
SYMPOSIUM: 2014 BERNESE HIP SYMPOSIUM

Is the T1q MRI Profile of Hyaline Cartilage in the Normal Hip
Uniform?

Kawan S. Rakhra MD, Arturo Cárdenas-Blanco PhD,

Gerd Melkus PhD, Mark E. Schweitzer MD,

Ian G. Cameron PhD, Paul E. Beaulé MD
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Abstract

Background T1q MRI is an imaging technique sensitive

to proteoglycan (PG) content of hyaline cartilage. How-

ever, normative T1q values have not been established for

the weightbearing cartilage of the hip, and it is not known

whether it is uniform or whether there is topographic var-

iation. Knowledge of the T1q profile of hyaline cartilage in

the normal hip is important for establishing a baseline

against which comparisons can be made to experimental

and clinical arthritic subjects.

Questions/purposes In this diagnostic study, we deter-

mined (1) the T1q MRI values of hyaline cartilage of the

normal hip; and (2) whether the T1q MRI profile of the

normal hip hyaline cartilage is uniform.

Methods Fourteen asymptomatic volunteers (11 men,

three women; mean age, 35 years) prospectively under-

went 1.5-T T1q MRI of a single hip. The weightbearing

hyaline cartilage bilayer of the acetabulum and femoral

head was evaluated on sagittal images and segmented into

four zones: (1) anterior; (2) anterosuperior; (3) posterosu-

perior; and (4) and posterior. For the full region of interest

and within each zone and each sagittal slice, we calculated

the mean T1q relaxation value, a parameter that indirectly

quantifies PG content, where T1q is inversely related to PG

concentration.

Results There was variation in the T1q relaxation values

depending on zone (anterior to posterior) and slice (medial

to lateral). When combining the most anterior quadrants

(Zones 1 and 2), the T1q relaxation values were lower than

those in the combined posterior quadrants (Zones 3 and 4)

(30.4 msec versus 32.2 msec, respectively; p = 0.002),

reflecting higher PG concentration. There was a difference

between the T1q relaxation values of the sagittal slices

(p = 0.038), most pronounced anteriorly in Zone 1

(26.6 msec, p = 0.001). With a selective combination of
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zones and slices, there were lower mean T1q values in the

anterolateral-most region compared with the remainder of

the weightbearing portion of the hip (28.6 msec versus

32.2 msec, respectively; p = 0.001).

Conclusions The T1q profile of normal hyaline cartilage

of the hip is not uniform with the topographic differences

identified suggesting regional variations in PG concentra-

tion. This study, through determination of lower T1q
relaxation values, suggests inherently greater PG concen-

trations in the more anterolateral region of the normal hip

hyaline cartilage. Furthermore, it demonstrates that T1q
MRI has the ability to detect even subtle, microscopic local

differences in hyaline cartilage composition. This tech-

nique has the potential to facilitate basic science and

clinical research by serving as a noninvasive surrogate or

biomarker of cartilage health and thus may be added to the

growing repertoire of advanced, biochemical MRI tech-

niques for evaluating hyaline cartilage.

Level of Evidence Level III, diagnostic study. See

Instructions for Authors for a complete description of

levels of evidence.

Introduction

MRI is a powerful, noninvasive tool for evaluating joint

hyaline cartilage [7, 15, 30]. Traditional MRI sequences have

been effective in identifying qualitative, macroscopic

changes of cartilage such as thickness and volume. Specifi-

cally, both routine MRI [17, 24] and MR arthrography [3, 18,

33, 37, 41] have been used to detect chondral abnormality in

the hip. However, these gross structural alterations often

manifest late in the osteoarthritis pathway at a point where

treatment options may be limited to invasive, surgical

reconstructive procedures [10]. One of the earliest bio-

chemical changes within cartilage in the pathway of

osteoarthritis is proteoglycan (PG) depletion from the

extracellular matrix. This leads to weakening of the extra-

cellular matrix collagen framework resulting in microscopic

and eventually gross macroscopic structural changes to the

cartilage [11, 21, 28]. Thus, the ability to detect early hyaline

cartilage changes at the molecular level may facilitate earlier

intervention and optimization of the nature and timing of

treatment, potentially delaying and preventing onset or

progression of arthritic disease. Consequently, advanced

MRI techniques are being explored in hope of detecting

biochemical changes in the extracellular matrix of cartilage

before gross, irreversible morphologic damage occurs [22].

