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Abstract

Purpose Multivariate analysis of T2-weighted signal, diffusion ADC, and DKI parameters and tractography were used to
differentiate chronic non-specific low back pain (CLBP) patients and asymptomatic controls (AC).

Methods A total of 30 patients with CLBP and 23 AC underwent diffusion kurtosis imaging (DKI) of lumbar spine with
a 3T MRI scanner to get the ADC values and seven parameters of DKI in the nucleus pulposus (NP) of the intervertebral
disc. The tractography and the tract-related parameters as other parameters were also generated to indicate the intactness
of annulus fibrosus (AF). T2-grades of the discs were also quantified based on an eight-grade degeneration grading system.
ADC and T2-grades were compared with DKI parameters for the differentiation of CLBP and AC groups.

Results There was no difference in the T2 grades, ADC value, and multiple parameters in DKI of NP between CLBP and
AC groups (P>0.05). The average FA values in NP in AC group were found significantly higher than in the CLBP group
(P <0.05). The scores for the intactness of AF of the intervertebral discs were significantly different in CLBP and AC groups,
with 90% of sensitivity and 70% specificity (P <0.05). Additionally, there were significantly differences in the length and
volume values of the AF in CLBP and AC groups (P <0.05).

Conclusion DKI is a good noninvasive method, and it might help to differentiate CLBP from AC. Particularly, the continu-
ation of DKI tractography reflects the presence of annulus fibrosus fissures, an important character in the generation of the
low back pain.
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intervertebral discs connect the vertebral bodies, absorbing
and distributing applied loads and lending flexibility to the
spine [3, 4]. They are composed of the nucleus pulposus
(NP), which is a hydrophilic proteoglycan-rich gelatinous
core, and the annulus fibrosus (AF), which is a lamellate
collagenous ring surrounding the NP [5]. As the degenera-
tion progresses, the composition and organization of the disc
matrix in the NP are altered by the loss of water content,
the decrease in type II collagen and proteoglycans, and the
increase in type I collagen [6]. At the same time, the AF
cells undergo some changes in the matrix and the activity,
resulting in the loss of organization in the AF matrix [7].
Therefore, the anabolism and catabolism in the NP and AF
cause an alteration of the microenvironment and microstruc-
ture of the degenerated discs.

MR imaging has been used as a noninvasive method
to study IDD [8]. Clinical protocols including T';- and T’,-
weighted sequences are in fact able to show anatomical
abnormalities such as disc bulge, protrusion/extrusion, and
high-intensity zones [9, 10]. However, the findings associ-
ated with LBP are present in the majority of both symp-
tomatic and asymptomatic individuals, and accordingly,
the diagnostic value of these findings is limited [9]. Such
limitation could find its roots in the failure of conventional
imaging protocols to assess the changes in the microstruc-
ture and microenvironment of the discs. Diffusion-weighted
image (DWI) has been used to show the loss of water content
in degenerated discs [11], while diffusion tensor imaging
(DTI) can map the principal diffusivity direction of water
molecules through the tissue [12]. T;- and T,-weighted
sequences can in fact only show macroscopic features, and
conventional diffusion imaging (DWI & DT1) fails to fully
describe the microstructure, e.g. mischaracterizing the ori-
entation of fibres in regions of crossing or fanning [13].

Unlike Gaussian diffusion methods (conventional DWI
and DTI), diffusion kurtosis imaging (DKI) is a non-Gauss-
ian diffusion modality which is a clinically feasible exten-
sion of DTI by estimating the kurtosis of the displacement
distribution [14, 15]. The conventional Gaussian diffusion
methods are based on Einstein’s original concept that the
diffusion of water molecules follows a Gaussian (normal)
distribution. This assumption may be true for homogene-
ous liquids and gels; however, it is overly simplified for
complex biological tissues with cell membranes creating
compartments and barriers for free diffusion. Hence, DKI
is introduced for quantifying the diffusion kurtosis, a dimen-
sionless statistical metric for the non-Gaussianity of an arbi-
trary probability diffusion distribution [14]. The additional
kurtosis information provided by DKI may help to improve
upon conventional diffusion MRI, including DTI-based fibre
tracking methods [15]. Therefore, DKI has been applied for
the successful detection of microstructural changes in tissue
[16, 17].
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Multiple parameters can be extracted from DKI data,
such as fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (Da), radial diffusivity (Dr), mean kurtosis
(MK), axial kurtosis (Ka), and radial kurtosis (Kr), which
can be used as biological markers for the diffusion of water
molecules and microstructural heterogeneity in the tissue
[13, 18]. Additionally, DKI allows for the estimation of the
diffusion kurtosis tensor (DKT), which quantifies the non-
Gaussian behaviour of water diffusion and provides more
accurate tractography than diffusion tensor imaging (DTI)
[13].

