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A B S T R A C T   

Osteoarthritis in synovial joints remains a major cause of long-term disability worldwide, with symptoms pro-
duced by the progressive deterioration of the articular cartilage. The earliest cartilage changes are thought to be 
alteration in its main protein components, namely proteoglycan and collagen. Loss of proteoglycans bound in the 
collagen matrix which maintain hydration and stiffness of the structure is followed by collagen degradation and 
loss. The development of new treatments for early osteoarthritis is limited by the lack of accurate biomarkers to 
assess the loss of proteoglycan. One potential biomarker is magnetic resonance imaging (MRI). We present the 
results of a novel MRI methodology, Fast Field-Cycling (FFC), to assess changes in critical proteins by demon-
strating clear quantifiable differences in signal from normal and osteoarthritic human cartilage for in vitro 
measurements. We further tested proteoglycan extracted cartilage and the key components individually. Three 
clear signals were identified, two of which are related predominantly to the collagen component of cartilage and 
the third, a unique very short-lived signal, is directly related to proteoglycan content; we have not seen this in 
any other tissue type. In addition, we present the first volunteer human scan from our whole-body FFC scanner 
where articular cartilage measurements are in keeping with those we have shown in tissue samples. This new 
clinical imaging modality offers the prospect of non-invasive monitoring of human cartilage in vivo and hence the 
assessment of potential treatments for osteoarthritis. Keywords: Fast Field-Cycling NMR; human hyaline carti-
lage; Osteoarthritis; T1 dispersion; quadrupolar peaks; protein interactions   

Introduction 

Human articular hyaline cartilage is composed of a dense extracel-
lular matrix (ECM) made up of 70% water and 30% protein. The major 
protein components are type II collagen and proteoglycans, with other 
non-collagenous proteins present in small amounts. All are regenerated 
slowly but continuously by chondrocyte cells through the structure [1] 
and it is the combination of proteoglycans held within the overall 
collagen structure that combines to hold water in the ECM, which is 
essential in the maintenance of its unique mechanical properties. The 
interactions between proteoglycans and collagen are elusive but known 
to be of electrostatic nature [2]. 

Though the progression of osteoarthritis is likely multifactorial, in its 
earliest stages it presents as a loss of proteoglycan from the extracellular 
matrix and progressive disruption of the collagen lattice with ultimate 
degradation of the underlying cartilage structure [1]. New treatments 

are being developed to try and slow down or reverse progression [4] but 
they need robust biomarkers to detect these cartilage changes early 
enough to assess efficacy at stages when the disease is still reversible. 
Magnetic resonance imaging remains one of the most promising plat-
forms to find such biomarkers and current investigations focus on 
various contrast sources such as T2, T1p, dGemric, sodium, ultrashort 
echo time (UTE), diffusion weighted imaging (DWI), and chemical ex-
change saturation transfer (CEST) imaging [5], though no clear and 
accessible candidate has emerged yet. 

Fast Field-Cycling nuclear magnetic resonance (FFC-NMR) is a well- 
established analysis technique [2,3] that can measure the variations of 
the spin-lattice relaxation time constant, T1 with the magnetic field 
strength, also called the T1 dispersion curve, or R1 dispersion curve 
where R1 = 1/T1. In FFC-NMR the typical measurement process is 
comprised of three stages – polarisation, evolution and detection with 
magnetic field strength (B0) values B0

P, B0
E and B0

D respectively (see 
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Fig. 1). During polarisation the sample is polarised at a fixed magnetic 
field – typically the highest the device can achieve – in order to generate 
a large sample magnetisation (MZ). During evolution the magnetic field 
is rapidly switched to a new magnetic field and the magnetisation re-
laxes towards a new equilibrium value (as M0 ∝ B0) with associated time 
constant T1

E. Finally, during detection the magnetic field is slewed to the 
value corresponding to the tuned frequency of the radiofrequency coil 
and the NMR signal is recorded. Crucially, only the field strength during 
the evolution period is varied during an experiment while the signal is 
always detected at the same field strength. In this way T1 information 
can be probed over a wide range of different magnetic fields using a 
single radiofrequency coil. 

