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1. Introduction 

Scoliosis deformities progress more during skeletal growth (Bjerkreim et Hassan, 1982; 

Weinstein et Ponseti, 1983). This progression is believed to be governed by the “Hueter-

Volkmann Law” (Hueter, 1862; Volkmann, 1882), which states that growth depends on 

the amount of compression on the growth plate, is retarded by increased compression and 

accelerated by reduced compression (Arkin et Katz, 1956; Roaf, 1960; Hert et Liskova, 

1964; Gooding et Neuhauser, 1965; McCall et al., 1981; Scoles et al., 1991). Thus, scoliosis 

would produce asymmetric loading, which would cause asymmetric vertebral growth 

resulting in a “vicious cycle” (Mente et al., 1997; Mente et al., 1999; Roaf, 1960; Roaf, 1963; 

Stokes et al., 1996). Because of the interdependence between the mechanical properties of 

intervertebral discs and adjacent vertebral bone (Keller et al., 1993), this process may also 

occur in the discs (Stokes et al., 1996). Moreover, muscles undergo these asymmetric 

loading and might be also implicated in this vicious cycle. But the remaining question is 

why does scoliosis progress in some people but either does not progress or spontaneously 

corrects itself in others? Biomarkers of early scoliosis progression are needed for better 

therapeutic guidance. 

Over other medical imaging techniques, magnetic resonance imaging (MRI) has the 

advantage of not utilizing ionising radiation and of exploring several physical 

phenomenons such as relaxation times, magnetization transfer, or diffusion. The first 

paragraph of this chapter introduces these MRI parameters and presents how they are 

acquired in vivo. The second paragraph presents the studies on the MRI parameters of bone 

in order to show how these parameters are good candidates for the investigation of the bone 

health with scoliosis. The third chapter describes the studies on the relationships between 

MRI parameters and biochemical or mechanical properties of the intervertebral disc in order 

to demonstrate that MRI offers great potential as a sensitive and non-invasive technique for 

describing the alterations in biochemical and material properties within scoliotic 

intervertebral discs. The fourth paragraph focuses on the relationships between MRI 

parameters and muscle properties, and the possible applications to scoliosis. The last 

paragraph focuses on the potential of quantitative MRI to become a very important 

diagnostic and treatment assessment tool in scoliosis. 
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2. Quantitative MRI 

2.1 NMR phenomenon 

The NMR phenomenon appears when a system of nuclei in a static magnetic field 
experiences a perturbation. As long as the transverse magnetization exists, an electrical 
voltage is induced in a dedicated antenna, the coil. The signal intensity, that is the 
magnitude of the induced voltage, allows the image to be coded. The density and the 
relaxation of water protons primarily dominate the high soft-tissue contrast of MRI. The 
proton density represents the hydrogen concentration within the tissue and reflects the 
water content. The relaxation process of the tissue is described by T1 that represents the 
recovery of the longitudinal magnetization and T2 that represents the decay of the 

transverse magnetization. The spin-lattice relaxation in the rotating frame, T1 detects low-
frequency physicochemical interactions between water and extracellular matrix molecules, 
as well as changes in macromolecular content, without problems of spin dephasing due to 
inhomogeneous magnetic fields inherent of T2 contrast. The magnetization transfer MT 
measures the cross-relaxation and chemical exchange processes between free and 
macromolecule-bound water protons in tissues. Diffusion tensor imaging takes advantage of 
the thermally induced random Brownian motion that causes microscopic diffusion of water 
molecules. 

2.2 Acquisition protocol 

Using a MRI 3T whole-body system (Philips Achieva X-Serie), a protocol for quantitative 
MRI was optimized for the spine (Périé et al., 2006; Recuerda et al., 2012; Manac’h et al., 
2012). Images for the quantification of T1 (Figure 1-a) and T2 (Figure 1-b) are acquired using 
a multiple inversion recovery turbo spin-echo (TSE) sequence for T1  and a multi-echo turbo 

spin-echo (TSE) sequence for T2. T1 is quantified using a RF-spoiled turbo gradient-echo 
sequence with six different spin-lock durations varying between 1ms and 50ms. The MTR is 
obtained using two gradient echo sequences, one with the off-resonance pulse applied at 
1100Hz down to the free water proton resonance frequency (Ms, Figure 1-c) and the other 
one without it (Mo, Figure 1-d) (Wang et al., 2010). A spin-echo EPI diffusion-weighted 
sequence (TR/TE=2000/40 ms, Figure 1-e) with 15 non-collinear diffusion and a b value of 
1000s/mm2 is used to quantify the apparent diffusion coefficient ADC, the fractional 
anisotropy FA and the eigenvectors of the diffusion tensor. 