In the previous study in healthy rat [19] and a rat interver-
tebral disc degeneration model [20], it was found that DKI
can show the differences in the microstructure of nucleus
pulposus between sexes and between grade 1 and 2 degener-
ation in healthy rats, and DKI multi-parameter analysis had
been proved to be useful for assessing the microstructural
changes consistent with the histopathology results in rat IDD
model. Therefore, we hypothesized that DKI can be used to
evaluate the microstructural changes in human intervertebral
discs and explore their relationship with chronic low back
pain. To test our hypothesis, we studied patients with chronic
non-specific low back pain and used DKI multi-parameters
to assess the microstructural changes in the nucleus pulpo-
sus, and DKT to show the integrality of the annulus fibrosus.

Methods
Subjects

With approved IRB protocols and after adequate commu-
nication and appropriate explanations of magnetic reso-
nance imaging, all subjects signed informed consent. The
study included two groups of subjects: 1). 30 patients with
chronic non-specific low back pain (CLBP): 14 males and 16
females, between 18 and 48 (33 + 8) years old (BMI: 24 + 3)
and 2) 23 asymptomatic controls (AC), 13 males and 10
females, between 18 and 45 (31 +6) years old (BMI: 22 +2).

The inclusion criteria of CLBP [21, 22] were as follows:
1. low back pain was not attributable to a recognizable,
known specific pathology (e.g. infection, tumour, osteopo-
rosis, fracture, structural deformity, inflammatory disorder,
radicular syndrome, or caudal equine syndrome) and 2. per-
manent pain had been suffered in the low back area for at
least 1 year (range: 1-8 years).

The exclusion criteria of the two groups were as follows:
(1) if subjects have systemic diseases (metabolic disease,
cancer, or acute infection) and (2) if subjects have medi-
cation history (paregoric drugs, antidepressants, and drug
abuse history) and history of surgery and drug allergy.

All subjects were asked to rate the pain intensity during
4 weeks prior to the examination by using the short-form
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McGill Pain Questionnaire 2 (SF-MPQ-2) [23], which
includes different types of pain, and the pain score ranges
from one (corresponding to “no pain”) to ten (correspond-
ing to “worst pain imaginable”). Oswestry lumbar and lower
limb dysfunction index (Oswestry disability index, ODI)
[24] was also used to exclude the patients with dysfunction
of lower extremity which suggests the radicular syndrome.
In our study, 30 subjects were included in CLBP group after
16 subjects were excluded.

Imaging protocols

Lumbar spine imaging was performed using a 3 Tesla MR
scanning system (GE Discovery MR 750; GE Healthcare,
Waukesha, WI, USA) with a 32-channel torso coil. All the
scans were completed from 1 to 4 pm to minimize the vari-
ation in the character of the intervertebral discs [25]. The
images of T,-weighted sagittal images, DWI sagittal section,
and DKI sagittal section were collected.

T,-weighted sagittal images were acquired as follows: fast
spin echo sequence with repetition time (TR) of 2500 ms
and echo time (TE) of 120 ms; matrix 512*512; field of
view (FOV) 32*16 cm?; NEX =2.0; slice thickness 4 mm;
interslice gap 0.5 mm.

A DWI sagittal section was acquired with a single-shot
spin echo EPI sequence (SS-EPI) and the following param-
eters: b values, 0, 600 mm/s%; TR/ TE =2000/92 ms; matrix,
256%256; voxel size, 1.25%1.25%4 mm?>; FOV, 32%32 cm:
slice thickness =4 mm; gap=0.5 mm.

The sagittal diffusion kurtosis images were collected with
the parameters: TR/TE =2500/96 ms; matrix, 256%256;

Fig.1 T,-weighted and DKI of
the lumbar spine. a T,-weighted
image, b ADC map, ¢ MD
map, d Da map, e Dr map, f FA
map, g MK map, h Ka map, i
Kr map. This is a 38-year-old
female subject in the asymp-
tomatic controls group. The

T, grades of L1/2, L2/3, L3/4,
L4/5, and L5/S1 were 2, 2, 2,
2,4

voxel size, 1.25%1.25%4 mm?>; FOV, 32*32 cm; slice thick-
ness =4 mm; gap=0.5 mm. The DKI protocol included 2 b0
images and DW images with two different b values (1250,
2500 mm/s?), each applied along 25 directions.