It is well established that T1 varies with the magnetic field strength 
and that these variations are directly related to the molecular dynamics 
in the sample observed [4]. In biological samples, the signal observed 
comes mainly from water molecules so that FFC-NMR provides quanti-
tative information about the dynamics of these water molecules. In 
addition to the general T1 dispersion information, many biological tis-
sues also exhibit so-called Quadrupolar Peaks (QP, see Fig. 2) that are 
due to interactions between water protons and amine or amide groups 
from reticulated proteins, enabling potential quantitation of proteins of 
interest [3]. 

A previous pilot study from our group suggested significant varia-
tions in both QP and dispersion curve between healthy and osteoar-
thritic cartilage [5]. Further investigations by other groups [6,7] have 
since provided more information about the QP in cartilage but the exact 

origin remains unknown. This study aimed to investigate the in vitro 
behaviour of the T1 dispersion curve and its quadrupolar signal in 
normal and osteoarthritic human cartilage samples using a benchtop 
device to identify potential biomarkers, and to understand their origins, 
for use in future in vivo imaging. This is particularly relevant, as our 
research group has successfully built a whole-body Fast Field-Cycling 
Imaging (FFC-imaging) scanner [8] which is now available to scan 
volunteers and patients. We therefore also present initial in vivo scan 
results from the articular cartilage of a volunteer knee. (Note that 
magnetic fields may be reported in equivalent Proton Larmor Frequency 
(PLF), where 1 T = 42.5 MHz PLF.) 

Materials and methods 

Normal and osteoarthritic human cartilage samples 

For this study we harvested 8 mm diameter cartilage cores of 1–2 mm 
thickness from human femoral heads, femoral condyles and tibial 
plateau removed at surgery. Non-pathological cartilage was obtained 
from femoral neck fracture patients or vasculopathic patients following 
transfemoral amputation where there was no history or radiological 
evidence of arthritis. Osteoarthritic cartilage came from patients un-
dergoing hip or knee replacement for primary osteoarthritis. The tissue 
samples were vacuum packed for transportation and for ease of 
manipulation and tissue preservation. A layer of subchondral bone of up 
to 1 mm was left attached to the core to ensure that the entire thickness 
of cartilage was being analysed; previous experiments confirmed that 
this had negligible influence on the results because NMR signal from the 
subchondral bone is negligible compared to that of cartilage. The cores 
were placed in NMR tubes with fluorinert (FC-70, Sigma) to avoid 
evaporation during Fast Field-Cycling NMR analyses. Samples that could 
not be analysed directly were stored at 4 ◦C for up to 5 days. This study 
was approved by the local North of Scotland Ethics Committee (NoSREC, 
www.nres.npsa.nhs.uk). 

Proteoglycan-depleted cartilage and purified compounds 

Additional cores of cartilage were analysed to study the effect of 
proteoglycan depletion. These samples were taken from five osteoar-
thritis patients at three different sites: immediately next to a significant 
area of osteoarthritis, and from more normal load bearing and non-load 
bearing regions on the opposite side of the joint. The dispersion curves of 
each core was acquired by FFC-NMR then the samples were washed 
briefly with phosphate-buffered saline (PBS) and placed in an extraction 
buffer to remove proteoglycans (4 M GuCl with protease inhibitor) for 
72 h at 4 ◦C with occasional shaking [9]. The extraction buffer was then 
removed, the samples washed briefly with PBS and reanalysed by FFC- 
NMR relaxometry. The extraction of proteoglycan was confirmed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
using 100 μl of the extraction buffer. 

We also measured the T1 dispersion of the extracted buffer, cross- 
linked hyaluronic acid (20 mg/mL, Durolane, Q-Med AB, Sweden) and 
a lyophilised collagen matrix derived from bovine achilles tendon 
(Collatamp EG, Syntacoll GmBH Germany). Collagen matrices were 
prepared by humidifying dried samples with 50% w/w distilled water in 
order to increase the NMR signal without solubilising the compounds, 
which would have destroyed the quadrupolar peak signal. 

