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Background: T, has been extensively reported as a sensitive biomarker of biochemical changes in
the nucleus pulposus (NP) and annulus fibrosis of intervertebral discs IVDs). However, no T, study
of cartilaginous endplates (CEPs) has yet been reported because the relatively long echo times (TEs) of
conventional clinical T, sequences cannot effectively capture the fast-decaying magnetic resonance signals
of CEPs, which have very short T,/T,*s. This can be overcome by using ultrashort echo time (UTE) T,
acquisitions.

Methods: Seventeen subjects underwent UTE with adiabatic T, preparation (UTE-Adiab-T',) and T,-
weighted fast spin echo imaging of their lumbar spines. Each IVD was manually segmented into seven
regions (i.e., outer anterior annulus fibrosis, inner anterior annulus fibrosis, outer posterior annulus fibrosis,
inner posterior annulus fibrosis, superior CEP, inferior CEP, and NP). T, values of these sub-regions were
correlated with IVD modified Pfirrmann grades and subjects’ ages. In addition, T, values were compared in
subjects with and without low back pain (LBP).

Results: Correlations of T, values of the outer posterior annulus fibrosis, superior CEP, inferior CEP, and
NP with modified Pfirrmann grades were significant (P<0.05) with R values of 0.51, 0.36, 0.38, and —-0.94,
respectively. Correlations of T';, values of the outer anterior annulus fibrosis, outer posterior annulus fibrosis,
and NP with ages were significant with R equal to 0.52, 0.71, and -0.76, respectively. T, differences of the
outer posterior annulus fibrosis, inferior CEP, and NP between the subjects with and without LBP were
significant (P=0.005, 0.020, and 0.000, respectively).

Conclusions: The UTE-Adiab-T',, sequence can quantify T, of whole IVDs including CEPs. This is an

advance, and of value for comprehensive assessment of IVD degeneration.
Keywords: Magnetic resonance imaging (MRI); low back pain (LBP); disc degeneration; ultrashort echo time

(UTE); adiabatic T},
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Introduction

Low back pain (LBP) is a leading cause of disability in
adults in the United States with socio-economic costs of
the condition estimated at $100 billion annually (1,2).
Though the precise etiology of LBP is not fully understood,
intervertebral disc (IVD) degeneration is recognized as one
of the major contributors to the condition (3-6).

The healthy IVD has a distinct morphological and
biochemical composition: its central nucleus pulposus
(NP) is a gelatinous core of proteoglycans and water, its
peripheral annulus fibrosus (AF) consists of a series of
concentric rings of lamellae type-1 collagen fibers, and the
cartilaginous endplate (CEP) is a thin layer of hyaline-like
cartilage on either side of the IVD. The CEP is adjacent
to the vertebral bodies above and below IVDs (7). With
aging and degeneration, the IVD undergoes changes to its
morphology and biochemistry including proteoglycan loss,
dehydration, CEP degradation, loss of disc height, annular
tears, and extrusion (8-10).

Magnetic resonance imaging (MRI) is widely used in
clinical practice to image lumbar IVDs (11). Conventional
MRI sequences, such as the T,-weighted fast spin echo
(T,w-FSE), are highly effective for evaluating IVD
morphological changes. However, these sequences are
not normally used to quantify the effects of biochemical
changes in IVDs, which limits their sensitivity and
specificity in the assessment of IVD degeneration,
especially in the early stages of this condition. Quantitative
MRI techniques, including measurement of T,, T,
magnetization transfer, and diffusion metrics, offer
promising avenues for this purpose (12). Among them, T,
describes spin-lattice relaxation in the rotating frame in the
presence of an external spin-lock RF pulse. T}, is a unique
biomarker that reflects low frequency motional biological
processes including those arising from macromolecule—
water interactions, such as those between proteoglycans
and water, when the strength of the locking RF pulse is
properly set (13,14). Many studies have demonstrated
that quantitative T';, mapping is a promising technique
for detecting biochemical changes in IVDs during the
process of degeneration (14-18). To date, research on T,
measurements of IVDs has focused on changes in the NP
(16,18-22), and the AF (20-22). The CEP may be degraded,
affecting nutrient availability and cell metabolism in the
remainder of the IVD and, thus, contribute to degeneration
of the NP and AF (9). To the best of our knowledge,
only one T, measurement study of the CEP has been
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performed to evaluate its normal state, change with age
and contribution to IVD degeneration (23). This is because
conventional clinical sequences, such as gradient recalled
echo and FSE sequences, with relatively long echo times
(TEs) cannot capture the fast decaying MR signal from the
CEP with a short T;, relaxation time (24).