 
 

 
 

Fig. 1. T1 weighted image (a), T2 weighted image (b), MT image with the off-resonance 
pulse (c), MT image without the off-resonance pulse (d) and Diffusion weighted image (e) 
for an isolated intervertebral disc (Manac’h et al., 2012). 
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2.3 Parameter computation 

The relaxation times T1 and T2 are extracted from the signal intensity by curve fitting using 

Equation 1 and Equation 2 respectively (Wright et al., 2008). T1 values are calculated on a 
pixel-by-pixel basis by a linear regression of intensity data to an exponential decay function 
using Equation 3 (Johannessen et al., 2006). MT ratio is calculated from Equation 4 
(Henkelman et al., 2001). Diffusion parameters (Tensor D, apparent diffusion coefficient 
ADC and fraction of anisotropy FA) are calculated using Equations 5-7 (Le Bihan et al., 1986; 
Kingsley et al., 2006). Fibres directions are obtained, in a pixel-by-pixel computation, from 
the corresponding eigenvalues and eigenvectors of the diffusion tensor (Figure 2). 

 

Figure 2: 3D mapping of Diffusion eigenvectors within the intervertebral disc. 

 SI୘୍ ൌ S଴. ቄͳ െ ሺͳ െ cosሺαሻሻE୘୍ ൬ͳ െ E୘୛f୒ ቀͳ െ ୉౐ు/మଶ ቁ൰ቅ (1) 

with				fሺxሻ ൌ ͳ െ E୘୉. x,				E୘୍ ൌ eି౐౅౐భ , 			E୘୛ ൌ eି౐౓౐భ ,					E୘୉ ൌ eି౐ు౐భ   and   N=8 

 SI୘୉ ൌ SIሺ୘୉ୀ଴ሻ. eି୘୉ ୘ଶ⁄  (2) 

Where SI is the signal intensity, TW is the time in ms between the last refocusing pulse and 
the next inversion pulse, and N is the number of refocusing pulses. 

  (3) 

 MTR ൌ ୑బି୑౩୑బ  (4) 

ێێێۏ 
lnۍ ቀ ௌூ࢈ௌூ࢈సబቁଵ⋮ln ቀ ௌூ࢈ௌூ࢈సబቁ଺ۑۑے

ېۑ ൌ െ ቎ܾ௫௫ଵ ʹܾ௫௬ଵ ʹܾ௫௭ଵ ܾ௬௬ଵ ʹܾ௬௭ଵ ܾ௭௭ଵ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ܾ௫௫଺ ʹܾ௫௬଺ ʹܾ௫௭଺ ܾ௬௬଺ ʹܾ௬௭଺ ܾ௭௭଺቏ 	ܠ	 ێێۏ
ێێێ
௭௭ܦ௬௭ܦ௬௬ܦ௫௭ܦ௫௬ܦ௫௫ܦۍ ۑۑے

ۑۑۑ
ې
 (5) 
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ܥܦܣ  ൌ ఒభାఒమାఒయଷ  (6) 

 F୅ ൌ ටଷሾሺ஛భି୅ୈେሻమାሺ஛మି୅ୈେሻమାሺ஛యି୅ୈେሻమሿሾ஛భమା஛మమା஛యమሿ  (7) 

Where SI represents the signal intensity at the corresponding b-value ࢈ and ܾ௜௝ represent the 

projected b-value obtained from the diffusion-encoding directions, i are the eigenvalues of 
the diffusion tensor D. 