Fast Field-Cycling nuclear magnetic resonance 

All FFC-NMR measurements were performed at 37 ± 0.1 ◦C using a 
commercial relaxometer (Stelar, Italy, SMARtracer) that can produce a 
maximum field strength of approximately 0.23 T (10 MHz PLF) with a 
slew rate of 200 T/s. T1 was measured at 30 values of field strength 
spaced logarithmically from 230 mT to 230 μT (10 MHz to 10 kHz PLF) 
with 35 points for finer sampling of the quadrupolar peaks (30 points 

Fig. 1. Example of a basic Fast Field-Cycling Pulse sequence showing the three 
main periods: Polarisation, Evolution and Detection. During Polarisation the 
sample magnetisation is built up in a relatively strong magnetic field (B0

P). 
During Evolution the magnetic field is switched to a value of interest (B0

E) and 
the sample undergoes spin-lattice relaxation at that field. Finally, during the 
Detection period the NMR signal is read out at field B0

D. 

Fig. 2. Example of an R1 dispersion curve from healthy femoral head cartilage. 
The general downward trend follows piecewise segments of lines, which in a 
logarithm plot correspond to power laws, with sudden changes of regimes 
shown by vertical dashed lines (here around 3 kHz and 2.8 MHz). Three 
relaxation regimes appeared, the high-field segment is difficult to see by eye but 
is required for a good fit, as can be seen by extending the second segment (fine 
dashed line). Quadrupolar Peaks are visible around 0.7, 2.1 and 2.8 MHz PLF 
(yellow regions). 
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from 1.5 to 3.5 MHz and 5 from 0.4 to 0.9 MHz). 
Early in the investigation we identified differences related to 

acquisition times and identified short- and long-lived signals. The 
duration of the short-lived signal was measured using a spin echo 
sequence and showed a T2 of the order of 500 μs. Additional T2 mea-
surements at 170 mT (7.4 MHz, the acquisition field) using CPMG echo 
trains showed a clear bi-exponential behaviour that could be fitted using 
T2 values of 12.5 ± 0.7 ms and 2.26 ms ± 0.7 ms (R2-value >0.99), 
suggesting multiple water compartments. Therefore we used two pulse 
sequences to measure the T1 dispersion in cartilage: a long acquisition 
sequence consisting of an inversion recovery preparation followed by a 
Carr-Purcell-Meiboom-Gill (CPMG) echo train (1000 echoes, 20 μs echo 
time, 20 ms total acquisition time) and a fast acquisition sequence 
consisting of an inversion recovery preparation followed by a saturation 
pulse and a 500 μs acquisition. 

The detection of the NMR signal was always performed at the same 
magnetic field (174 mT or equivalently 7.4 MHz PLF) so that T2 was 
constant throughout the experiment, regardless of the evolution field 
that was being investigated. T2 measurements could therefore be per-
formed from CPMG experiments but this proved difficult with T2 values 
below 1 ms because of sequence limitations. Short T2 measurements 
were therefore performed using a spin echo sequence with variable echo 
time and a 500 μs saturation acquisition. 

It should be noted that our group have not observed large signals 
with T2 values in the range of 500 μs in any other biological tissue we 
have examined to date, although our studies focus mostly on soft tissues. 

FFC-NMR data analysis 

The data were processed using MATLAB 2014b (The Mathworks, 
Natick, U.S.A) using a script developed in-house to import the raw data 
and generate the dispersion curve. The T1 dispersion curves were fitted 
using a piecewise power-law model derived from polymer studies 
[2,3,6] in which each segment captures a different type of molecular 
motion. Previous results from our first pilot study indicated that the 
dispersion curve was adequately fitted using a three-segment power law 
to model the background. This provided the slope of each segment (αhigh, 
αmid and αlow), the transition frequencies between these segments (νhigh 
and νlow) and the overall vertical offset of the dispersion (R1 at 1 MHz). 
Note that large slopes in the dispersion curve are usually associated with 
significant restriction of mobility. 

In addition, a model for the quadrupolar peaks published by Fries 
and Belorizky [10] was added, with minor modifications to avoid error 
propagation (normalisation of the amplitude). The quadrupolar peaks 
model provided the amplitude of the peaks (A), the frequency of the 
quadrupolar transition (νQ), the angular direction of the electric field 
gradient at the 14N nuclei responsible for the quadrupolar peaks (θ and 
φ), its asymmetry parameter (η) and the timescale of the proton ex-
change at the quadrupolar site (τ1). The amplitude of the quadrupolar 
peaks is directly proportional to the concentration of relaxation sites 
[11,12]. 