T1q MRI is a technique for evaluating hyaline cartilage

through its sensitivity to changes in the extracellular

matrix, including PG depletion. The T1q MRI protocol

uses a special technique that is sensitive to the interactions

between water and PG molecules of the extracellular

matrix; changes in PG concentration will lead to detectable

alterations in these interactions, which can be reflected

quantitatively with a continuous parameter called the T1q
relaxation time [1, 12]. Correlation between PG depletion

and T1q relaxation time changes has been previously

established with lower PG levels associated with higher

T1q values [1, 13, 14, 31, 32, 38].

Two recent studies have demonstrated the feasibility of

T1q MRI for evaluating hyaline cartilage of the hip, iden-

tifying differences between control and symptomatic hips

with cam-type femoroacetabular impingement reflecting

focal cartilage degeneration [29, 34]. In the normal hip,

regional differences in T1q values have been identified

from an analysis limited to a central strip of the weight-

bearing portion of the joint from anterior to posterior [34];

this suggests there is topographical variation in PG con-

centrations in the normal hip, being greater most anteriorly.

However, in the normal hip, the entire weightbearing car-

tilage has not been evaluated to determine the normative

T1q profile, specifically whether it is uniform throughout or

if there is topographic variation. Knowledge of the T1q
profile of hyaline cartilage of the normal hip is important to

serve as a baseline against which future studies with

experimental and arthritic subjects can be compared.

The specific aims of this study were to (1) establish the

normal T1q profile of the weightbearing hyaline cartilage of

the normal hip; and (2) determine whether the normal T1q
profile is uniform or whether any topographic variations exist.

Subjects and Methods

Subjects

This prospective study was approved by our institutional

research ethics board with informed consent obtained from

all participants. From August 2010 to November 2012, 16

volunteer subjects were enrolled at a tertiary hospital with an

orthopaedic service specializing in hip arthritis and surgery.

The MR imaging of two subjects was discarded: one as a

result of improper positioning of the hip MRI coil that

resulted in field and thus image signal inhomogeneity and the

other resulting from patient motion artifact. This resulted in a

final number of 14 subjects (11 men, three women; mean age,

35 years; range, 24–48 years; all were white). All subjects

were asymptomatic and had no clinical history of prior hip

surgery or hip pathology. As part of another ongoing study,

they had undergone CT of their hips confirming normal

osseous morphology and excluding any arthritic changes.

For all subjects, the alpha angle was\ 51� on oblique axial

plane image through the midfemoral neck (mean 42�, SD 5�),

the acetabulum was anteverted (mean 17�, SD 7�) with no
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cases of retroversion, and the lateral center edge angle[ 25�
(mean 34�, SD 3�). The presence of normal, intact hyaline

cartilage along the weightbearing portion of the hip was

confirmed by MRI by a musculoskeletal radiologist (KSR) as

part of the experimental imaging protocol.

T1q MRI Protocol

All subjects underwent T1q MRI of a unilateral asymp-

tomatic hip performed on a 1.5-T MRI scanner

(Magnetom1 Symphony; Siemens Medical Solutions,

Erlangen, Germany) with a large, flexible, receive-only,

four-channel surface coil wrapped around the hip. Subjects

were positioned supine with the leg fixed in neutral rota-

tion. The T1q protocol was a turbo spin echo-based

sequence acquired in an oblique sagittal plane parallel to

the acetabular fossa opening using the following parame-

ters: field of view = 180 mm 9 180 mm2, 22 slices, slice

thickness = 3 mm, 384 9 384 matrix yielding an in-plane

resolution of 0.46 9 0.46 mm2, TR/TE = 274/13 msec,

bandwidth = 130 Hz/pixel, sample average (number of

excitations [NEX]) = 1, spin-lock amplitude (B1) =

400 Hz, variable times of spin locking = 12, 18, 25, 35,

and 45 msec, and total scan time = 21 minutes. A fast-

spin echo intermediate-weighted sequence for anatomic

depiction of the hip with matched plane, field of view, slice

thickness, matrix, and resolution was also performed

with TR/TE = 3090/24 msec, NEX = 2, bandwidth =

100Hz/pixel, and echo train length = 7.