3. MRI parameters of bone 

It has been shown that for early scoliosis, the mechanical properties of the apical vertebral 
body are modified (Périé et al., 2001). Computed tomography (CT) examination was 
performed on eleven girls presenting idiopathic scoliosis. A finite element mesh of the 
vertebral body, the mapping of the CT number on each CT slice and predictive relationships 
between the CT number and the Young’s modulus of bone (Hobatho et al., 1996) allowed 
the 3D analysis of the bone mechanical property distribution within the vertebral body. 
Geometrical and mechanical centres were calculated. Compared to the geometrical centre, 
the mechanical centre was shifted forward to the concavity in the coronal plane and to the 
back in the sagittal plane. This modification of the mechanical properties seemed to appear 
in the scoliotic vertebral body before any geometrical deformation such as wedging. 
Moreover, the comparison between the centre shift forward and the one year curvature 
evolution wearing the Cheneau-Toulouse-Munster brace showed that if the shift forward 
was important then the curvatures were stabilised or aggravated, and if the shift forward 
was low then the curvatures were reduced. This parameter has the potential of being a 
biomarker of the progression of scoliosis. However, its measurement requires invasive CT 
acquisitions that cannot be used for longitudinal studies of adolescents with idiopathic 
scoliosis. Thus the question is can we determine this biomarker from a non invasive medical 
image technique such as MRI (Figure 3)? 

 

Fig. 3. 3D mapping of the mechanical properties of vertebral bone from CT images (left). Is it 
possible to determine these properties from MR images (right)? 

MRI has the potential to give information pertaining to both trabecular bone mineral density 
(BMD) and bone structure. The effective transverse relaxation time T2* of bone marrow, 
measured from the signal intensity (Equation 8), is shortened in the presence of trabecular 
bone. The variations in magnetic susceptibility at the interface of solid and soft tissues 
causes local magnetic field inhomogeneities which induce a dephasing of the transverse 
magnetization, and thus a change in the effective transverse relaxation time T2*. Strong 
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correlations were found between BMD, as measured from CT, and 1/T2*, as measured from 
MRI, on cadaveric human vertebral bodies (Majumdar et al., 1991). Correlations were also 
found between the Young's modulus E and 1/T2 on cancellous bone (Chung et al., 1993), 
and between T2* and 1/E (Equation 9, Jergas et al., 1995). A combination of 1/T2* and MRI-
derived bone volume fraction further improved the prediction of yield stress and ultimate 
strength (Lammentausta et al., 2006). 

 / 2*
0

TE TSI I e  (8) 

  *
2 *

2

1 b
  a      n

E
T

T
    (9) 

T2* is not a simple derivate of bone density, it is influenced by the number, thickness, 

geometric shape and spatial arrangement of trabecular elements in a defined volume. 

Structural parameters (fractional area, trabecular width, trabecular number, fractal 

dimension, trabecular spacing) depend on the pulse sequence (gradient echo or spin-echo) 

and echo time used to obtain the MR images, and also on the choice of the threshold used to 

segment the images (Majumdar et al., 1995; Link et al., 1998). Cortical bone mineral content, 

trabecular bone mineral density and volume fraction, trabecular thickness and number, and 

fractal dimension all decreased with age (Wehrli et al., 1995; Majumdar et al., 1997). 

However, this use of MRI for the assessment of mechanical properties of bone tissues was 

applied only to the effect of osteoporosis. As CT measurements showed changes in the 

mechanical properties of bone with early scoliosis (Périé et al., 2001), and as CT 

measurements were found correlated to MRI measurements (Majumdar, 1991), MRI and T2* 

mapping should be an effective tool to assess the changes in bone with idiopathic scoliosis. 

The longitudinal relaxation time T1 has been measured recently from ultrashort TE MR 

imaging on bovine femur and this parameter was found to be sensitive to the water content 

within the bone tissue (Kokabi et al., 2011). However, ultrashort TE MRI reduces the signal 

to noise ratio and might be difficult to apply in vivo on scoliotic patients. 

4. MRI parameters of intervertebral discs 

Spinal deformities affect both the structural and the biochemical composition of the 

intervertebral disc (Bushell et al., 1979; Jongeleenen et al., 2006) and lead to its degeneration. 