To address this problem, we propose the use of a three-
dimensional (3D) ultrashort TE sequence with adiabatic
T,, preparation (UTE-Adiab-T,), which can provide T,
mapping of the entire lumbar IVD, including the CEP (25).
The TE of the UTE-Adiab-T,, sequence can be as short as
32 ps (25), and signals from both long T, tissues in the disc
(e.g., the NP and inner AF) as well as very short T, tissues
(e.g., the CEP) (26) can be detected by this sequence.
Moreover, the Adiab-T), preparation is much less sensitive
to the magic angle effect than conventional continuous-
wave T';, preparations (25,27-29). This is an important
feature of the proposed UTE-Adiab-T, sequence because
collagen fibers in both the AF and CEP are highly ordered
and have different orientations to the main magnetic field
(i.e., BO). This can result in different degrees of magic angle
effect with confounding changes in measured T,/T,* values
that are unrelated to disease (24,30).

The CEP is a barrier that resists disc pressure and provides
a gateway for the transport of disc nutrients and metabolites.
Quantitative T}, measurement to study the relationship
between CEP dysfunction and IVD degeneration has only
been possible following the introduction of the UTE method
to image the CEP (24,30,31). This may also provide valuable
research options in the future. In this feasibility study,
17 human subjects (mean age + standard deviation:
43+16 years; range: 25-71 years; 9 women, 8 men) were
recruited. Each lumbar IVD was manually segmented into
seven sub-regions [i.e., outer anterior AF (OAAF), inner
anterior AF (IAAF), outer posterior AF (OPAF), inner
posterior AF (IPAF), superior CEP (SCEP), inferior CEP
(ICEP), and NP]. The T, values of these sub-regions were
correlated with modified Pfirrmann grades and subjects’ ages.
In addition, T, value differences between subjects with and
without LBP (No-LBP) were compared.

Methods

All scans were performed on a 3T clinical MRI scanner
(MR750, GE Healthcare Technology, Milwaukee, WI,
USA). A four-channel phased array spine coil was used
for signal reception (the body coil was used for signal
excitation). In our study, only two channels covering the
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Figure 1 Diagram of the 3D UTE-Adiab-T), sequence. A train of adiabatic full passage preparation pulses is used to generate T, contrast

during the period TSL. This is followed by multiple 3D UTE data acquisition spokes separated by time 1. The cycle is repeated every
TR. UTE-Adiab-T),, ultrashort echo time sequence with adiabatic T, preparation; AFP, adiabatic full passage; TSL, spin lock time; TR,

repetition time.

lumbar spine region were activated during the scan. A
5 s calibration scan was performed to correct the signal
variation in the clinical images induced by inhomogeneous
coil sensitivity.

Subjects

The study received Institutional Review Board approval
and written informed consents were obtained from all
participants. The study was conducted in accordance with
the Declaration of Helsinki (as revised in 2013). From
December 2019 to March 2020, a total of 17 participants
(mean age = standard deviation: 43+16 years; range:
25-71 years; 9 women, 8 men) recruited by use of a study
flyer met the inclusion criteria. The inclusion criteria
specified that participants must be actively walking, be
between ages 18 and 90 years, have no LBP or have
experienced a single or recurrent episodes of LBP. Exclusion
criteria were previous spine surgery, traumatic lumbar spine
injury, spine tumor, infectious spine lesion, contraindications
to MR imaging, radicular pain, and neurologic deficits of the
lower limbs in the past six months. No participants recruited
were subject to the exclusion criteria. Six participants (mean
age + standard deviation: 60£13 years; range: 38-71 years; 2
wommen, 4 men) reported LBP.

