; body mass index (BMI) 18.7–26.6 kg/m2, mean
22.5, SD 3.1) and, exemplarily, in one patient 10 months after
acetabular cartilage transplantation. Two further volunteers
were excluded because of claustrophobia.

MR system and RF transmitter adjustments

All MR imaging was performed on a 7 T research whole-body
MR system (Magnetom 7 T, Siemens Healthcare GmbH, Ger-
many) using an in-house-developed 8-channel RF transmit/
receive body coil consisting of two arrays with four elements
each placed ventrally and dorsally on the pelvis.

For B1 homogenization, the second-order circularly polar-
ized (CP2+) transmit mode utilizing phase increments of 90°
between the eight transmit channels was used as a fixed RF
shim setting for all subjects. This RF mode had previously
proved superior to individual RF shimming in hip imaging
at 7 T in terms of workflow and maximum allowed input
power in compliance with safety guidelines [15]. A 3D fast
low angle shot (FLASH) sequence was used to verify the
successful shift of signal dropouts medially away from the
hip joint prior to the study protocol. Additionally, maps of
the flip angle distribution were obtained by fast B1

+ mapping
using dual refocusing echo acquisition mode (DREAM) [21].
Parameters of the DREAM sequence were FOV 160×
160 mm2, matrix 64×64, slice thickness 5 mm, TR 6.3 ms,
TE 1.98/3.95 ms, preparation flip angle 60° and acquisition
time 7.5 s. This technique had performed superior to other
established B1

+ mapping techniques in a previous study
[22]. As quantitative imaging is prone to flip angle variations
[23, 24], the flip angle maps were used to perform adjustments
of the RF transmit power. Transmit voltages were calculated
to achieve the desired mean flip angle in the joint and were
subsequently applied for the quantitative imaging sequences.
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T1 mapping

A 3D spoiled fast gradient-echo (3D FLASH) sequence (TR
15ms, TE 2.73 ms) with two different excitation flip angles of
3° and 18° was used to assess the T1 relaxation times T10 [25,
26]. Images were acquired in a sagittal view with a FOV of
160×160 mm2, a matrix of 448×448 and a slice thickness of
2 mm. Further parameters are shown in Table 1.

T1 was extracted from a linear fit T1=−TR/m, where m is
the slope between two measurement points obtained by ar-
ranging S(alpha)/sin(alpha) versus S(alpha)/tan(alpha), with
S(alpha) being the FLASH signal intensity of the data set
obtained with the applied flip angle alpha. This post-
processing was done using vendor-provided software (Syngo
MapIt, Siemens AG, Healthcare Sector, Germany), resulting
in a colour-coded map of T1 relaxation times.

T1 mapping was repeated with the same technique after
contrast agent administration (T1Gd) as part of a dGEMRIC
protocol [5]: after leaving the MR system, volunteers received
Gd-DTPA2− (Magnevist, Bayer Healthcare, Leverkusen, Ger-
many) intravenously with a concentration of 0.2 mmol/kg
body weight and were asked to perform 0.5 h of walking
and 0.5 h of rest. Subsequently, the volunteers were
repositioned in the MR system to acquire contrast-enhanced
T1mapping measurements 71–97 min (mean 81 min, SD 6.5)
after contrast agent administration.

In five subjects (three before and two after contrast agent
administration), T1 relaxation times were additionally
assessed via an inversion recovery sequence (TR 6000 ms,
TE 6.1 ms) with six TI times (200, 500, 600, 800, 1000,
1200 ms) applied in a single central slice of the hip joint in

sagittal view (FOV 160×160 mm2, matrix 192×154, slice
thickness 5 mm). T1 was calculated as T1calc=TIzero / ln2,
with TIzero being the inversion time with the lowest signal
intensity in cartilage.

