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Background: To investigate the detection of intervertebral disc IVD) composition aging-related changes
using T2 and T1p relaxometry in vivo in asymptomatic young adults.

Methods: We recruited ninety asymptomatic and young adults (42 men and 48 women) between 20 and
40 years old. T2 and T1p lumbar spine mappings were acquired using 1.5 T magnetic resonance imaging
(MRI) scanner. Two independent observers manually segmented 450 lumbar discs in all slices. They also
performed sub region segmentation of annulus fibrosus (AF) and nucleus pulposus (NP) at the central MRI
sagittal slices.

Results: There was no difference between men and women for T2 (P=0.37) or T1p relaxometry (P=0.97).
There was a negative correlation between age (20-40 years) and IVD T2 relaxation time of the whole disc
(r=-0.30, P<0.0001), NP (r=-0.20 to -0.51, P<0.05) and posterior AF (r=-0.21 to -0.31, P<0.05) at all lumbar
disc levels. There was no statistical correlation between aging and IVD T'1p relaxation both for NP and AF.
Conclusions: T2 relaxometry detected gradual IVD dehydration in the first two decades of adulthood. We
observed no significant variation of T1p or volumetry with aging in our study group. Our results suggest that

T2 mapping may be more appropriate to detect early IVD aging changes.
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Introduction pulposus (NP) and annulus fibrosus (AF) are responsible

for maintaining the structure and functionality of spinal

The intervertebral disc (IVD) is considered the most discs (1,3). The use of quantitative techniques, such as

important structure that ensures the functionality of T2 and T1p relaxometry, allows for the in vivo analysis

the human spine (1). Many studies have evaluated the of the biochemical composition of IVDs. Recently, these

pathophysiology of the IVD degenerative processes and techniques have been increasingly employed in studies of

its potential contribution to the appearance of acute and
chronic diseases of the lumbar spine (2). Such studies are
increasingly common in the global scenario.

Water molecules, proteoglycans, glycosaminoglycans
(GAGs) and collagen fibers present in the nucleus

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

IVD pathophysiology (4). Furthermore, the possibility of a
volumetric measurement makes it feasible to calculate the
volume of anatomical structures of interest (5).

During the aging process, there is a natural decrease in
the percentage of proteoglycans and water accompanied by
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Figure 1 T2-weighted images and T1-weighted and maps

generated from their respective sequences.

a concomitant increase in collagen content (6). A decrease
in proteoglycans leads to a decrease in the hydrostatic
pressure that maintains the integrity of the NP, thereby
increasing the tensile forces on the AF and predisposing the
nucleus and annulus lamellae to disruption (7). It is believed
that the degenerative process begins in the early decades of
adulthood, and disc degeneration has indeed been detected
at increasingly early ages (8).

The physiological changes of the IVD from childhood
to old age have recently been reported (9). However, few
studies have focused on the degenerative changes of the
IVDs during the early decades of adulthood (8,10-12).
Importantly, individuals tend to engage in intense labor
or athletic activities in the early decades of adulthood,
which represent the ideal period to implement preventative
strategies that avoid or minimize future lower back pain and
chronic degenerative spinal conditions (13,14).

The aim of the present study was to determine whether
T2 and T1p relaxometry maps can detect premature aging-
related variation in the IVD composition of asymptomatic
young adults. We also evaluated the relationship between
disc volume and age in this group. Additionally, a possible
effect of anthropometric factors in the relaxation times (12
and T'1p) and disc volume was explored.

Methods
Sample

It is a prospective, cross-sectional and observational study.
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Following institutional review board approval (ethical
approval ID: 4236/2012), we recruited 90 asymptomatic
volunteers (42 men and 48 women) aged between 20 and
40 years old during 1 year. We obtained written informed
consent from all of the volunteers. The average age of the
participants was 27.1+4.8 years old (20-40 years), their
average body mass was 68.36+14.49 kg (44-122 kg), their
average height was 1.69+0.09 m (1.46-1.90 m), and their
average BMI was 23.4+3.6 kg/m’ (15.9-39.0 kg/m’). To be
included in the study, subjects had to be between 20 and
40 years of age, have an Oswestry Disability Index
(OD]) score of less than 10, and classified as sedentary or
irregularly active according to the International Physical
Activity Questionnaire (IPAQ). We did not include
individuals who reported persistent low back pain for more
than 3 months, or who had spine or hip diseases or previous
hip or spine surgery.