MRI pulse sequences

Key features of the 3D UTE-Adiab-T,, sequence are shown

in Figure 1. A set of spin-locking preparations containing

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

an even number of adiabatic full passage pulses is followed
by multiple 3D UTE acquisition spokes with an equal time
interval T between them to provide fast data acquisition (25).
A 3D Cones trajectory is used for UTE spatial encoding
during the data acquisition (32). Spin lock time is defined as
the total duration of the train of adiabatic full passage pulses
(i.e., spin lock time equals to the product of the duration
of a single adiabatic full passage pulse and the number
of adiabatic full passage pulses). Repetition time (TR) is
the time between sequential adiabatic T, preparations.
The 3D k-space data was regridded with a Kaiser-Bessel
kernel. After Fourier transform, the final UTE images were
produced by multichannel image combination using a sum-
of-squares method.
The signal S(TSL) at the acquisition time is given by:

_TSL

S(TSL)=S,e ™ +C [1]

where S, is the initial signal intensity, TSL is the spin lock
time, and C is a constant describing non-T', related signals,
such as the background noise and artifacts generated during
data acquisition and image reconstruction (25).

Numerical simulations were conducted to determine
optimized sequence parameters for in vivo studies. The final
sequence parameters used in the in vivo study were: TR
=2,000 ms, flip angle =6°, and number of spokes =41. More
details about simulation studies and the corresponding
results can be found in the Supplemental Material for this
paper (Appendix 1).

Both 3D UTE-Adiab-T,, and clinical 2D T,w-FSE

Quant Imaging Med Surg 2022;12(1):269-280 | https://dx.doi.org/10.21037/qims-21-308
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Figure 2 Disc segmentation. Sagittal lumbar spine UTE-Adiab-T),, images are shown with TSLs of 0 (A) and 69.12 (B) ms; (C) shows
subtraction of (B) from (A), which highlights the CEP and allows better segmentation; (D) shows the seven ROIs within a disc. UTE-Adiab-
T,,, ultrashort echo time sequence with adiabatic T, preparation; TSL, spin lock time; OAAF, outer anterior annulus fibrosus (AF); IAAF,
inner anterior AF; OPAF, outer posterior AF; IPAF, inner posterior AF; SCEP, superior cartilaginous endplate (CEP); ICEP, inferior CEP;

NP, nucleus pulposus.

sequences were used in the sagittal plane to scan the lumbar
spine of each subject in the study. The sequence parameters
were: (I) UTE-Adiab-T,, sequences: bandwidth of the
adiabatic pulse =1,150 Hz, peak amplitude of the adiabatic
pulse =12 p'T; number of adiabatic full passage pulses =0, 4,
8, and 12, duration of a single adiabatic full passage pulse
=8.64 ms, T =5 ms, TE =0.1 ms (the minimum TE is limited
by the transmitter and receiver switching time as well as the
coil ring down time), TR =2,000 ms, flip angle =6°, field of
view =280x280x56 mm’, matrix =320x320x14, bandwidth
=250 kHz, spin lock time =0, 34.56, 69.12, and 103.68 ms,
number of spokes =41, total scan time =17 min 36 s; (1)
T,w-FSE sequence: TE =102 ms, TR =4,041 ms, slice
thickness =3.5 mm, field of view =340x340 mm’, matrix
=384x384, bandwidth =250 kHz, slice number =14, scan
time =1 min 50 s.

T,, calculation and disc segmentation

To correct for subject inter-scan motion during scan, 3D
non-rigid motion registration was performed on the UTE-
Adiab-T, images with the Elastix software using both affine
and B-spline transformation (33,34). Quantitative T';, maps
of the five lumbar IVDs (i.e., L1/1.2 to L5/S1) visualized
in each subject were generated oftline with Matlab 2018b
(MathsWork Inc, Natick, MA, USA). The Levenberg-
Marquardt algorithm was used to provide nonlinear fitting
of Eq. [1] using images acquired with the 3D UTE-Adiab-
T,, sequences. Before data fitting, the 3D UTE-Adiab-T),

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

images were smoothed with a 3D Gaussian filter (kernel
size 3x3x3 and standard deviation 0.6) to improve image
SNR for more accurate T, quantification.