T2 and T2* mapping

Subsequent to the unenhanced T1 measurements, multi-
contrast spin-echo and gradient-echo sequences with five ech-
oes each were applied for T2 and T2* mapping in sagittal
view (FOV 160×160 mm2, matrix 320×320, slice thickness
2.5 mm). Echo times used were 10.1, 20.2, 30.3, 40.4 and
50.5 ms for T2 mapping (TR 1500 ms) and 3.06, 8.0, 12.94,
17.88 and 22.82 ms for T2* mapping (TR 130 ms). Further
sequence parameters are given in Table 1. As volunteers rested
for at least 0.5 h prior to the measurement of T2 and T2*
relaxation times, influences of joint loading were minimized.
Colour-coded maps were calculated manually (Syngo MapIt,
Siemens Healthcare GmbH, Germany) after reviewing the
consistency of signal decrease with TE using Syngo
MeanCurve (Siemens Healthcare GmbH, Germany). In case
of an inconsistent signal decrease, images from the first echo
were not considered for calculating the map.

MRI evaluation

A qualitative analysis, which was performed in consensus by
two radiologists, focused on the delineation of acetabular and
femoral cartilage (four-point scale: 1=not delineable, 2=part-
ly delineable, 3=largely delineable, 4=fully delineable) in the
calculated relaxation time maps of the volunteers. A mean
score of more than 2.5 points was considered suitable for
diagnostic imaging. Additionally, the source images
were evaluated regarding the homogeneity of the signal
in the hip-joint region (three-point scale: 1=severe het-
erogeneities, 2=moderate heterogeneities, 3=no hetero-
geneities) and regarding artefacts affecting image quality
(three-point-scale: 1=severe artefacts, 2=moderate arte-
facts, 3=no artefacts).

T1, T2 and T2* relaxation times were measured by manu-
ally drawing regions of interest (ROIs) in five defined regions
in both acetabular and femoral cartilage of the volunteers:
three ROIs were placed centrally as well as ventrally and
dorsally in a sagittal slice showing the central region of the
femoral head. Two additional central ROIs were placed 5–
10 mm laterally and medially from this slice (Fig. 1). The
ROIs covered the whole cartilage thickness in each region.

For test reproducibility, the central acetabular ROI in the
central slice was drawn again at least 6 weeks later by the
same radiologist as well as by a second reader. Both had
knowledge of the previously analysed slice position, but were
not aware of either the exact position or the shape of the ROI.

Table 1 Sequence parameters

T1 mapping T2 mapping T2* mapping

Sequence type Gradient echo Spin echo Gradient echo

TR (ms) 15.0 1500 130

TE (ms) 2.73 10.1–50.5 3.06–22.82

FOV (mm) 160 160 160

In-plane resolution (mm2) 0.4×0.4 0.5×0.5 0.5×0.5

Slice thickness (mm) 2 2.5 2.5

Slice resolution (%) 77 100 100

Number of slices 40 5 5

Phase encoding direction AP AP AP

Bandwidth (Hz/pixel) 280 401 500

PAT 2 (GRAPPA) 2 (GRAPPA) None

Averages 1 1 2

Acquisition time (min) 5:13 4:53 2:06

All sequences were applied in sagittal orientation

TR repetition time, TE echo time, FOV field of view, PAT parallel acqui-
sition technique, GRAPPA generalized autocalibration with partially par-
allel acquisition
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Statistical analysis

Mean values with standard deviations (SD) were calculated
for all parameters. Statistical analysis was performed using
SPSS Statistics 19 (IBM, USA). A p value smaller than 0.05
was considered to be statistically significant. The contrast
agent concentration was considered proportional to [R1delta=
1/T1Gd−1/T10] and compared to T1Gd using Pearson’s corre-
lation. The T1 relaxation times gained via the inversion recov-
ery sequence were compared to those gained via the dual-flip-
angle technique using a paired t test. Correlations between the
T2 and T2* relaxation times were assessed by Pearson’s cor-
relation. Analysis of variance (ANOVA) for repeated mea-
surements was used to calculate significant differences of
T1, T2 and T2* relaxation times between the anatomical re-
gions. In the case of significant differences between groups, a
post hoc analysis with Bonferroni correction (n=10) was per-
formed. Differences between the methods regarding qualita-
tive ratings were calculated using a Wilcoxon sign rank test.
Mean bias with 95 % confidence interval (CI) as well as co-
efficient of variation (CV) was used to assess intra- and inter-
reader reproducibility of the measured relaxation times.