Image Analysis

Images were transferred to a workstation for offline, manual

segmentation of articular cartilage and quantification of T1q
using custom routines written in MATLAB1 (The Math-

Works Inc, Natick, MA, USA). Segmentation analysis was

conducted by an experienced imaging scientist (AC-B). An

oblique coronal localizer sequence was used to determine the

transverse coverage of the hip that included almost the entire

sourcil, the superior weightbearing aspect of the joint. In the

majority of subjects, seven sagittal slices were mapped,

starting from the lateral rim of acetabular roof, extending

inward. The entire sourcil was not included in analysis of

some subjects as a result of inherent curvature of the hip, the

degree of which varied between subjects. This occurred most

medially where the increasing curvature of the articular

surface introduced too much volume averaging artifact with

indistinctness of the margins of the cartilage. In smaller-

habitus patients, the seventh slice that entered the supero-

medial joint was not included in the analysis for similar

volume averaging reason. The region of interest for mapping

included the entire visualized hyaline cartilage of both the

acetabular roof and femoral head, as a single bilayer, seg-

mented on contiguous slices. The matched, anatomic

intermediate-weighted image was used to facilitate delin-

eation of the hyaline cartilage margins for the purpose of

segmentation, ensuring that the labrum and subchondral

compact bone were excluded from the region of interest. A

T1q map was calculated by fitting the images, on a pixel-by-

pixel basis, to a monoexponential function using a Leven-

berg-Marquart fitting algorithm [23, 38].

After segmentation, four zones were defined using the

center of the femoral head with lines 45� to each other:

(1) anterior; (2), anterosuperior; (3) posterosuperior, and

(4) posterior. The center of the femoral head was estimated on

the sagittal slice through the midfemoral head as follows: (1) a

pair of noncontiguous pixels, 1 cm apart, was selected in the

anterior and posterior femoral cortical bone; and (2) perpen-

diculars to the lines connecting each pair of pixels were

automatically found and the intersection of the lines deemed

the center of the femoral head. A vertical line, passing through

the center and the superior apex of the femoral head, was used

as a reference to subdivide the four zones (Fig. 1).

Statistical Analysis

A mixed model for statistical analysis was used to compare the

various zones and slices to determine whether there were any

regional differences in the T1q values. Both slice and zone

were considered as fixed effects and patients as a random

effect in the mixed model. Tukey adjustment was used for

multiple comparisons with unequal sample sizes. The mean

T1q relaxation value for the cartilage bilayer was calculated in

Fig. 1 A vertical line, parallel to B0 passing through the center and

the superior apex of the femoral head, is used as a reference to

subdivide the four zones: (1) anterior; (2) anterosuperior; (3)

posterosuperior; and (4) posterior.
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each subject for the full region of interest and within each zone

and each sagittal slice. The initial analysis in the transverse

direction was by individual slice because it was unknown

whether any potential nonuniformity in the T1q profile would

be in the form of focal, abrupt transition in the T1q values at a

critical or specific location (ie, on a specific slice) or gradual

over several slices with a gradient. This would avoid inad-

vertent masking of any nonuniformity occurring in small focal

areas. Select individual zones and slices were also combined

to generate larger regions within the region of interest that

were also similarly analyzed and compared. All statistical

analyses were performed with the SAS1 software package

(Version 9.2; SAS Institute Inc, Cary, NC, USA) with statis-

tical significance defined as p values\ 0.05.

Results

The T1q relaxation values of the four zones for all slices

combined were different (p = 0.002). Moving from Zones

1 to 4, anterior to posterior, the T1q relaxation values

increased, suggesting that a gradient exists with the PG

concentration greatest most anteriorly (Table 1). For the

analysis by individual slices (Table 2), there was a zonal

difference only laterally on Slice 1 (p \ 0.001). The mean

T1q relaxation time value for the entire region of interest,

combining all slices and all zones, was 31.1 msec (95%

confidence interval, 29.9–33.3 msec).