Adolescent Idiopathic Scoliosis is marked by a wedging of the intervertebral disc linked 

with a displacement of the nucleus pulposus (Figure 4, Périé et al., 2001) and changes in the 

glycosaminoglycan and water content repartition (Urban et al., 2001; Schenzka et al., 1991; 

Kouwenhoven et Castelein, 2008). 

The measure of the concentrations of specific molecules reflecting matrix synthesis and 
degradation in normal and scoliotic intervertebral discs showed higher collagen Type II 
synthetic levels and increased total protein content with no matrix turnover (Antoniou et al., 
1998). These results suggest that scoliotic changes are due to an altered and ineffective 
synthetic response to a pathologic mechanical environment. These biochemical changes 
within the intervertebral disc are known to be related to the MR parameters T1, T2, MT and 
ADC.  
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Fig. 4. Segmentation of the nucleus pulposus zone from T2-weighted images (left) and 
correlation between nucleus zone migration and intervertebral wedging in adolescent 
idiopathic scoliosis (Périé et al., 2001). 

In the intervertebral disc in vitro, T1, T2 and MT were found to be correlated to the water 

content and GAG content, but not to the collagen content or percentage of denatured type II 
collagen (Tertti et al., 1991; Antoniou et al., 1998), whereas the apparent diffusion coefficient 

was directly related to proteoglycans content and inversely related to collagen denaturation 
(Antoniou et al., 2004). However, a moderate negative correlation was found between 1/T2 

and water content whereas there was no significant correlation between 1/T2 and 
proteoglycan content (Weidenbaum et al., 1992). In normal nucleus pulposus, T1 and T2 

decrease with age, with no significant correlation between proton density and age (Jenkins 
et al., 1989), but with a significant correlation between signal intensity and age (Sether et al., 

1990). Changes in water content due to degeneration have a greater influence on T1 in the 
nucleus pulposus than in the annulus fibrosus (Chatani et al., 1993; Antoniou et al., 1998). In 

vitro collagenase treatment significantly increased the proportion of denatured collagen, 
and decreased T1, T2 and ADC, with no significant effect on MT (Antoniou et al., 2004). The 

diffusion parameters were found to be more sensitive to the trypsin digestion of isolated 
discs than the relaxation times T1 and T2. However, these parameters were sensitive to the 

hydration process (Manac’h et al., 2012). Significant differences were found on the MR 
parameters by region (higher T1, T2 and ADC in the nucleus than in the annulus), loading 

state (higher T1 and ADC in the loaded disc than in the unloaded), Thompson grade (T2, 
ADC), and direction of diffusion (Chiu et al., 2001). After compression, the water diffusion 

either increases in creep (load steps) experiments (Chiu et al., 2001), or decreases in stress-
relaxation (displacement steps) experiments (Burstein et al., 1993). The orientations of 

diffusion anisotropy in the annulus fibrosus exhibited a layered morphology that agreed 
with light micrographs of the corresponding samples, and the behaviour of the orientation 

angles was consistent with the known collagen fibber architecture (Hsu and Setton, 1999). 
All these studies showed that the MRI parameters are sensitive to both the biochemical 

content and the structure of the intervertebral disc. 

Some authors have shown that MRI offers great potential as a sensitive and non-invasive 
technique for describing the alterations in the mechanical properties of intervertebral discs 
or cartilage. Correlations were found in cartilage between the longitudinal relaxation time 
T1gd as measured by Gadolinium-Enhanced MRI and the local stiffness as measured by 
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mechanical indentation (Samosky et al., 2005), or unconfined compression (Chen et al., 2003; 
Kurkijarvi et al., 2004; Nieminen et al., 2004; Lammentausta et al., 2006). The spin-lock 

longitudinal relaxation time T1 was strongly correlated to the compressive modulus and 
the hydraulic permeability in cartilage (Wheaton et al., 2005) and to the swelling pressure in 
human nucleus pulposus (Nguyen et al., 2008). On bovine nucleus pulposus, significant 
correlations were found between the hydraulic permeability and the relaxation times or the 
diffusion trace (Périé et al., 2006). Moreover, the compressive modulus of nucleus pulposus 