Results

T1 mapping

Delineation of femoral and acetabular cartilage was poor in
the unenhanced relaxation time maps, but clearly improved

after contrast agent administration to a diagnostically applica-
ble level (T10: 1–3 points, mean 1.7, SD 0.6; T1Gd: 2–4 points,
mean 2.9, SD 0.8; p=0.10).

Qualitatively, the signal was fully homogenous at both flip
angles of the 3D FLASH sequence, both before and after
contrast agent administration (consistently 3 points in
every volunteer before and after contrast agent adminis-
tration, p=1.0, Fig. 2a–d). No artefacts were recognized
in any of the scans prior to contrast agent administration
(mean 3.0±0.0 points). A moderate artefact (2 points)
was recognized in only one examination after contrast
agent administration owing to the parallel imaging tech-
nique applied (Fig. 2i) [27]. The other images of the
remaining 10 volunteers received 3 points consistently
(mean 2.9±0.3 points). A significant difference between
unenhanced and contrast-enhanced images was not ob-
served (p=0.317).

Mean size of the evaluated ROIs was 425 pixels. The thick-
ness of the ROIs ranged from 0.10 cm (femur central slice
central) to 0.18 cm (acetabulum central slice ventral) corre-
sponding to a mean thickness of 3.2 pixels. Mean values of
T10 were 1508±647 ms (range 346–2780 ms) for acetabular
and 1499±633 ms (range 422–2794 ms) for femoral cartilage.
Mean values of T1Gd were 911±449 ms (range 191–2070 ms)
for acetabular and 950±455 ms (range 245–1987 ms) for
femoral cartilage. There was a high correlation between R1del-
ta and T1Gd for both regions (p<0.001, Fig. 3a). The distribu-
tion of T10 and T1Gd was slightly inhomogeneous over the
various cartilage regions evaluated without significant differ-
ences or any specific pattern recognized (Fig. 4a).

Fig. 1 Left and middle column Overview of the cartilage regions of
interest (ROI) (white bars) used for measuring the relaxation times,
displayed in a fat suppressed T1w VIBE sequence acquired at 3 T. In
the central sagittal slice (B), three ROIs were placed (centrally, ventrally,
dorsally), each in the acetabular and femoral cartilage. In a slice 5–10mm
medial (A) and lateral (C) of the central slice, a ROI was placed centrally
both in the acetabular and femoral cartilage. For further evaluations, the

analysed cartilage regions were numbered as shown in A, B and C (1
acetabulum lateral slice, 2 femur lateral slice, 3 acetabulum central slice
ventral, 4 femur central slice ventral, 5 acetabulum central slice central, 6
femur central slice central, 7 acetabulum central slice dorsal, 8 femur
central slice dorsal, 9 acetabulum medial slice, 10 femur medial slice).
Right column Example of actual ROI measurements in a contrast-
enhanced T1 map of one volunteer
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Both intra- and inter-reader reliability were excellent (intra-
reader reliability: mean bias 53.5 ms (95 % CI −1.2 to
108.3 ms), CV 6.5 %; inter-reader reliability: mean bias
86.2 ms (95 % CI 8.1–163.3 ms), CV 10.4 %.

T1 relaxation times estimated by the use of the inversion
recovery sequence were highly comparable to the ones
achieved via the fast dual-flip-angle technique: mean values
showed high correlation (p=0.002) and did not differ signifi-
cantly (p=0.86) (Table 2).

T2 and T2* mapping

Delineation of femoral and acetabular cartilage was clearly
diagnostic for both techniques, but slightly better in
T2* compared to T2 without statistical significance
(T2*: 3–4 points, mean 3.2, SD 0.4; T2: 1–4 points,
mean 3.0, SD 1.0; p=0.763).