A total of 85 IVDs from the 17 subjects were analyzed.
Each IVD was manually segmented into seven regions
(i.e., OAAF, TAAF, OPAF, IPAF, SCEP, ICEP, and NP) by
two observers (a musculoskeletal radiologist with seven
years’ experience and a trained PhD student), as shown in
Figure 2. Regions of interest (ROIs) from each sub-region
were drawn on subtraction images (second image subtracted
from the first) obtained from T, weighted images with spin
lock times =0 and 69.12 ms. These were copied and pasted
onto the original T, weighted images to allow fitting of the
T,, data. As can be seen in Figure 2, the CEP is highlighted
on the subtraction image. This demonstrates the feasibility
of imaging the CEP and providing data about it for
quantification using the 3D UTE-Adiab-T,, sequence. For
each IVD, the T, value of each sub-region was averaged
from five or six central sagittal slices.

IVD degeneration grading

The 85 discs were graded independently by two observers
(same as aforementioned) using the modified Pfirrmann
system. This is a widely used method of determining the
degree of disc degeneration through qualitative assessment
of the morphology and signal intensity of the NP and AF
using clinical T,w-FSE images (35). The number of discs in
each grade is shown in Table 1.
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Table 1 The P value of the Spearman’s correlation coefficient between the T, value and the modified Pfirrmann grade within each sub-region of

the IVD

Grade Number of discs T ()

OAAF IAAF OPAF IPAF SCEP ICEP NP
2 31 (36.5%) 33.2+7.8 44.9+7.7 34.0+5.0 45.416.5 36.0+5.0 36.9+3.9 118.7+10.9
3 12 (14.1%) 31.2+7.0 43.9+7.9 34.1+4.5 45.5+7.5 40.9+6.8 40.5+4.7 102.4+5.5
4 9 (10.6%) 34.9+5.7 45.2+5.4 35.5+4.6 46.6+8.0 35.6+4.3 37.3+5.6 84.5+11.1
5 7 (8.2%) 34.2+7 .1 45.4+4.9 39.0+6.5 46.5+6.8 39.3+5.4 38.5+2.7 76.4+2.4
6 11 (12.9%) 34.8+6.8 44.6+4.6 41.9+7.7 48.1+6.3 38.5+2.6 40.8+3.5 68.0+3.0
7 12 (14.1%) 36.6+5.5 44.4+4.0 40.8+5.3 47.5+7.4 42.5+4.5 42.0+5.1 59.9+7.7
8 3 (3.5%) 32.4+7.3 36.5+ 8.4 41.8+5.2 46.3+6.1 43.5+5.6 42.5+4.9 49.7+3.1
P value 0.132 0.726 0.000* 0.385 0.000* 0.001* 0.000*

The T,, values were described as means + standard deviations. *P<0.05, significant correlation. The subjects were divided into 7 groups
according to the modified Pfirrmann grade. No IVD was classified as Grade 1. IVD, intervertebral disc; OAAF, outer anterior annulus
fibrosus (AF); IAAF, inner anterior AF; OPAF, outer posterior AF; IPAF, inner posterior AF; SCEP, superior cartilaginous endplate (CEP); ICEP,

inferior CEP; NP, nucleus pulposus.

Statistical analysis

All statistical analyses were performed using SPSS (Version
24.0, IBM SPSS, Chicago, IL, USA). To test the inter-
observer reproducibility for the ROI segmentation,
intra- and interclass correlation coefficients (ICCs) with
95% confidence intervals were calculated to evaluate
the inter-agreement of T, values of all the ROIs for the
two observers. An ICC >0.90 was considered excellent
agreement. The agreement of modified Pfirrmann grades
between observers was evaluated with Cohen’s Kappa
analysis. The correlations between T, values of sub-regions
and the corresponding modified Pfirrmann grades of IVDs
as well as subjects’ ages were analyzed with Spearman’s
Rank Order Correlation. For each sub-region, T, values
between different grades were compared using the one-
way analysis of variance (ANOVA) method. Finally, T,
differences between subjects with and without LBP were
evaluated using Student’s #-test.

Results

Representative T, fitting curves of the OAAF, SCEP, and
NP are shown in Figure 3. The ICCs of T, values of the
OAAF, IAAF, OPAF, IPAF, SCEP, ICEP, and NP between
the two observers were 0.97, 0.94, 0.95, 0.90, 0.96, 0.91,
and 0.97, respectively. In addition, the Kappa value between
the modified Pfirrmann grades given by the two observers

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

was 0.81. These results demonstrate good inter-observer
reproducibility for both ROI segmentation and modified
Pfirmann grading.