The T1q relaxation values were also different among the

seven sagittal slices (p = 0.038) (Table 3) when averaged

over all zones. For the analysis by individual zones

(Table 2), the Zone 1 T1q value (26.6 msec) was lower

(p = 0.001) than the other three zones, suggesting higher

PG concentration more anteriorly in the joint.

Combining slices to generate lateral (Slices 1–3) and

medial (Slices 4–7) zones resulted in the splitting of the

overall region of interest into four regions: anterolateral

(Zones 1, 2; Slices 1–3), anteromedial (Zones 1, 2; Slices

4–7), posterolateral (Zones 3, 4; Slices 1–3), and postero-

medial (Zones 3, 4; Slices 4–7). The anterolateral zone had

a lower mean T1q relaxation value (28.6 msec, p\0.001)

than the other three zones (Table 4).

Images from a subject through the lateral and medial

portions of the region of interest demonstrated lower T1q
relaxation values more anteriorly and laterally (Fig. 2).

Discussion

Advanced MRI techniques have shown great promise for

the noninvasive evaluation of hyaline cartilage at the

molecular level [16, 26]. T1q MRI is a quantitative carti-

lage mapping technique sensitive to PG content. Changes

in T1q relaxation values have been shown to correlate with

biochemical measures of PG depletion and alteration of

physical properties of cartilage with T1q relaxation times

being inversely related to PG concentration [13]. The early

detection of hip hyaline cartilage biochemical damage,

before gross macroscopic and structural changes, may

allow for earlier detection and thus intervention to prevent

or minimize the impact of arthritis [2]. However, estab-

lishing the normative T1q profile of hip hyaline cartilage is

important to determine the natural distribution of PG,

identify any topographic variation, and serve as a baseline

for future studies in symptomatic and arthritic hips. In this

study, we found differences in the T1q relaxation values

among the four zones with the lower relaxation values (ie,

greater PG content) anterior compared with posterior.

These differences were also present in the transverse

direction with lower T1q relaxation values laterally, but

only anteriorly in Zone 1.

Table 1. T1q relaxation time by zone averaged over all slices and

subjects

T1q relaxation time (msec)

Anterior Posterior

Zone 1 Zone 2 Zone 3 Zone 4

30.0 (27.6–32.4) 30.8 (28.4–33.2) 31.4 (29.0–33.8) 33.3 (30.8–35.7)

Values are expressed as mean with 95% confidence interval in

parentheses. The T1q relaxation times increase from anterior to

posterior, from Zone 1 to 4 (p = 0.002).

Table 2. T1q relaxation time averaged over all subjects by individual zone and slice

Zone T1q relaxation time (msec)

Slice 1* Slice 2 Slice 3 Slice 4 Slice 5 Slice 6 Slice 7

Zone 1� 26.6 (23.4–29.9) 27.5 (24.2–30.7) 27.9 (24.6–31.2 29.2 (25.9–32.4) 32.3 (29.1–35.6) 32.9 (29.7–36.2) 33.8 (27.9–39.7)

Zone 2 29.9 (26.6–33.2) 29.4 (26.1–32.7) 30.5 (27.2–33.7) 31.8 (28.5–35.0) 32.0 (28.7–35.3) 32.8 (29.5–36.1) 28.9 (23.0–34.8)

Zone 3 31.7 (28.4–35.0) 31.2 (28.0–34.5) 31.5 (28.2–34.8) 32.3 (29.0–35.5) 31.3 (28.0–34.5) 30.8 (27.5–34.1) 31.3 (25.4–37.2)

Zone 4 37.8 (33.4–42.3) 31.5 (27.9–35.0) 30.0 (26.7–33.4) 32.9 (29.6–36.3) 33.3 (30.0–36.6) 32.3 (29.1–35.6) 35.2 (29.3–41.1)

Values are expressed as mean with 95% confidence interval in parentheses; *differences among the four zones, p\0.001; �differences among

the seven slices, p = 0.001.
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There are recognized limitations of this study. The

sample size was small, with 14 subjects, although to our

knowledge, this is the largest number of control subjects

ever evaluated with T1q MRI of the hip. A larger group

may have resulted in more significant differences in the

T1q values, strengthening the conclusion of nonuniformity

in the cartilage. The sample lacked diversity in terms of sex

(three females, 11 males) and race (all white). However,

the age range of study subjects matches that of patients

with femoroacetabular impingement. Future studies with a

larger sample size as well as greater balance and diversity

in subject demographics are required to confirm this non-

uniformity and establish more definitive normative values.