Also, signal homogeneity was better in T2* compared to
T2. In T2, severe signal heterogeneities were recognized in
two volunteers, masking the dorsal part of the hip joint
(Fig. 2j). However, the ventral and central parts of the joint
were free of signal heterogeneities in those volunteers. Over-
all, the score for signal heterogeneities in T2 was 2.5±0.8
points. In T2*, only moderate signal heterogeneities
were recognized in two volunteers, resulting in an im-
proved overall score (mean 2.8±0.4 points, Fig. 2e–h).
Heterogeneities in T2* were localized to the dorsal part
of the sagittal images, hardly affecting the hip-joint re-
gion. The difference in signal heterogeneities was statis-
tically significant (p=0.046).

No severe artefacts were noticed either in T2 or in T2*,
resulting in excellent overall scores (T2: mean 2.8±0.4 points;
T2*: mean 2.9±0.3 points, p=0.317). Moderate artefacts due
to pulsations of the inguinal vessels were noticed in two vol-
unteers in T2 and in only one volunteer in T2* (Fig. 2k).

Fig. 2 a–d Source images of T1 mapping with flip angles of 3° (a, c) and
18° (b, d) before (a, b) and after (c, d) contrast agent administration with
best rated image quality regarding signal homogeneity and artefacts (3
points). e–h First and last echoes of the T2 mapping sequence (e TE=
10.1 ms; f TE=50.5 ms; TR=1500 ms) in one volunteer and of the T2*
mapping sequence (g TE=3.06 ms; h TE=22.08 ms; TR=130 ms) in
another volunteer with best rated image quality regarding signal
homogeneity and artefacts (3 points). The signal void in h, seen in the

anterosuperior portion of the hip joint, reflects a region of shorter T2*
relaxation times compared to adjacent tissue, and was not assessed as
artefact. i–k Examples of worst rated image quality in source images of
i T1 mapping (FA 18°): 2 points due to PAT artefact (arrows); j T2
mapping (TE=20.2 ms): 1 point due to signal heterogeneities affecting
the dorsal part of the hip joint region (arrows); and k T2* mapping (TE=
3.06 ms): 2 points due to pulsation artefacts (arrows)
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Mean size of the evaluated ROIs was 217 pixels both in T2
and T2*. The thickness of the ROIs placed in the T2 maps
ranged from 0.11 cm (femur central slice central) to 0.21 cm
(acetabulum central slice ventral) corresponding to a mean
thickness of 2.9 pixels. The thickness of the ROIs placed in
the T2*maps ranged from 0.08 cm (femur central slice dorsal)
to 0.20 cm (acetabulum central slice ventral) corresponding to
a mean thickness of 2.6 pixels. T2 relaxation times were 44.5
±8.2 ms (range 31–65 ms) for acetabular and 40.7±7.9 ms
(range 24–56 ms) for femoral cartilage. T2* relaxation times
were 15.2±4.1 ms (range 9–29 ms) for acetabular and 15.3±
3.8 ms (range 9–24 ms) for femoral cartilage. There was high
correlation between T2 and T2* relaxation times (acetabular:
p=0.009, femoral: p=0.0002, Fig. 3b). The distribution of T2
and T2* relaxation times was slightly inhomogeneous over
the different evaluated cartilage regions (Fig. 4b) with signif-
icant differences between the regions both for T2 and T2*
(ANOVA: both p<0.001). Post hoc analysis revealed signifi-
cant differences being between the regions 2/5 (p=0.013), 2/7
(p=0.004), 2/8 (p=0.032), 3/7 (p=0.016), 6/7 (p=0.031) and
7/9 (p=0.001) for T2 and between the regions 1/8 (p=0.012),
2/4 (p=0.027), 2/7 (p=0.007), 2/8 (p<0.001), 2/10 (p=0.017)
and 6/8 (p=0.04) for T2*.