Figure 4 shows representative T';, maps of lumbar IVDs
from four subjects, with the corresponding clinical T,w-
FSE images. These images demonstrate that the UTE-
Adiab-T,, sequence can be used to measure T, values of
the whole IVD, including the CEP. In comparison, the
CEP regions showed very low signal and their signals were
not distinguishable from noise on the T,w-FSE images. As
can be seen in Figure 4, more degraded discs with higher
modified Pfirrmann grades (Figure 4E-4H) generally
showed lower T, values in NPs (Figure 44-4D).

The T, values of IVDs and the number of discs in each
grade (using modified Pfirrmann grades) are summarized
in Table 1. Spearman’s analysis showed that correlations
between T, values of the OPAF, SCEP, ICEP, and NP and
modified Pfirrmann grades were significant (P<0.05). T,
values of the OPAF, SCEP, and ICEP showed moderate
positive correlations with grades with R equal to 0.51, 0.36,
and 0.38, respectively. In contrast, the T, of the NP was
inversely correlated with grades with an R of —0.94, which
is consistent with reported trends for the NP (16,18,19).
The corresponding scatter plots of T, values for the
OPAF, SCEP, ICEP, and NP as a function of the modified
Pfirrmann grade are shown in Figure 5.

Because the sample sizes of the modified Pfirrmann
grades 4 (n=9), 5 (n=7), and 8 (n=3) were too small to be
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Figure 3 Representative T, fitting curves of three sub-regions (i.e., OAAF, SCEP and NP) within a disc in a healthy 37-year-old male
subject. Intensity shown along the y-axis is normalized by the maximum signals of the four UTE-Adiab-T), data. The Levenberg-Marquardt
algorithm was used to provide nonlinear fitting. OAAF, outer anterior annulus fibrosus; SCEP, superior cartilaginous endplate; NP, nucleus
pulposus.
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Figure 4 Representative T';, maps (first row) and corresponding T,w-FSE images (second row) from four subjects (first column, 29-year-old
woman; sond column, 32-year-old woman; third column, 60-year-old woman; fourth column, 55-year-old man). The modified Pfirrmann

grades for each disc are shown on the T,w-FSE images. T,w-FSE, T, weighted fast spin echo.

treated as independent groups, the discs were classified into found in Tables S1,S2, respectively. Representative bar plots
four separate groups by grade (i.e., group 1: grade 2; group for the OPAF, SCEP, ICEP, and NP are shown in Figure 6.
2: grades 3 and 4; group 3: grades 5 and 6; group 4: grades In the NP, T, differences between every pair of groups
7 and 8). T, values of the seven sub-regions in each group were significant. T, values of group 4 in the OPAF, SCEP,
and the corresponding ANOVA analysis results can be and ICEP showed significant differences compared with
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Figure 5 Spearman’s correlation coefficients between modified Pfirrmann grades and T',, values of OPAF (A), SCEP (B), ICEP (C), and NP
(D). A strong negative correlation is observed for the NP, and moderate positive correlations are observed for the OPAF, SCEP, and ICEP.

OPAF, outer posterior annulus fibrosus; SCEP, superior cartilaginous endplate (CEP); ICEP, inferior CEP; NP, nucleus pulposus.

the T, of groups 1 and 2 (P<0.05). T, differences between
group 3 and groups 1 and 2 in the OPAF, group 3 and group
4 in the SCEP, and group 1 and group 3 in the ICEP were
significant.

The T, values of the OAAF and OPAF showed positive
correlations with ages (R=0.52 and 0.71, respectively),
and the T, value of the NP showed an inverse correlation
with age (R=-0.76), consistent with the trend reported in
reference (14). The corresponding scatter plots of T, values
of the OAAF, OPAF, and NP as a function of the age can be
found in Figure S2.

As can be seen in Tuble 2, T, differences of the OPAF,
ICEP, and NP between the LBP and No-LBP groups
were significant (P=0.005, 0.020, and 0.000, respectively).
As shown in Figure 7, the mean T, values of the OPAF
and ICEP in all the subjects with LBP were greater than
those without LBP, while the mean T, of the NP of those
subjects with LBP was lower.