Image processing

An eight-grade modified grading system [26] was adopted
to grade the disc degeneration based on the 7, images. Two
radiologists (8 years and 6 years of experience of imaging
analysis and radiologic reading in MR imaging of the spine)
assessed the MR data. The discs were blindly reviewed by
them, and consistent results were reached after further dis-
cussion if needed.

The vendor-supplied software (Advantage Worksta-
tion; version 4.6, GE Healthcare) was used to calculate
the apparent diffusion coefficient (ADC) value from the
DWI images. The diffusion parameters derived from DKI
included FA, MD, Da, Dr, MK, Ka, and Kr. Mean values
were computed averaging the values within elliptic regions
of interest (ROI) in the NP. To select the proper anatomical
position for the measurement, the ROIs were drawn with
uniform size (100-140 mm?) from the centre of the disc on
the T,-weighted sagittal images and then transposed on DWI
and DKI images (Fig. 1).

The tractography by DKT was generated by using MRI-
cron software (https://www.mricro.com) and DSI Studio
(https://dsi-studio.labsolver.org/) (Fig. 2). Discs were drawn
manually by a radiologist (5 years of experience of imaging
analysis and radiologic reading in MR imaging of the spine),
who was blinded to all clinical information, on DKI multiple
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Fig.2 Generation of DKI tractography. a ROI mask by MRIcron
software, b Delineation of the tractography of the annulus fibrosus
by DSI studio. This is a 35-year-old male subject in the CLBP group.

images using MRIcron software, and saved as masks of ROIs
(Fig. 2a). Then, the masks were imported into the DSI Stu-
dio to create the tractography in all the five discs (Fig. 2b).
DSI Studio provides a default quantitative anisotropy (QA)
threshold (0.06594) to enable tractography. QA overcomes
the limitations of FA in assessing the fibre integrity in areas
with multiple crossing fibres [25, 26]. Fibre tracking was ini-
tiated from manually selected seeds in the area correspond-
ing to the AF using all orientations present within a voxel
until 10,000 tracts were detected. To maximize the detection
of AF, the following parameters were kept constant across
all subjects and longitudinal scans: maximum tract turning
angle of 90°, step size of 0.625 mm, and a tract length con-
straint of 0—-500 mm.

The status of each disc in the tractography rendering was
scored by the same radiologist. When the annulus fibrosus
was intact, the score was 0; otherwise, the score was 1.

From the DSI studio, three parameters were obtained,
including mean QA, mean length, and AF volume. QA is
related to the tract compactness and less susceptible to par-
tial volume effects [25, 26]. The mean length and volume
refer to the average length and the total volume of all tracked
fibres in the AF (https://dsi-studio.labsolver.org/).

Statistical analysis

The data were analysed using the SPSS statistics software
package (IBM, version 23.0, Chicago, USA).
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The T, grades of L1/2, L2/3, L3/4, L4/5, and L5/S1 were 2, 2, 2, 3,
and 3. In the tractography of the discs, all discs were intact except L5/
S1

To compare the grading between the CLBP and AC
groups, total T, grades and T, grades in “most degenerated
disc (MDD)” were calculated. For each subject, the total 7,
grades were defined as the sum of all the grades in L1/2,
L2/3, L3/4, L4/5, and L5/S1. The “most degenerated disc”
was defined as the disc with the highest T, grade among
the five discs. Because the “most degenerated discs” of the
CLBP group were in the L4/5 and L5/S1 level, the AC group
discs for comparison were selected from the level which
had higher T, grade. When the grade in the two levels was
the same, the L5/S1 disc was selected. Student’s ¢ test was
used to compare the differences between the CLBP and AC
groups.

The Mann—Whitney test was used to compare the differ-
ences in ADC, FA, MD, Da, Dr, MK, Ka, and Kr values in
the “most degenerated disc” in CLBP and AC groups.

The t test was also used to identify differences in the AF
integrity scores: mean QA, mean length, and volume in the
discs between the groups. The final data were presented as
median + standard error (SE). P values smaller than 0.05
were considered statistically significant.