was found to be correlated to the longitudinal relaxation times T1 and T1, while the 

hydraulic permeability of annulus fibrosus was found to be inversely correlated to T1 
(Mwale et al., 2008). Multi linear regressions showed that 50 to 80% of the compressive 
modulus and the permeability of isolated intervertebral discs can be explained by MRI 
parameters (T1, T2, MT, ADC, FA) within both the annulus fibrosus and the nucleus 
pulposus. However, multicollinearity was present among the independent variables, 
suggesting that T1 and T2 were likely candidates for elimination in the equation. Thus the 
compressive modulus and the permeability of isolated intervertebral discs can be assessed 
mostly by MT and diffusion sequences (Recuerda et al., 2012). 

However, before the use of this technique to quantify the mechanical properties of 
intervertebral discs in vivo on patients suffering from various spine diseases, the 
relationships have to be defined for each degeneration type of the tissue that mimics the 
pathology (Recuerda et al., 2012). Another issue is that the intervertebral disc is submitted to 
complex loading stimuli in vivo. Does the mechanical loading of the disc influence the MRI 
acquisition of the relaxation times, magnetization transfer and diffusion parameters? An 
apparatus allowing the compression of isolated intervertebral discs was designed and 
manufactured in ABS. Intervertebral discs were dissected from fresh young bovine tail, 
measured for their thickness and submitted to static compression (5, 10, 20 and 40% 
deformation) just before the MRI acquisition. The short term static compression of the 
intervertebral disc did not lead to any significant change of the MRI parameters, except for 
the diffusion that decreased in the direction of the compressive stress (Manac’h et al., 2012). 

Quantitative MRI of the intervertebral disc was also performed in vivo. Diurnal variations, 
significantly less pronounced in degenerative than in normal intervertebral disc, were 
characterized by lower T1 and higher T2 measured in the evening than in the morning 
(Karakida et al., 2003; Boos et al., 1993), whereas lower T2 were found after bed rest (LeBlanc 
et al., 1994). T2 and ADC turned out to be sensitive parameters in investigating changes in 
the MR characteristics of the intervertebral disc matrix between morning and evening 
(Ludescher et al., 2008). A significant and strong correlation was found between in vivo T1ρ 
values and discography opening pressure measurements suggesting that T1ρ is a 
quantitative measure of degeneration (Borthakur et al., 2011). A relationship was also found 
between in vivo MRS spectroscopy (water content, proteoglycan content), imaging 
parameters (T1ρ, Pfirrmann Grade), and discography results suggesting that MRS-
quantified water, proteoglycans and MR T1ρ relaxation time may potentially serve as 
biomarkers of symptomatic intervertebral disc degeneration (Zuo et al., 2011). An abnormal 
loading representing an increase of the intradiscal pressure from 0.5MPa to 1-2MPa was 
created in vivo by walking for 1h30 with a back pack of 20kg. Quantitative MRI was done 
on the lumbar spine before and after the loading that entailed a significant decreased in T1 
while T2 increased significantly (Table 1, preliminary work from the author, unpublished 
data). Mean ADC and MT values were constant. Qualitatively, there were differences in the 
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distribution of each parameter, even for ADC, confirmed by the smaller slope of the 
cumulative histogram after loading (Figure 5). 

 

 Before loading After loading 

T1 

  

T2 

  

ADC 

  

MT 

  

Table 1: Mapping of the L4-L5 intervertebral disc of a healthy subject, before and after the 
loading that consisted in walking with a 20kg back pack for one hour. 

 

Fig. 5. Cumulative histogram of T2 in L5/S1 intervertebral disc before (left) and after (right) 
loading. 