Acquisition and image processing

Spinal magnetic resonance imaging (MRI) was performed
on all volunteers using a 1.5 T scanner (Achieva, Philips
Healthcare, Best, Netherlands) with a 16-channel spine
coil (SENSE-SPINE; Philips). The volunteers remained
in the supine position with their legs extended and relaxed.
Spin-echo sequences were acquired in the sagittal plane
to generate quantitative T2 and T1p relaxometry maps
using identical geometric parameters: FOV =22 cm x
22 cm, thickness =4 mm, slices =16, matrix =256x256
and no gap between slices. The following contrast
parameters were used: T2 multiecho sequence, TE
=20/40/60/80/100/120/140/160 millisecond (ms) and TR
=3,000 ms; T1p-prepared MS turbo spin echo sequence,
TE =20 ms, TR =2,000 ms, Single phase spin lock (SL)
pulse, SL frequency =250 Hz, TSL =2/10/20/40/60 ms.
The total image acquisition time was 13 minutes and all
exams were acquired on afternoon period.

We used MINC tools and Display software (McConell
Brain Imaging Center, Montreal, Quebec, Canada) to
analyze the images. The relaxometry maps were generated
using homemade scripts based on MINC tools from the
corresponding data. T'1p and T2 maps were computed on a
pixel-by-pixel basis using an exponential decay model (Figure I).
S0 and S(T'SL) are the equilibrium magnetisation signal and
Tl1rho-prepared magnetisation signal with the spin-lock
time of TSL. S(TE) is the signal acquired with the echo
time (TE):
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Figure 2 T2-weighted image of the lumbar spine representing the used manual segmentation method. The region of interest includes the

nucleus pulposus and annulus fibrosus in all slices in which the five discs were visible.

S(TSL) = S0 x exp ( TSLJ
Tlp

TE
S(TE) = SO x exp | — —
(TE) Xp[ TZ]

Five lumbar IVDs were manually segmented to the
full extent, i.e., encompassing the complete NP and AF,
considering all sagittal slices and taking care not to segment
the subchondral bone and vertebral endplate, in the last
echo image (TE =160 ms) of the T2 multiecho acquisition
(Figure 2A4).

Another segmentation was performed using only the
central sagittal slice of each lumbar MRI using regions
of interest (ROIs) of fixed dimensions (26.77 mm”’) and
positioned at the NP, anterior annulus fibrosus (AAF) and
posterior annulus fibrosus (PAF) (Figure 2B). Our ROI
positioning methodology was similar to the manual approach
of Mok ez al. (15). The nucleus ROI was placed in the most
central area of the disc. The annulus ROI were positioned in
the most anterior and posterior portions of the disc. A clear
separation of NP and inner AF was not possible especially
for degenerated discs. The endplates and ligaments would
all appear as dark signals on T2-weighted images, therefore,
sufficient space was allowed for dark signal band near the
endplate, near the anterior border close to the abdominal
fat, and near the posterior border close to the spinal fluid.

After the volumetric segmentation, the IVD volumes
were obtained from the disc labels. These labels were
superimposed in the relaxometry maps to extract T'lp and
T2 values (Figure 3).

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

A total of 450 discs from 90 patients were manually
segmented; none was excluded. One researcher was
responsible for the first segmentation of the 450 discs.
A second examiner segmented all discs to allow the
evaluation of inter-observer reproducibility. The first
researcher performed a second segmentation after an
interval of 2 months to permit the analysis of intra-
observer reproducibility. The researchers responsible for
segmentation were previously trained and had 2 years
experience in research in quantitative MRI with spinal discs.