Results

There were no differences in the age, sex, and BMI in the
symptomatic and asymptomatic groups. The average pain
score in CLBP was 5.45 while the average pain score in AC
was 0 (P <0.05).
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Comparison of T, grades in CLBP and AC groups

The comparison of total 7, grades and T, grades in the “most
degenerated disc” is shown in Fig. 3. There were 1 grade
10, 3 grade 11, 5 grade 12, 6 grade 13, 2 grade 14, 4 grade
15, 1 grade 16, and 1 grade 20 in the AC group, while there
were 2 grade 10, 2 grade 2, 3 grade 12, 6 grade 13, 2 grade
14, 5 grade 15, 6 grade 16, and 1 each in grade 17, 18, 19,
and 20 in the CLBP group. There was no difference in the
total T, grades in CLBP and AC groups (Fig. 3a, P>0.05).
Similarly, there was no difference in the T, grades in the
“most degenerated disc” in CLBP and AC groups (Fig. 3b,
P>0.05). There were 2 grade 2, 12 grade 3, 8 grade 4, and
1 grade 5 in AC group, while there were 2 grade 2, 11 grade
3, 15 grade 4, 1 each in grade 6 and 7 in the CLBP group.

Comparison of ADC values and DKI multi-parameters in
NP in CLBP and AC groups.

The comparisons of ADC values and DKI multi-param-
eters between the two subjects groups are summarized in
Fig. 4.

The average FA values in the AC group (0.10+0.03)
were found significantly lower than in the CLBP group
(0.13+0.06, P=0.03<0.05, Fig. 4), while there was no
significant difference between the groups in the ADC, MD,
Da, Dr, MK, Ka, and Kr values (Fig. 4, Table 1). Compared
with the parameters in NP in AC group, the ADC, MD, Das,
and Dr values in CLBP group were lower, while the FA,
MK, Ka, and Kr values were higher, albeit not significantly
(P>0.05, Fig. 4).

Comparison of the microstructure of AF in CLBP
and AC groups

The scores for the integrity of AF were significantly differ-
ent in CLBP and AC groups (P <0.05, Fig. 5a). In the AC
group, there were 7 damaged AF which had fissures and
16 intact AF. In contrast, there were 27 damaged AF and 3
intact AF in the discs in the CLBP group (Fig. 5a). Using
the criteria of with or without fissure, we can differentiate
CLBP from AC with 90% of sensitivity and 70% specificity.
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Fig.3 Total T, grades ( a) and T, grades in MDD (most degenerated disc) ( b) in AC and CLBP groups. AC: asymptomatic controls; CLBP:

chronic non-specific low back pain
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Fig.4 Comparison of ADC values and DKI parameters between AC and CLBP groups. AC: asymptomatic controls; CLBP: chronic non-specific

low back pain (*P <0.05)

Table 1 Mean values of ADC value and DKI parameters in AC group
and CLBP group

Parameters AC CLBP

ADC value (mm?/s) (1.65+0.21)*1073 (1.58+0.30)*1073

The quantitative analysis of the AF integrity is shown
in Fig. 5b. The length values (0.93 +0.24 x 10%) in the AC
group were significantly longer than in the CLBP group
(0.74+0.28 x 10%, P=0.014< 0.05), the volume in the
AC group (0.74 +0.28 x 10%) was significantly larger than

FA 0.10+0.03 0.13+0.06 in the CLBP group (0.52+0.25x 10%, P=0.008 < 0.05),
MD (um*/ms) 1.94£0.33 1.83+0.31 while there was no significant difference in mean QA values
Da (um?/ms) 2.13+0.30 2.05+0.35 between AC and CLBP groups. Additionally, the tractogra-
Dr (um?/ms) 1.82+0.37 1.71£0.31 phy of the discs could directly show the difference of AF in
MK 0.63+0.12 0.65+0.13 CLBP and AC groups (Fig. 6).
Ka 0.58+0.09 0.60+0.11
Kr 0.65+0.14 0.66+0.14
A B
Intactness 1.3 1
AC 124 E3 AC
) CLBP . :; &3 CLBP
w/ fissure 1 B 0.9 4
0.8 -
0.7 -
X 16 3 0.6 <
w/o fissure. % iy g-i N
0.3 4
0.2 4
0.1
0.0