Statistical analyses were performed using either t-tests when the 
noise was Gaussian-distributed or Wilcoxon signed-rank tests when a 
distribution could not be established. The amplitude of the quadrupolar 
peaks was estimated using the integral of the data from 1.8 to 3.2 MHz 
after subtraction of the background by curve fitting. The amplitude of 
the QP was estimated from the integral of the peak amplitude, which 
was found to be proportional to the amplitude of the high-frequency 
peak with a scaling factor of 0.73 but provided lower noise. 

Results 

All the dispersion curves from cartilage samples showed clear linear 
trends when displayed in logarithmic plots (see Fig. 2) with transitions 
around 50 mT (2 MHz PLF) and 100 μT (4.2 kHz PLF). They all exhibited 
quadrupolar peaks around 0.7, 2.2 and 2.9 MHz PLF with very little 

variation in their shape other than their amplitude. Using the average 
from the entire dataset of 203 samples, the model provided the following 
parameters: η = 0.429 ± 0.003, νQ = 805 ± 4 kHz, θ = 82◦ ± 1◦, φ-32◦ ±

2◦ and τ1 = 0.92 ± 0.02 μs. These parameters correspond well with the N 
(2) nuclei of N-glycyl L-α Alanine [13] and is likely to come from amino 
acids located at the termination of protein backbones as previously 
suggested in other publications [2,3,10,14]. Data below 230 μT (10 kHz) 
were discarded because measurements below Earth’s field required 
precise compensation methods which were not implemented at the time 
of this work. 

Results from short and long acquisitions 

Despite the apparent similarity in shape amongst all the dispersion 
curves, significant differences were observed depending on the acqui-
sition method (Table 1 and Fig. 3). Long acquisitions using CPMG 
showed significant variation in the dispersion slope between healthy 
and diseased hip cartilage, both above and below 50 mT (Δαhigh =

− 0.0428 ± 0.001, p < 10− 4, and Δαmid = − 0.0207 ± 0.001, p = 0.003 
respectively, all comparison tests here were derived from t-tests) but a 
similar trend was not observed in the knee samples. Short acquisitions 
using saturation pulses showed a significant change in the slope of the 
dispersion in hip cartilage (Δαhigh = +0.0646 ± 0.001, p < 10− 3 and 
Δαmid = +0.0271 ± 0.001, p = 0.003). 

The transition frequency between the two segments, νhigh, also 
changed with osteoarthritis in the hip in longer acquisitions (Δνhigh =

− 43 kHz, p < 10− 6), again with no significant differences in knee 
samples. No significant change was observed in the transition frequency 
in the short acquisition. 

Finally, longer acquisitions showed very large differences in the 
vertical offset of the dispersion curve both in the hip (− 3.09 ± 0.03 s− 1, 
p < 10− 6) and knee samples (− 0.80 ± 0.01 s− 1, p < 10− 3), as did the 
short acquisition (− 3.15 ± 0.038 s− 1, p < 10− 6). 

Compared with short acquisitions, longer acquisitions showed less 
pronounced quadrupolar peaks (− 0.16 s− 1, p = 0.012, Fig. 4) and were 
less sensitive to osteoarthritis in both knee and hip samples. Quad-
rupolar peaks measured by short acquisitions however showed very 
significant differences in the quadrupolar peak amplitudes with osteo-
arthritis (− 1 s− 1, p < 10− 5). 

Proteoglycan-depleted cartilage and short T2 signal 

In order to test the effect of Proteoglycan loss on the shortest T2 
signal, FFC-NMR measurements were performed on samples of cartilage 
before and after proteoglycan extraction. These samples were taken 
immediately adjacent to osteoarthritic lesions, and from more normal 
appearing cartilage at a weightbearing site and a non-weightbearing site 
at the opposite side of the joint. Validation by protein assay showed that 
the proteoglycan extraction process was more effective in osteoarthritis 
samples, probably because of collagen disorganisation aiding extraction 
[15]. The blots of the extract showed clear bands corresponding to large 
proteins (Fig. 5), validating the protein extraction process. Cartilage 
cores that were proteoglycan-depleted showed a decrease in their 
quadrupolar peak amplitude as measured using a fast acquisition 
(Fig. 6), reaching about − 80% ± 20% in regions close to osteoarthritis 
lesions (p < 0.001) and − 40% ± 15% in the contralateral regions (p <
0.01). Quadrupolar peak amplitude after extraction reached quad-
rupolar peak amplitudes of the order of 1 s− 1, which is close to what is 
observed from knee osteoarthritis cartilage when using long signal ac-
quisitions (see Table 1). 