Statistical analysis

Intra- and inter-observer agreement was performed using
intraclass correlation (ICC) with a confidence interval (CI)
of 95%. To verify the distribution of the study variables, we
used the Shapiro-Wilk test. Spearman correlation was used
to observe the relationships between age, disc volume and
BMI and the values obtained using the T2 and T1p maps.
For comparison between the relaxometry values according
to sex, the Mann-Whitney test was performed. Kruskal-
Walis test with Dunns post-hoc test was performed to
compare NP, AFA and AFP relaxation times. SPSS v. 20
(IBM, Armonk, New York, USA) and GraphPad Prism v. 5
(GraphPad Software, San Diego, California, USA) were
used to conduct all of the analyses.

Results

The manual segmentation performed by the researchers
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Figure 3 Graphical representation of segmentation, encompassing the NP and the AF of each lumbar intervertebral disc, with overlapping

relaxometry maps in the same volunteer (male, 25 years old). (A) T2 relaxometry mapping; (B) T'1p relaxometry mapping. NP, nucleus

pulposus; AF, annulus fibrosus.

Table 1 Relaxation times and volumes of lumbar intervertebral discs, expressed as the mean and standard deviation for each disc level

Variable L1L2 L2L3 L3L4 L4L5 L5S1
T2 relaxation time (ms)
Disc 115.1£12.8 119.9+13.4 120.6+13.8 114.7+15.3 106.40+£14.10
NP 115.1£20.1 126.8+21.9 132.1£26.5 122.6+25.8 110.90+24.40
AAF 124.9+33.5 115.3+32.5 116.3+32.3 111.8+31.0 100.40+20.50
PAF 110.6+27.4 110.9+28.0 114.5+27.6 116.4+33.2 124.70+35.90
T1p relaxation time (ms)
Disc 49.0+9.1 52.4+10.8 55.0+10.9 54.5+12.2 50.63+10.10
NP 63.8+27.5 66.8+32.3 67.3+30.1 59.5+22.6 56.40+20.60
AAF 45.4+8.2 50.9+10.5 57.2+14.8 55.1£16.2 49.80+10.80
AFP 51.0+20.9 53.4+23.5 54.1£18.0 52.0+22.4 53.50+22.40
Volume (mms) 6.0+1.4 6.5+1.7 7.4+1.7 7.5+1.4 5.10+1.40

NP, nucleus pulposus; AAF, anterior annulus fibrosus; PAF, posterior annulus fibrosus.

showed good intra-observer (ICC =0.92, 95% CI, 0.87-0.95)
and inter-observer agreement (ICC =0.92, 95% CI, 0.85-0.95).

Tuble 1 shows the values of relaxometry for each lumbar
disc. The cranial and caudal segments of the lumbar spine,
namely L1L2 and L5S1, respectively, had the lowest
relaxation time values, while the highest values were
observed for the L3L4 central disc segments. A similar
trend was observed for the IVD volumes. The average
relaxation times for men were T2 =116.0+15.9 ms and T'1p
=51.69.1 ms; for women, T2 =114.7£13.7 ms and Tlp
=52.9£12.2 ms. There was no significant difference between

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

men and women for either relaxometry map (T2, P=0.37;
T1p, P=0.97). The relaxation times of the NP were higher
than the anterior and PAF both T2 (Kruskal-Wallis =37.37;
P<0.0001) and T1p (Kruskal-Wallis =45.49; P<0.0001).
In T2 relaxometry there was no difference between the
anterior and posterior annulus, however, in the AAF T1p
relaxometry values were higher than the PAF (7able 2).
Figure 4 shows a graphical representation of the
relationship between the relaxation times obtained by
relaxometry maps and the subject characteristics. There was
a negative correlation between age and T2 relaxation time
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Table 2 Correlation between age and each disc level relaxometry of NP, AAF and PAF (r values)