Discussion

The study demonstrates the feasibility of using the 3D
UTE-Adiab-T, sequence to measure the T, of an entire

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

lumbar IVD, especially of the CEP. The sequence can
capture very short T, CEP signals and has the advantage
of being less sensitive to the magic angle effect than the
conventional continuous-wave T';, method (25,27-29). With
images acquired with the 3D UTE-Adiab-T), technique,
T,, maps of entire lumbar IVDs were generated for 17
subjects. The T, of the NP showed a significant negative
correlation with the modified Pfirrmann grade (R=-0.94).
T, values of the OPAF, SCEP, and ICEP showed moderate
positive correlations with the modified Pfirrmann grade
(R=0.51, 0.36, and 0.38, respectively). T, values of the NP
and OPAF also showed significant correlations with age
(R=-0.76 and 0.71, respectively), and the T, value of the
OAAF showed a moderate correlation with age (R=0.52).
T,, value differences of the OPAF, ICEP, and NP between
LBP and No-LBP groups were significant (P=0.005, 0.020,
and 0.000, respectively). These findings indicate that the
UTE-Adiab-T,, technique has considerable potential for
the comprehensive assessment of IVD degeneration.

The T, value changes with different modified Pfirrmann
grades may reflect biochemical composition differences
during degeneration in the lumbar IVD. As with previous
studies, the inverse correlation between the T, of the
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grade 2; group 2: grades 3 and 4; group 3: grades 5 and 6; group 4: grades 7 and 8), respectively. *, P<0.05; **, P<0.01. OPAF, outer posterior

annulus fibrosus; SCEP, superior cartilaginous endplate (CEP); ICEP, inferior CEP; NP, nucleus pulposus.

NP and the modified Pfirrmann grade may reflect loss of
proteoglycans during the process of degeneration (18-21).
The T, of the OPAF showed a positive correlation with the
modified Pfirrmann grade, consistent with loss of collagen
integrity in the OPAF region during IVD degeneration. This
trend can also be seen in representative T, maps of IVDs
in Figure 4. The OPAF regions of IVDs with higher grades
(e.g., L2/L3~L5/S1 in Figure 4D) show greater T';, values
than IVDs with lower grades (e.g., L2/L3~L5/S1 in Figure
4A). This may be because a portion of the proteoglycans of
the NP “spread” into the OPAF as a result of compression
during the process of degeneration. However, the positive
correlations between T, values of the SCEP and ICEP and
modified Pfirrmann grades imply a proteoglycan content
decrease during the disc degeneration. This finding is in
agreement with Sarma’s study, in which the authors found
that T, values increased almost linearly with proteoglycan
depletion in cartilage (36). Our results demonstrate that T,
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values of the OPAF, SCEP, ICEP, and NP may be useful
indicators of lumbar IVD degeneration.

The good correlations between T, values of the OAAEF,
OPAF, and NP and age imply that the UTE-Adiab-
T, measurements of these sub-regions may be valuable
indicators of age-related disc degeneration. In addition, T},
values of the OPAF, ICEP, and NP may provide information
about the mechanism of LBP since these T';, values showed
significant differences between the LBP and No-LBP
groups.

There are very few studies that measure the T, and T,
values of the CEP. Ling et 4l. reported that both T, and T,
values of the CEP were around 30 ms in a 1.5T study (23).
Cao et al. reported an unexpectedly high value of T, in
the CEP which was around 60 ms (37). This could have
been caused by partial volume effects since their spatial
resolution was quite low. T,* values of CEPs measured
using UTE sequences were around 15 ms (24,30). In our
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Table 2 P values of T, differences comparison between LBP and No-LBP groups (P-LBP) and P values of correlation analysis between the T,