Characterisation of collagen, extracted proteoglycans and hyaluronic acid 

As part of the study we examined the major components of articular 
cartilage separately. As expected, the dispersion curve of collagen so-
lution showed no quadrupolar peaks [14] but organised collagen, in the 
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collagen matrix used in this study, exhibited visible quadrupolar signal, 
although much lower than seen in articular cartilage (see Fig. 7). The 
dispersion curves obtained from 50% w/w collagen matrices exhibited 
only the longest T2 signals and showed integrated quadrupolar peak 
amplitudes of 0.17 ± 0.04 s− 1, corresponding to a peak height of 0.23 ±
0.05 s− 1, or 0.46 s− 1 for 1 g/mL of collagen, in agreement with published 
work [7]. The T1 dispersion curves also showed a 2-component behav-
iour (νhigh = − 0.25 ± 0.02 and νmid = − 0.157 ± 0.004) with a transition 
at 1.8 ± 0.3 MHz. The hyaluronic acid gel and proteoglycan extracted 
from cartilage cores did not show quadrupolar peaks, even though other 
work has suggested that concentrated hyaluronic acid solutions may 

lead to weak quadrupolar peaks in the dispersion curve [7]. 

Discussion 

This study suggests that the signals obtained from the T1 dispersion 
curve using FFC have real potential for the quantitative measurement of 
the proteoglycan loss and collagen matrix degradation seen in osteoar-
thritic articular cartilage. The largest osteoarthritis-related changes 
observed in the T1 dispersion curve were related to the amplitude of the 
quadrupolar peak, the vertical shift of the dispersion curve and the slope 
of the dispersions in the log-log plot. 

Table 1 
Parameters obtained from the long and short acquisitions (median values, error bars are the standard deviation).  

Parameter Hip cartilage, long signal Hip cartilage, short signal Knee cartilage, long signal 

Normal Osteoarthritis Normal Osteoarthritis Normal Osteoarthritis 

Number of samples 30 39 23 26 30 55 
Integrated Quadrupolar Peaks amplitude [s− 1.MHz] 1.0 ± 0.6 1.0 ± 0.4 2.7 ± 0.5 1.7 ± 0.4 1.2 ± 0.5 1.1 ± 0.3 
αhigh − 0.33 ± 0.03 − 0.37 ± 0.03 − 0.47 ± 0.05 − 0.39 ± 0.05 − 0.34 ± 0.05 − 0.34 ± 0.07 
αmid − 0.18 ± 0.04 − 0.20 ± 0.04 − 0.30 ± 0.03 − 0.27 ± 0.04 − 0.22 ± 0.03 − 0.20 ± 0.04 
νhigh [MHz] 2.7 ± 0.6 2.2 ± 0.4 1.8 ± 0.3 1.8 ± 0.1 2.3 ± 0.6 2.0 ± 0.5 
Vertical offset [s− 1] 11 ± 2 8.4 ± 1.1 12.1 ± 1.2 9.4 ± 0.9 8.8 ± 1.2 8.1 ± 0.9  

Fig. 3. Typical NMRD profiles of the same sample of healthy human cartilage 
using the long and short acquisition protocols. Differences can be seen in the 
slopes and amplitude of the quadrupolar peaks, which are quantified in Table 1. 

Fig. 4. Evolution of the Quadrupolar Peaks amplitude with the delay between 
the excitation pulse and the data acquisition. The amplitude obtained from the 
long acquisition is shown by the horizontal dashed line. The duration of the 
signal of interest for the characterisation of osteoarthritis seems to be on the 
order of hundreds of microseconds. 

Fig. 5. SDS PAGE gels of the extraction buffers obtained from the contralateral 
(b) and osteoarthritis lesion cartilage samples (c). The molecular markers are 
shown on the left for reference (a). 