5. MRI parameters of muscles 

Idiopathic scoliosis disrupts the symmetry of the paraspinal muscle activities, decreases the 
total mechanical work, increases the oxygen consumption and energy cost and decreases 
muscles efficiency (Tsai et al.; Mahaudens et al.; Khosla et al., 1980). Biopsy studies shows 
abnormalities regarding the architecture of the paraspinal muscles of scoliotic subjects 
(Kennelly et Stokes, 1993), their protein synthesis (Gibson et al., 1988) and their muscle fiber 
type composition (Meier et al., 1997; Mannion et al., 1998; Sirca et al., 1985). In scoliotic 
subjects, the proportion of type I muscle fibers is smaller on the concave side than on the 
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convex side whereas in normal subjects, a symmetric distribution is observed. Moreover, the 
cross sectional area of type II muscle fibers is larger on the concave side than on the convex 
side (Mannion et al., 1998; Bylund et al., 1987; Zetterberg et al., 1983). A larger 
electromyographic (EMG) signal has often been observed in idiopathic scoliosis on the 
convex side of the curves (Odermatt et al., 2003; Cheung et al., 2006). However, during 
isometric efforts in extension, EMG parameters could not discriminate between the back 
muscles of scoliotic subjects and those of control subject regarding fiber type composition, 
neuromuscular efficiency and muscle fatigue at the level of the apex, maybe due to 
compensatory strategies at lower level of the spine (Goudreault et al., 2005). 

Several specific magnetic resonance imaging (MRI) techniques were developed for muscle 
applications, such as MR spectroscopy to quantify adenosine-5 triphosphate, lactates or 
creatine (Jeneson et Bruggeman, 2004) and MR elastography (Bensamoun et al., 2007, 2008) 
to visualize and measure the deformation waves within the tissue submitted to mechanical 
excitations and to assess their mechanical properties. However, MR spectroscopy is limited 
by a low resolution, the acquisition of a single voxel and results difficult to interpret. A 
special apparatus is needed for MR elastography to create the vibrations, which means extra 
cost and time to prepare the patient. 

Studies on the human skeletal muscles demonstrated that ADC may be used to analyze the 
spatial architecture (Heemskerk et al., 2005) and to indicate the change in micro-structure 
associated with passive extension and contraction (Hatakenaka et al., 2008). Also, T2 
increases with the muscle activation as a result of the shift of the osmotically driven 
intracellular fluid, and could be used to demonstrate aberrant muscle activation (Kinusaga 
et al., 2006; Patten et al., 2003). It is well established that MR parameters are linked to the 
mechanical and biochemical properties of cartilage tissues. Does a relationship exist 
between the mechanical properties and the MR parameters of muscles? 

c d 

Fig. 6. FA map (a), ADC map (b), T1 map (c) and T2 map (d) of the rabbit semi-membranous 
muscle (rigor mortis). 

Leg and arm muscles of adult rabbits were dissected, and tested 12 hours post mortem, in a 
state of rigor mortis, or 72 hours post mortem, in a state of post-rigor mortis (Grenier et al., 
2012). The tests consisted of a quantitative MRI acquisition (T1, T2, MTR, ADC, FA, Figure 
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6) and a uniaxial tensile test until failure (Young’s modulus E). The results showed that 
multiple linear regressions exist between E, MTR and ADC (Equation 10) and that MRI 
would be a sensitive and non-invasive tool for the characterisation of muscle properties in 
the back muscles. 

  (10) 

6. qMRI in idiopathic scoliosis 

MRI can be a powerful tool for the diagnosis of spine pathologies and can potentially help to 
monitor their progression in vivo (Majumdar, 2006; Endean et al., 2010, Mwale et al., 2008). 
For instance, MRI gives reliable non-invasive 3D images of the intervertebral disc (Pfirmann 
et al., 2001) allowing longitudinal follow-up studies and T2-weighted images are used to 
assess the intervertebral disc degeneration (Majumdar et al., 2006; Pfirmann et al., 2001; 
Antoniou et al., 1998), but is limited to the detection of late stages of the spine pathologies 
(Pfirmann et al., 2001). 

The distribution of the MRI signal intensity was not exploited so far to analyze the local 
changes in the intervertebral disc structure and biochemistry with degeneration. Only the 
mean signal intensity or disc height or disc volume were analysed from clinical images. A 
prospective study was realized on the MR T2-weighted images of 32 volunteers with 
scoliosis and 15 control volunteers (Figure 9). 

     

Fig. 9. Segmented intervertebral discs for control (left) and scoliosis (right) volunteer on 
sagittal T2-weighted images. 