T2 mapping T1p mapping

Variable

NP AAF PAF NP AAF PAF
L1L2 -0.28* 0.10 -0.34* -0.21* 0.17 0.12
L2L3 -0.43* -0.05 -0.21* -0.16 0.18 -0.01
L3L4 -0.51* 0.04 -0.31* -0.27* 0.09 -0.02
L4L5 -0.22* 0.10 -0.23* -0.15 0.09 0.05
L5S1 -0.20* -0.01 -0.12 -0.01 0.18 0.13

*, statistically significant correlations (P<0.05). NP, nucleus pulposus; AAF, anterior annulus fibrosus; PAF, posterior annulus fibrosus.
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Figure 4 Relationship between T2 (A) and T1p relaxation times (B) with age. Relationship between T2 (C) and T1p relaxation times (D)
with disc volume. Relationship between T2 (E) and T1p relaxation times (F) with BMI.

(r=-0.30, P<0.0001) and a positive correlation between disc lumbar disc levels (P<0.02 at all levels). There was no
volume and relaxation time T2 (r=0.15, P=0.002) (Table 3). correlation between age and volumetry for any disc (P>0.07

As shown in Table 4, we observed a negative linear at all levels). We also observed no relationship between age
correlation between T2 relaxation times and age at all and T'1p values for any disc level (P>0.06 at all levels). BMI,
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Table 3 Correlations between disc relaxation times and age, disc volume, BMI, height and weight (r values and 95% confidence intervals)
Disc T2 mapping Disc T1p mapping
Variable
r 95% ClI r 95% CI
Age -0.30" —-0.38 to 0.21 -0.07 -0.17 to 0.02
Disc volume 0.15* 0.053 t0 0.23 0.06 —-0.03t0 0.16
BMI -0.03 -0.13 10 0.05 -0.08 -0.18t0 0.10
Height -0.04 -0.26t0 0.17 -0.04 —-0.17 t0 0.26
Weight -0.08 -0.29t0 0.13 -0.02 -0.18t0 0.23
*, statistically significant correlations (P<0.05). Cl, confidence interval; BMI, body mass index.
Table 4 Correlation between age and relaxometry or volumetry at each disc level (r values and 95% confidence intervals)
Varibl Age x disc T2 mapping Age x disc T1p mapping Age x volume
ariable
r 95% ClI r 95% Cl r 95% ClI
L1L2 -0.23* —-0.42 to 0.01 -0.005 -0.21 to 0.21 0.18 —-0.02 to 0.39
L2L3 -0.35" -0.5210 0.15 -0.04 -0.251t00.17 0.13 —-0.09 to0 0.34
L3L4 -0.29* —-0.56 t0 0.20 -0.19 —-0.39 t0 0.02 0.09 —-0.12 10 0.30
L4LS -0.27* —0.46 to 0.06 -0.13 —-0.34 10 0.07 0.16 —-0.06 to 0.36
L5S1 -0.29* —0.40 t0 0.04 -0.008 —-0.22 10 0.20 0.16 —-0.05 to 0.36
*, statistically significant correlations (P<0.05). Cl, confidence interval.
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Figure 5 Relationship between T2 and T1p disc relaxation times with age according to the gender.

height and weight were not correlated with any lumbar IVD
relaxometry measurement.

Figure 5 is a graphical representation of the T1p and
T2 discs relaxation times for men and women according
to the age. In relaxometry 172 it is possible to perceive a
decay in values with aging in men (r=-0.43, P=0.004) and
women (r=-0.41, P=0.003). This decrease is slightly more
-1.08+0.35) than in

pronounced in men (curve slope
women (curve slope =-0.83+0.27).
The stratification of the IVD into NP, AAF and AAF
made possible to analyze separately the correlation of
each sub-region with ageing (Figure 6). Table 2 shows the
correlation values (r) for each disc sub-region (NP, and

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

PAF AAF) at each disc level (IL1L2 to L5S1). T2 relaxation
times of NP and PAF correlate negatively with aging at
all disc levels, except for the sub-region PAF in L5S1 disc.

T1p relaxometry correlates only with the sub-region NP of
L1L2 and L3L4 IVDs.