Fig. 6. Average amplitude of the high-frequency Quadrupolar Peaks for the 
different cores before and after proteoglycan extraction using a GuCl buffer. A 
marked decrease is clearly visible with the extraction process and the Quad-
rupolar Peaks amplitude reached after extraction is similar to that observed 
from long acquisitions in the knee (note the factor 0.73 between Quadrupolar 
Peaks amplitude and integrated Quadrupolar Peaks amplitude). 
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The identification of three different T2 components in cartilage at the 
low fields employed in FFC NMR is in keeping with experiments per-
formed at high field, where protons from pools of free water are thought 
to account for longer T2 values and water bound to macromolecules for 
shorter T2 components. However, the 500 μs short-T2 signal we observed 
in this study has not been observed by our group in any other protein- 
rich biological tissues such as muscle or liver, and its amplitude is 
large compared to the relatively low protein concentration in cartilage 
(about 30% protein to 70% water). The T1 dispersion profiles associated 
with the various T2 components as shown in Table 1 indicated different 
types of molecular dynamics and varied in OA hip cartilage depending 
on the length of the acquisition. Long acquisitions, associated with 
medium and long T2 values, showed an increase in the T1 dispersion 
with osteoarthritis while short acquisitions showed a decrease of the 
dispersion with osteoarthritis. T1 dispersion is strongly related to water 
mobility and the larger the dispersion, the more constrained the proton 
pool is likely to be. This would indicate that the proton pool associated 
with the shortest T2 component is more mobile as osteoarthritis pro-
gresses while the pools from the longer T2 components are more tightly 
constrained, at least in the hip. One can also see that T1 dispersion is 
higher in the shortest-T2 component, so that its associated proton pool is 
much less mobile than for the other two pools in general. 

The increase in T1 dispersion with osteoarthritis in hip cartilage may 
be due to the increased water fraction that penetrates collagen fibre 
bundles as their structure degrades [16] but such a mechanism would 
also increase water access to 14N relaxation sites and increase protein 
mobility, both having large but opposing effects on quadrupolar peaks 
amplitude. However, no changes were detected in the amplitude of 
quadrupolar peaks from long-T2 signals in both hip and knee cartilage. It 
seems unlikely that these two non-linear effects would compensate so 
precisely, so we hypothesise that this increased dispersion is due to 
collagen fibres collapsing into a slightly denser network with shorter 
collagen strands accumulating inside the cartilage matrix. Such 
degraded collagen fibres could be too mobile to contribute to the 
quadrupolar peaks amplitude, similar to gelatine collagen [17], but 
could increase T1 dispersion by a confinement effect. Additionally, the 
small but significant decrease of the transition frequency with osteoar-
thritis, together with the large decrease in the dispersion offset, also 
suggest the presence of more mobile elements in diseased cartilage and 
may be a biomarker of cartilage degradation though this effect must 

disappear at higher magnetic field when bulk water relaxation becomes 
predominant. In any case, collagen dynamics are likely to be a later 
indicator of osteoarthritis, as would be expected since collagen degra-
dation happens later in the disease process. 

Interpretations of the short-lived signals data: Quadrupolar relaxation and 
T1 dispersion 

The shortest T2 component seems to be related to collagen- 
proteoglycan interactions, which shows interesting prospects as an 
early biomarker of osteoarthritis. The results obtained from purified 
collagen and hyaluronic acid provide some insights about quadrupolar 
peak relaxation mechanisms when compared to that of cartilage. 
Structured collagen in the collagen matrix exhibited clear quadrupolar 
peaks but their amplitude could not account for what was observed in 
human cartilage. Indeed, data from long acquisitions showed that 
quadrupolar peaks relaxivity for lyophylised collagen was 0.46 s− 1/g, 
which was lower than for pure collagen [7], whereas it reached about 6 
s− 1/g in osteoarthritis cartilage if one considers that collagen is the main 
source of quadrupolar peaks relaxation in human cartilage. This result is 
supported by similar figures reported by other workers [7,18]. The large 
difference in quadrupolar peaks amplitude between articular cartilage 
material and purified collagen cannot be explained by the contribution 
from isolated hyaluronic acid, which is the second most abundant 
compound in human cartilage after collagen, because its quadrupolar 
peaks relaxivity is even weaker than that of collagen, as supported by 
[7], and its concentration in cartilage is even lower. Similarly, other 
proteoglycan components in cartilage are unlikely to bring significant 
contributions to quadrupolar peaks, at least when taken individually, 
because they account only for a small fraction of the cartilage matrix and 
quadrupolar peaks amplitude scales linearly with protein concentration. 