Both intra- and inter-reader reliability were excellent for T2
(intra-reader reliability: mean bias −0.6 ms (95 % CI −3.2 to
2.0 ms), CV 7 %; inter-reader reliability: mean bias 0.2 ms
(95 % CI −2.3 to 2.7 ms), CV 8.5 %) and also for T2* (intra-

reader reliability: mean bias 0.5 ms (95 % CI −0.9 to 1.8 ms),
CV 13 %; inter-reader reliability: mean bias 0.0 ms (95 % CI
−0.8 to 0.8 ms), CV 7.6 %).

Figure 5 gives an impression of image quality comparing
T1, T2 and T2* relaxation time maps and shows the T2 map

Fig. 3 a Correlation of R1delta and T1Gd for acetabular (black, p=10
−5)

and femoral (grey, p=5×10−12) cartilage. Overall p=10−12. b Correlation
of T2 and T2* relaxation times for acetabular (black, p=0.0002) and
femoral (grey, p=0.009) cartilage. Overall p=2×10−5

Fig. 4 a Means of T10 (dark grey) and T1Gd (light grey) over the
different evaluated cartilage regions with standard deviations. b Means
of T2 (dark grey) and T2* (light grey) relaxation times over the different
evaluated cartilage regions with standard deviations. See Fig. 1 for the
exact locations of the placed ROIs (1 acetabulum lateral slice, 2 femur
lateral slice, 3 acetabulum central slice ventral, 4 femur central slice
ventral, 5 acetabulum central slice central, 6 femur central slice central,
7 acetabulum central slice dorsal, 8 femur central slice dorsal, 9
acetabulum medial slice, 10 femur medial slice)

Table 2 T1 relaxation times calculated by using the inversion recovery
sequence (T1calc) in five different subjects without and with contrast
enhancement (Gd) in comparison to the ones measured in the relaxation
time maps with the dual-flip-angle technique (T1DFA)

TIzero (ms) T1calc (ms) T1DFA (ms) T1calc / T1DFA

Subject 1, no Gd 800 1154 1144 0.99

Subject 2, no Gd 500 721 777 1.07

Subject 3, no Gd 800 1154 1229 1.06

Subject 4+Gd 500 721 734 1.02

Subject 5+Gd 600 866 903 1.04

Mean 600 923 957 1.04

TIzero is the inversion time with the lowest signal intensity in cartilage and
T1calc=TIzero / ln2. Measurements both for TIzero and T1DFAwere done in
corresponding central slices of the hip joint in sagittal view by placing an
ROI in the central part of the cartilage, including both the acetabular and
femoral components
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of a patient imaged 10 months after acetabular cartilage
transplantation.

Discussion

In this initial study on healthy volunteers, quantitative MRI
techniques were applied for hip cartilage imaging at 7 T with
diagnostic image quality. The high spatial resolution gained at
7 T yielded a good to excellent delineation of acetabular and
femoral cartilage in T1, T2 and T2* relaxation time maps,
which is essential for the evaluation of cartilage pathologies.
In previous studies at lower field strengths the spatial resolu-
tion of cartilage mapping sequences was restricted as a result
of SNR limitations [28], and Siversson et al. reported prob-
lems with exactly delineating acetabular and femoral cartilage
[29]. As this delineation is a major requirement to identify
pathologies of hip cartilage, the higher field strength of 7 T
with the possibility of higher spatial resolution owing to in-
creased SNR offers an applicable solution for imaging these
critical structures. Furthermore, the very homogenous signal
in the hip joint region as well as the predominant absence of
artefacts in this study resulted in high quality images, indicat-
ing that the techniques would be applicable in patient studies
as well, as shown for one exemplary patient after acetabular
cartilage transplantation. Another very important practical fac-
tor for implementing in particular dGEMRIC in clinical rou-
tine is the omission of time-consuming pre-contrast T1 map-
ping. As shown for lower field strengths [30, 31], our results
showing high correlation between T1Gd and R1delta suggest
that pre-contrast T1 mapping is dispensable at 7 T as well.