With regard to the MRI protocol, a slice thickness of 3 mm

was used; thinner slices could have reduced volume aver-

aging of hyaline cartilage with synovial fluid and

subchondral compact bone related to the curvature of the

joint space and articular surfaces. Although the in-plane

resolution of 0.46 9 0.46 mm2 did reveal statistically

significant findings, a higher matrix with smaller pixels

would have resulted in greater resolution, reducing any

partial volume averaging effects and potentially allowing

for accurate separation of the acetabular and femoral car-

tilages. The current study protocol did not allow for

differentiation between acetabular and femoral cartilage.

Thus, it is unknown what the contribution of each surface

cartilage was to the T1q relaxation values and the signifi-

cant differences identified. The nonweightbearing, more

medial articular cartilage of the hip was not evaluated

given only sagittal images were acquired. Future studies

using higher field strengths and subsequently greater sig-

nal-to-noise ratio and higher resolution three-dimensional

sequences would allow for global evaluation of joint car-

tilage with a more exhaustive assessment of the different

regions of femoral and acetabular articular surfaces indi-

vidually. Although the current study used traditional

sagittal parallel plane images, radial images have also been

successfully used to perform cartilage mapping [4]. Radial

images may have allowed for reduced volume averaging

artifact, because every slice would be perpendicular to the

cartilage surface.

The mean T1q relaxation time value for hip hyaline

cartilage of 31.1 msec for the region of interest in the

current study is lower than that found in the other limited

studies on normal control subjects, which reported mean

T1q values of 38.7 msec [8] and 35.5 msec [34]. How-

ever, in both of those studies, the region of interest

excluded the far lateral slices, sampling a different and

smaller region of hyaline cartilage than in the current

project. Furthermore, the spin-lock frequency used in the

MRI protocol in the current study (400 Hz) was lower

than in the referenced studies (500 Hz). It is known that

the T1q relaxation value is positively related to the spin-

lock frequency, and thus the lower frequency used in our

study may be a technical explanation for the lower value

obtained [32]. In addition to T1q, other MRI techniques

for evaluating the biochemical composition and structure

of hyaline cartilage have been studied. In the normal,

asymptomatic hip, delayed gadolinium-enhanced MRI of

cartilage (dGEMRIC) [27, 35], T2 [36], and T2* [4]

cartilage mapping have been conducted. dGEMRIC is a

PG-sensitive, proton MRI-based technique that requires

the intravenous injection of a gadolinium contrast-based

agent followed by a regimented exercise protocol before

imaging [6, 39]. Comparing normal and diseased hips,

dGEMRIC has the ability to prospectively differentiate

between normal and abnormal cartilage, respectively, with

diseased hips demonstrating lower dGEMRIC indices

reflecting lower PG concentration [42]. T2 and T2*

relaxation time mapping have been investigated as non-

contrast techniques. However, they are predominantly

sensitive to changes in collagen content and organization

[25]. Recent studies have recognized that T1q and T2

Table 3. T1q relaxation time for all subjects by slice

T1q relaxation time (msec)

Lateral Medial

Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 6 Slice 7

31.5 (29.0–34.1) 29.9 (27.4–32.4) 30.0 (27.5–32.4) 31.5 (29.1–34.0) 32.2 (29.8–34.7) 32.2 (29.8–34.7) 32.3 (28.8–35.9)

Values are expressed as mean with 95% confidence interval in parentheses; differences among the seven slices, p = 0.038.