According to the model developed by Fries and Belorizky [10], the 
large change in quadrupolar peaks amplitude can reasonably be attrib-
uted to three potential sources in cartilage: a strong decrease in the 
mobility of collagen when proteoglycan are present; a better access of 
water molecules to the 14N relaxation site due to collagen-proteoglycan 
interactions; or the appearance of many additional 14N relaxation sites 
either in proteoglycan or collagen due to their interactions. Addition-
ally, the results obtained from collagen matrices or hyaluronic acid gel 
did not show short-T2 components, indicating that the contribution in 
quadrupolar peaks signal from short-lived signals in healthy cartilage is 
not a pool of collagen or hyaluronic acid protons, or that these protons 
do not provide quadrupolar peaks relaxation without collagen- 
proteoglycan interaction. 

The analysis of the T1 dispersion also shows potential information on 
collagen-proteoglycan interactions. The proton pool associated with the 
shortest T2 showed large T1 dispersion values, hence very low mobility, 
but the dispersion decreased with osteoarthritis so these protons are less 
confined as the disease progresses and they cannot originate from the 
presence of collagen alone, since the associated signal was not observed 
in purified collagen matrices. This pool cannot be protons from bulk 
water either since these would have much larger T2 values, and it dis-
appears with osteoarthritis and proteoglycan extraction. Yet proteo-
glycan extracts did not show a short-lived component, neither did 
hyaluronic acid gels, so it cannot be linked to proteoglycan in isolation. 
Hence, we hypothesise that this very short T2 proton pool originates 
from water molecules trapped by hyperosmotic proteoglycan chains and 
stabilised by collagen-proteoglycan interactions, involving electrostatic 
interactions between aggrecan chains and collagen alanine amino acids 
that offer additional 14N relaxation to that proton pool and generates the 
large quadrupolar peaks observed in human cartilage from short 
acquisitions. 

This explanation agrees with the observations made in the dispersion 
and quadrupolar peaks values of cartilage and with other works from the 
literature [19]. If this is the case, it should be visible in cartilage at silent 
stages of the osteoarthritis when collagen structures are relatively intact 

Fig. 7. Dispersion curve of humidified collagen matrix at 50% w/w, 37 ◦C. 
Large Quadrupolar Peaks are visible (Integrated Quadrupolar Peaks amplitude 
of 0.17 ± 0.04 s− 1, offset = 1.48 ± 0.01 s− 1, η = 0.41 ± 0.01, νQ = 0.812 ±
0.005 MHz, θ = 79 ± 9◦, φ = 26 ± 6◦, τ1 = 1.1 ± 0.2 μs) and the background 
showed a 2-component behaviour (αhigh = − 0.25 ± 0.02 and αlow = − 0.157 ±
0.004, transition at 1.8 ± 0.3 MHz). 
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but proteoglycan chains are degraded or diffusing away from the 
cartilage matrix. We hypothesise that it may be possible to detect this in 
in-vivo human studies using low-field MRI or FFC-imaging systems, such 
as those developed by our team [8,20]. 

Conclusions 

We have demonstrated that T1 dispersion is a promising candidate as 
a new biomarker in the assessment of osteoarthritis in articular carti-
lage. This is of particular interest for clinical research using our FFC 
imaging system and opens new avenues for early detection trials using 
this new technology [8]. We observe significant differences in features 
of T1 dispersion between healthy and arthritic cartilage in excised 
samples, and we have shown for the first time that it is possible to access 
this information in vivo. The features derived from the short-lived signal 
T1 dispersion component in cartilage are particularly intriguing and we 
have offered suggestions on a physiological origin behind these signals. 
If these hypotheses are correct, the detection of quadrupolar peaks 
would be an indirect measurement of the collagen-proteoglycans in-
teractions, which could detect osteoarthritis at silent and potentially 
reversible stages. Extracting information on this component in vivo will 
likely be technically challenging owing to the short T2 (<1 ms) and 
future work will concentrate on translating recent advances in UTE 
techniques into FFC-imaging in order to make this possible. 
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