value and age (P-Age), within sub-region of the IVD

Group Number Age (years) )
OAAF OPAF ICEP NP
LBP #1 70 37.6+4.6 39.6+4.9 42.4+6.5 65.1+8.0
#2 38 29.4+3.2 38.5+1.9 38.7£2.2 63.5£14.3
#3 71 39.7+4.8 44.3+6.9 43.2+2.2 74.3+9.8
#4 55 29.8+4.3 40.4+2.4 38.7+2.5 75.2+18.4
#5 57 36.5+3.6 43.4+6.8 45.2+1.8 72.9+21.1
#6 71 38.9+2.7 41.2+6.2 41.9+41 59.0+8.9
Mean 35.3+4.6 41.2£2.2 41.7+£3.2 68.3+6.7
No-LBP #7 29 36.0+3.0 38.3+2.7 42.2+2.3 117.6+8.4
#8 32 36.4+5.7 33.6+3.6 34.6+1.5 97.9+22.3
#9 35 32.3+4.0 33.7+2.9 34.2+4 1 95.5+19.7
#10 27 23.4+2.3 28.3+2.1 42.5+4.7 95.0+6.4
#11 37 32.8+4.5 32.5+2.9 35.2+4.0 115.7+17.9
#12 60 38.3+6.3 38.0+1.2 41.0+1.8 88.1+21.6
#13 35 44.8+3.7 39.3x2.9 39.2+2.1 117.6+6.4
#14 29 27.3+£2.0 36.3+5.3 38.9+2.6 110.1£33.2
#15 25 22.4+2.4 27.7+3.4 32.8+3.8 97.2+25.1
#16 38 39.3+4.3 41.8+4.3 35.0+1.9 104.8+28.0
#17 32 30.1+1.6 29.2+2.5 37.1+2.3 114.3+10.0
Mean 33.0+6.9 34.4+4.7 37.5+3.4 104.9+10.6
P-LBP 0.480 0.005* 0.020* 0.000*
P-Age 0.004* 0.000* 0.087 0.004*

The T,, values are described as meanszstandard deviations. The T,, value for a subject is the average of the five lumbar intervertebral
discs. *P<0.05, significant difference/correlation. IVD, intervertebral disc; LBP, low back pain; No-LBP, without low back pain; OAAF, outer

anterior annulus fibrosus (AF); OPAF, outer posterior AF; ICEP, inferior cartilaginous endplate; NP, nucleus pulposus.

study, the CEP T, values ranged from 30 to 45 ms, which
is higher than the previously reported T,* values. The CEP
may contain both short and long T, water components.
Multi-compartment T, quantification is interesting and
could be done with either a continuous wave prepared UTE
sequence or a UTE-Adiab-T), sequence using different
TEs (e.g., 0.1 vs. 2-3 ms) (38).

Following each Adiab-T,, preparation, 41 UTE spokes
were acquired to speed up the data acquisition. However,
this long train of spokes can introduce signal variation
along the spokes in a single TR, which may affect the image
quality. A variable flip angle design may solve this problem
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which will be studied in future.

The image resolution of our UTE-Adiab-T,, sequence
is relatively low compared to the thickness of the CEP
(i.e., approximately 0.6-1.0 mm). There is always a trade-
off between spatial resolution, scan time, and image
SNR. We expect a more advanced RF coil with higher
SNR performance will be available in future to allow
improvement of spatial resolution without compromise of
scan time or SNR.

There are several limitations to this study. First, the
sample size was relatively small and designed to assess
technical feasibility rather than clinical utility. A future
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Figure 7 Mean T, values of the seven sub-regions in the LBP and No-LBP groups. Significant differences between the two groups are
seen for the NP, ICEP and OPAF regions. *, P<0.05; **, P<0.01. LBP, low back pain; No-LBP, without LBP; OAAF, outer anterior annulus
fibrosus (AF); IAAF, inner anterior AF; OPAF, outer posterior AF; IPAF, inner posterior AF; SCEP, superior cartilaginous endplate (CEP);

ICEP, inferior CEP; NP, nucleus pulposus.

study with more subjects will be conducted. Second, no
biochemical or histological validation was performed in
this study. This could be included in the future, using
fresh cadaveric specimens. Third, the scan time of the
T,, measurement protocol with four UTE-Adiab-T),,
sequences was about 17 min, which is long for use in
the clinical practice. Advanced acceleration techniques
including compressed sensing and deep learning can be
used to address this problem (39,40). T, values may vary
with different types of sequence. It would not be surprising
if UTE quantification shows similar differences since
UTE sequences detect signals from both short and long T,
components while clinical sequences only image long T,
components. In general, comparisons should be conducted
with similar sequences, although this may be challenging
with studies performed using different vendors’ systems.

Conclusions

The 3D UTE-Adiab-T), technique provides volumetric
T, mapping of the entire IVD, especially of the CEP.
This provides comprehensive assessment of IVD

degeneration and may improve understanding of the
origin of LBP.
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