The pathologic subjects were separated into two severity groups. The Gaussian distribution 
of the MRI signal intensity was analyzed by normalized histograms. The following 
descriptive statistics were computed within the intervertebral disc, nucleus pulposus and 
annulus fibrosus of each subject in order to analyze the Gaussian distribution of their MR 
signal intensity. The standard error of the mean depicts how sample mean approximates the 
true population mean. The confidence interval of the mean describes the range in which the 
true population mean will fall for a percentage of all possible samples drawn from the 
population. The sum of square defines the sum of squared deviations from the mean. The 
Skewness gives an index on the symmetry of the Gaussian distribution of the histogram. 
The Kolmogorov-Smirnov distance is the maximum cumulative distance between the 
histogram distribution and the Gaussian distribution of intensity data. Their 75th percentile 
was also computed. The center weighted by the MRI intensity within the intervertebral disc 
and the volume ratio of the nucleus pulposus within the total intervertebral disc were 
computed. There were significant variations of indices between scoliosis and control groups 
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and between low and high severity groups. These newly developed MRI parameters 
allowed the quantitative analysis of spinal deformities involved in scoliosis of different 
severities (Gervais et al., 2012). 

This promising technique was limited by the low resolution of the clinical T2-weighted 
images, which induces considerable segmentation errors or a poor and limited visual 
interpretation. Acquiring high resolution matrices is time consuming and induces high cost. 
A new mathematical technique based on multidimensional Dual-Kriging was developed 
(Aissiou et al., 2012). T1, T2, MTR and Diffusion sequences were used to acquire two 
different matrices with different sizes (128x128 and 256x256). The Kriging system 
parameters and the polynomial degree were optimized, and low resolution images 
(128x128) were interpolated to high resolution (256x256) in 2D (Figure 10-12) and 3D (Figure 
13). Kriging system provided relatively high performances and low error within the regions 
of interest. Components contours tend to be corrected and better defined, following the 
Kriging interpolation. Progressive Dual-Kriging is a flexible technique that can be optimized 
to interpolate 2D and 3D qMRI data based on the signal distribution. The computation is 
extremely fast and the interpolation is better fitted to the signal distribution as opposed to 
the Zero-Padding technique. 

 

 

Fig. 10. T1 before kriging (left) and after kriging (right) of two bovine tail segments. 

 

 

Fig. 11. T2 before kriging (left) and after kriging (right) of two bovine tail segments. 
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Fig. 12. MTR before kriging (left) and after kriging (right) of two bovine tail segments. 

 

Figure 13: Non-parametric volume Kriging (with signal inversion and substraction) of a 
human intervertebral disc from an in vivo quantitative MRI acquisition (T2 map). 

The two techniques presented in this paragraph, analysis of the MR signal distribution 

within the tissue of interest using descriptive statistics of histograms and kriging of the 

images to increase their resolution, can be applied to quantitative MR images of scoliotic 

spines. A quantitative MRI protocol takes about 40 minutes in vivo, including T1 or T1rho, 

T2, MT and diffusion sequences, 8 sagittal slices 3mm thick, resolution of 1mmx1mm. This 

resolution can be improved automatically during the post-treatment of the images. 

Automatic segmentation of the discs components can be done on the color maps of the 

relaxation times and MT ratio, not yet on the diffusion maps, not yet on the muscles. The 

parameters are automatically calculated, and the follow-up of these parameters on scoliotic 

patients would confirm or reject that they are biomarkers of the progression of the 

pathology. 
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7. Conclusion 

Quantitative MRI associated with kriging techniques to improve the image resolution, 
automatic segmentation techniques and tools for the analysis of the distribution of each 
parameter in a region of interest has the potential to become a very important diagnostic 
and treatment assessment tool in scoliosis. This region of interest can be located within the 
intervertebral disc, annulus fibrosus or nucleus pulposus, within the vertebral bone, or 
within the muscle, for a same MRI acquisition in the sagittal plane. It could replace 
discography before fusion surgery, help identify the degenerated tissues, help compare 
different types of surgery with respect to future adjacent degeneration, or be used to 
monitor the changes after any treatment proposed. Moreover, these MRI parameters could 
be identified as biomarkers of scoliosis progression. 
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