As, to the best of our knowledge, other studies on relaxa-
tion times of hip cartilage at 7 T do not exist, the results of this
study can only be discussed in the context of 7 T studies
focused on the knee and in the context of hip imaging at lower
field strengths. Pakin et al. [18] reported on native T1

relaxation times of knee cartilage at 7 T that are comparable
to the results of the present study. Welsch et al. [17] observed
markedly lower T1 relaxation times after performing
dGEMRIC at 7 T in healthy knees. However, as a result of
the small number of subjects examined (five each) and
influencing factors like age and BMI, the confidence of these
comparisons is weak. As T1 increases with the field strength
[32], T1 relaxation times measured at 7 T in this study were
clearly higher compared to 1.5 T and 3 T studies [33, 34]. For
T2 and T2* relaxation times at 7 T, Welsch et al. [17, 19] and
Chang et al. [20] reported on values in knee cartilage that are
comparable to the present results. T2 and T2* relaxation times
of hip cartilage examined at 1.5 T and 3 Twere mostly higher
than the current results [35]. The high correlation between T2
and T2* values in the present study also underlines the robust-
ness of the applied methods.

In this study, a wide range of T1 relaxation times were
apparent between individuals. However, values were of the
same order over the different evaluated cartilage regions
intra-individually, and concordantly observable both before
and after contrast agent administration. Hence, the volunteers
themselves may have been the source of this variation. As we
just asked for disorders affecting the hip but did not include a
detailed clinical examination, the results might have been bi-
ased by unknown hip pathologies as well as asymptomatic
changes in cartilage composition. Technical reasons such as
noise, partial volume effects or residual B1+ heterogeneities
cannot be fully neglected but are considered unlikely because
of the aforementioned intra-individual correlations. Further-
more, the validity of measuring the T1 relaxation times using
the dual-flip-angle technique was confirmed by applying an
inversion recovery sequence in several individuals, verifying
the accuracy of the measured values. In subsequent studies on
patients with cartilage defects or after cartilage repair surgery
we recommend to use standardized relaxation ratios, as report-
ed by other groups [36, 37], to gain inter-individual

Fig. 5 Contrast-enhanced T1 relaxation time map (a) as well as
unenhanced T2 (b) and T2* (c) relaxation time maps of the hip joint in
three different volunteers in sagittal view; enlarged views of the joint
space are shown above. Note the clear differentiation between

acetabular and femoral cartilage. d Sagittal T2 relaxation time map of a
patient 10 months after acetabular cartilage transplantation with clearly
higher T2 relaxation times in the transplanted region (between the
arrows) compared to the adjacent healthy cartilage
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comparability. However, as in our healthy study population no
discrimination could be made between Bhealthy^ and
Binjured^ cartilage, a reasonable standardization was not
possible.

As shown previously by Bittersohl et al. [38], a specific
zonal variation of T1 relaxation times exists as a result of the
higher content of glycosaminoglycans in the weight-bearing
area of the joint [39] and topographic variation was also
shown for T2 relaxation times at 3 T [40]. Although signifi-
cant differences of T2 and T2* relaxation times between indi-
vidual regions were found in the present study as well, no
specific pattern regarding the anatomical distribution of these
differences could be identified. The most likely reason for this
is the comparably small study group in combination with the
high inter-individual variance of relaxation times mentioned
above. Furthermore, as sagittal 2D relaxation maps were ac-
quired, the lateral and medial ROIs were placed only 5–
10 mm away from the central slice, which might not have
been enough to really include peripheral joint regions. Further
limitations include the limited number of volunteers examined
and the manual approach for drawing the ROIs. However,
owing to the high intra- and inter-reader reliability, we trust
the accuracy of these measurements.

In conclusion, the presented results show the technical fea-
sibility of T1, T2 and T2* mapping of hip cartilage at 7 TMRI
with diagnostic image quality. Especially for the application in
subsequent clinical studies on patients, it is notable that pre-
contrast T1 mapping can be omitted from a dGEMRIC proto-
col at 7 T.
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