Discussion

We aimed to verify the possibility of T'1p and T2
relaxometry maps to detect disc biochemical composition
changes related to aging in a population of asymptomatic
and sedentary young adults. We found a negative linear
correlation between age and lumbar IVD water content, as

gims.amegroups.com Quant Imaging Med Surg 2016;6(4):402-412
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Figure 6 Relationship between age and relaxation times of nucleus pulposus (A,B), anterior annulus fibrosus (C,D) and posterior annulus

fibrosus (E,F), measured by T2 relaxometry (A,C,E) and T1p relaxometry (B,D,F).

detected by T2 relaxation times, but we were not able to
detect aging related changes in the proteoglycan content
of the disc evaluated by T'1p relaxation times. We also did
not find any significant correlation in the same population
between IVD volume and age.

Previous reports have shown that relaxometry techniques
are sufficiently sensitive to detect the early degenerative
processes of the IVD in young adults (4). Most of these
studies have focused on relating the relaxometry values with
the Pfirrmann classification (10,16-18). This classification,
despite being widely used, has several gaps and limitations.
An attempt to classify a continuous degeneration process
into discrete grades like Pfirrmann will be limited, no
grading system can perfectly determine if a particular

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

disc should be classified in a particular category or in
the next one (19). To fulfill a gap in the literature we
aimed to evaluate whether is possible to identify age-
related variations in T'1p and T2 IVDs relaxation times in
asymptomatic young adults.

Our results show that, even in the first two decades of
adulthood, increasing age contributed to a decrease in
the T2 relaxation time of lumbar discs in asymptomatic
subjects. We did not identify the same trend using T'1p
relaxometry. T2 relaxometry is a quantitative technique
strongly correlated with the water content present in the
IVD (4,20). T1p mapping, on the other hand, has a stronger
association with the presence of proteoglycan molecules,
particularly aggrecan (21). Proteoglycans consist of a

gims.amegroups.com Quant Imaging Med Surg 2016;6(4):402-412
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protein that is covalently attached to GAG chains (3), which
in turn present chondroitin sulfate. These molecules are
responsible for generating a negative charge, which attracts
and retains water molecules.

Based on our results, we can suggest that, for subjects
between 20 and 40 years of age, 12 mapping may be more
appropriate than T1p mapping and IVD volumetry for the
identification of aging-related changes in the lumbar IVDs.
The IVD degenerative process begins with the reduction of
proteoglycans in the extracellular matrix of the NP, resulting
in water loss (3). This phenomenon was detected by T2
relaxometry, where a weak to moderate correlation with
aging was observed (Table 2). We observed a slight tendency
towards a reduction in the concentration of proteoglycans
with age in our asymptomatic young volunteers, but T1p
mapping was insufficient to detect statistically significant
differences in the NP for all the IVD levels (Table 2 and
Figure 6B). However, we believe that the minimal loss
of proteoglycans led to secondary water loss that was
detectable by T2 mapping (Figure 44-D and Figure 6A4,C,E).
This relationship remained similar even when stratified the
disc values according to gender. T2 PAF relaxometry showed
similar behavior to the NP (Figure 6E). Nevertheless, the
AAF presented no correlation between relaxometry and
aging in our study (7able 2 and Figure 6C,D). Overall, IVDs
T2 relaxometry values showed better correlation with aging
than T'1p values in young adults.

A previous report suggests that T'1p relaxometry is more
sensitive than conventional T2-weighted MRI for the
detection of early IVD degeneration (22). Yoon et al. (23)
showed that T2 relaxation has a stronger correlation with
IVD degeneration and morphologic changes than T1p in
symptomatic patients. Wang er 4/. identified significant
reduction of T'1p and T2 relaxation times of lumbar IVD
with age, however, the relative performances of T1p against
T2 were broadly similar (24). Our findings favor the
concept that T2 relaxometry may be more appropriate to
assess initial aging related changes in IVD composition in
asymptomatic young adults.