AC CLBP

Fig.5 a Scattering plot of the intactness of the AF by DKI tractrog-
raphy in AC and CLBP groups. b Comparison of the quantitative
parameters of the AF integrity (mean QA, mean tract length, and
tract volume) in AC and CLBP groups. AC: asymptomatic controls;
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CLBP: chronic non-specific low back pain. w/fissure: the AF in the
discs with fissure; w/o fissure: the AF in the discs without fissure.
(*P<0.05)
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Fig.6 Tractography of the discs
in AC and CLBP groups. a
This is a 40-year-old male in
the AC group. The T, grades of
L1/2,1.2/3, L3/4, L4/5, and L5/
S1 were 2,2, 2,2, and 4. The
tractography shows that all discs
were intact. b This is a 42-year-
old male in the CLBP group.
The T, grades of L1/2, L2/3,
L.3/4, 1L4/5, and L5/S1 were 3,
3, 3, 4, and 4. The tractography
shows that the discs in L3/4 and
L/S1 were not intact

Discussion

In this study, patients with CLBP but without lumbar nerve
compression were investigated to understand the aetiology
of disc degeneration. Revealing the microstructural changes
in the NP and AF can be an important piece of the puzzle to
understanding and diagnosing disc degeneration in CLBP.

Our results showed that tractography and quantitative
analysis from DKI were able to indicate significant differ-
ences in the AF between CLBP and AC groups, while the T,
grading system was not able to capture them.

Two main conclusions can be drawn from this study.
Firstly, the AF tear [27-29], regardless of the presence of
disc herniation [28], is a crucial character in the genera-
tion of the low back pain, as was proved by this and other
studies. Here we were able to differentiate CLBP and AC
patients based on the presence of fissure. Stefanakis [28]
found that the fissures in AF are essential for nerve ingrowth
into degenerated discs, which was one of the mechanisms
leading to discogenic back pain. Additionally, the inflam-
matory action of the fissures can also result in discogenic
back pain as demonstrated in other studies [30, 31]. The
DKI tractography can directly show the integrity or injury
of the AF, consequently assessing the cause of the back pain
in patients and helping to make the decision of treatment.

DKI quantitative analysis on the AF can differentiate
CLBP from AC patients. If a fissure is present in the AF of
CLBP patients, that is, if the fibres are interrupted, the AF
mean length values should be shorter and the mean volume
values should be smaller compared to the asymptomatic
group. Our results were consistent with this hypothesis. On
the contrary, QA values, which reflect the mean tracts’ com-
pactness in the whole AF, seemed not to be affected by the
fibres’ interruption. We conclude that length and volume in
DKT are the most informative markers to assess the integrity
of the AF, and provide a quantitative measurement alongside
the direct injury indication showed by the tractography.

Secondly, slight changes were observed in the micro-
structure of the NP between the CLBP group and the
asymptomatic controls. The average FA values in the
CLBP group were higher than in the AC group, indicating
a change in the defined structure with proper directional
anisotropy. It needs further study to show the relationship
between the microstructure in NP and the low back pain.
Along the same line, MK, Ka, and Kr values were higher in
CLBP group, which reflected the increase in cellular den-
sity and consequent narrowing of the extracellular space
[18], altering the microstructural environment and favoring
an isotropic water restriction. On the other hand, the ADC
values, MD, Da, and Dr values decreased in the NP of the
patients with CLBP, which suggests that the content of the
water reduced [32]. However, the changes were not sig-
nificant, and even though it has been recently demonstrated
that DKI multiple parameters correlate with the grading of
disc degeneration [18], the connection to back pain needs
further investigation.

The interpretation of diffusion MRI parameters in the
development of intervertebral disc degeneration is contro-
versial. Zhang [32] found that the ADC value is inversely
proportional to the degeneration stage, but another study
[33] showed that ADC in severely degenerated disc can
even be normal or slightly increased with respect to the con-
trols. It is possible that the condition of Gaussian diffusion
assumed in DWI might heavily underestimate the micro-
structural complexity in the disc. Free from the constraint
of Gaussian diffusion, DKI parameters can show the micro-
structure of the disc.

There are two main limitations in this study: first, there
were not enough subjects in serious degenerated discs
(grades 5, 6, 7, and 8). Second, we did not discriminate the
types of low back pain in the analysis. We are currently plan-
ning on expanding the study, by including more subjects and
different types of pain, in order to better guide the manage-
ment decision.
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Conclusion

DKI can noninvasively show the microstructural change of
the degenerated intervertebral discs in humans. DKI param-
eters provide a quantitative measurement of the microstruc-
tural modifications in the NP, while the tractography and
the tract-related parameters (length and volume) from DKT
can directly show the integrity of the AF, which has been
confirmed to be an important character in the generation of
low back pain. Therefore, we conclude that DKI can be used
to assess and monitor the status of intervertebral discs and
the causes of pain in CLBP patients.
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