Table 4. T1q relaxation time for the four regions*

Region T1q relaxation time (msec)

Anterolateral 28.6 (26.3–31.0)

Anteromedial 31.8 (29.5–34.1)

Posterolateral 31.7 (29.3–34.1)

Posteromedial 32.2 (29.9–34.5)

p value (anterolateral versus others) \ 0.001

* Anterolateral = Zones 1, 2; Slices 1–3; anteromedial = Zones 1, 2;

Slices 4–7; posterolateral = Zones 3, 4; Slices 1–3; posterome-

dial = Zones 3, 4; Slices 4–7; values are expressed as mean with 95%

confidence interval in parentheses.
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may provide complementary information, predominantly

but not necessarily exclusively about PG and collagen,

respectively [5, 20]. Although the current study used

traditional sagittal parallel plane images, radial images

have also been successfully used to perform cartilage

mapping [4].

Our study found the T1q profile to be nonuniform, iden-

tifying several regional differences. The variations were in

both the anterior-to-posterior and medial-to-lateral direc-

tions based on the zonal and slice analyses, respectively. The

more anterior and more lateral cartilage demonstrated lower

T1q relaxation values, suggestive of inherently higher PG

concentration. The pattern of increasing T1q values from

anterior to posterior was also demonstrated in a prior study

evaluating normal hip hyaline cartilage [34]. The variation in

the transverse direction from lateral to medial has not been

previously published with T1q, although variations have

been observed with T2 mapping, a technique believed to be

more specific for collagen content and structure [36]. The

difference between the T1q relaxation value of the antero-

lateral region (28.6 msec) and of the other three regions

(mean 31.9 msec), an increase of 11.5%, is considered to be

at least moderate. As a comparative reference, in a prior

study in hips, the T1q value of normal control hips was

35.5 msec compared with symptomatic femoroacetabular

impingement hips in which the value was 38.8 msec, an

increase of 9% [34]. Another study using bovine cartilage

explants found that a 6% increase in the T1q value was

associated with a 12% reduction in PG content [38].

Topographic variation in biochemical composition of

hip hyaline cartilage has also been demonstrated with

dGEMRIC [4], although the differences were not signifi-

cant, possibly related to the small sample size. A possible

explanation for these zonal differences in PG concentration

measured by quantitative cartilage MRI mapping is the

known variability in hyaline cartilage thickness within the

hip [19, 40]. CT arthrography has demonstrated greater

cartilage thickness going from medial to lateral on the

acetabular side and from the periphery to the center on the

femoral head side with values ranging from 1.4 to 4.8 mm

on the acetabular side and 0.95 to 1.36 mm on the femoral

side [41]. It has been proposed that cartilage thickness is

dependent on the degree of functional stressing [9, 19]

whereby greater stresses lead to the development of a

thicker articular cartilage [9].

In conclusion, our study demonstrated that the hyaline

cartilage of the normal hip did not demonstrate a uniform

T1q profile. Rather, topographic differences existed with

lower T1q values found in the anterior- and lateral-most

region of the joint, suggestive of higher PG concentra-

tions. The inherently greater PG concentration in

particular regions of the joint may be evolutionary or

adaptive, reflecting local differences in biomechanical

load and stress. Thus, cartilage mapping has the potential

to become a tool in compositional analysis of hyaline

cartilage, which in turn may facilitate the study and

understanding of joint physiology and biomechanics.

Furthermore, the study demonstrates that T1q MRI has

the ability to detect even subtle, microscopic local dif-

ferences in hyaline cartilage composition. This technique

has the potential to facilitate basic science and clinical

research by serving as a noninvasive surrogate or bio-

marker of cartilage health and thus may be added to the

growing repertoire of advanced biochemical MRI tech-

niques for evaluating hyaline cartilage.

Acknowledgments We thank Gillian Parker BSc, for patient

recruitment and coordination, Jae-Jin Ryu PhD, for study manage-

ment, Francine McCullagh for MRI scanning, and Tinghua Zhang

MSc, from the Ottawa Hospital Research Institute Method Centres

(Ottawa, Ontario, Canada) for statistical analysis.

Fig. 2A–B Images from a subject through the (A) lateral and (B) medial portions of the region of interest demonstrate lower T1q relaxation

values more anteriorly and laterally.
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