Pfirrmann er al. (25) evaluated these parameters in
a sample with a wide age range of 20 to 78 years. In a
study of a healthy population, Marinelli ez 4/. (10) also
found a progressive reduction in the 12 relaxation time
until the fifth decade of life, with a more pronounced
reduction between the third and fourth decade. These
findings are in agreement with our results. In a study that
used semi-quantitative scales to classify the degree of
IVD degeneration, Sharma et 4/. (8) found an increasing

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

prevalence of degeneration of NP from the second to fourth
decades of life, with a slight decrease in the third decade.

We found that increasing age in young adults did not
induce evident changes in lumbar IVD volume, although
changes in the IVD water content were detectable. This
is in accordance with previous literature suggesting that
disc volume may not be strongly influenced by age during
the initial degenerative process, despite some dehydration
secondary to the replacement of liquid by fibrous tissue
in NP (26). The increased compressive modulus leads to
extravasation of water out of the NP extracellular matrix (27),
which explains the observed behavior of the T2 relaxation
time.

The fact that our sample was composed of subjects
with low-level physical activity may be a contributing
factor to early dehydration. Gawri er al. (28) noted that
moderate physiological loads on the spine can have a
positive effect on the production of structural proteins and
proteoglycans and can thus retard the degradation of the
matrix. Dzierzanowski et /. (29) found that active exercise
significantly improves the range of lumbar motion, which
increases disc hydration and nutrition and reduces pain in
the lower spinal segments. In a systematic review, Lazary
et al. (30) noted the importance of physical exercise
programs and strengthening exercises to prevent the
emergence of disc pathologies. Additionally, those authors
emphasize the importance of maintaining an ideal posture as
a prophylactic factor that protects against disc degeneration.
Our findings corroborate other results in the literature (8,10)
and support the conclusion that spinal degenerative or aging
processes may begin in young persons.

The relationship between anthropometric characteristics
and disc changes is variable. In our study group, we found
no correlation between BMI, height or weight and T2
or T1p disc relaxation times. Zobel et /. (16) showed
previously that IVD composition assessed by relaxometry
correlates with BMI in case of overweight.

With respect to detect differences between nucleus
and annulus, our results corroborate findings previously
reported (12,18,24). The NP relaxation time was higher in
both techniques. However T1p relaxometry could detect
subtle differences between different portions of the annulus
as opposed to T2 relaxometry.

There are limitations of our study that deserve mention.
Heredity is widely accepted as a strong factor behind disc
degenerative changes (31). Unfortunately, we could not
control for hereditary effects. Furthermore, a longitudinal
study design would be ideal to confirm the effects of age.

gims.amegroups.com Quant Imaging Med Surg 2016;6(4):402-412
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Our study population was composed of asymptomatic
young adults who did not engage in regular physical activity.
Therefore, our results may not allow inferences about
the physiological variation of biochemical composition of
IVDs during aging after 40 years. Additionally, we cannot
extrapolate our results for athletes.

A potential application of our results for future clinical
research is the appreciation that T2 relaxometry may
be more appropriate to assess IVD aging. T'1p imaging
is prone to image artifacts and quantification errors,
which remains one of the greatest challenges to adopt
this technique in routine clinical practice (18). Additional
problems related to high specific absorption rate due to
the long duration of spin-lock pulses are present, especially
when body RF transmitter rather than local transceiver coil
is used (32). The sequence of T1p used in this study is the
most conventional and simple, in the preparation phase of
the magnetization it uses a locking pulse with a single phase.
This form is quite affected by field inhomogeneities B1 and
BO, bringing a reduction in signal and a faster decay (33,34).
Therefore, our reported values were lower compared to
other studies (35-37).

We conclude that T2 relaxometry identified gradual
disc dehydration related to aging in the first two decades of
adulthood in asymptomatic and non-athlete volunteers. T'1p
relaxometry and disc volumetry did not show significant
correlation with age in our study group. Our results suggest
that T2 relaxometry may be more adequate to detect early
aging related IVD changes.
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