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Abstract

Purpose To investigate whether axial loading of the spine
during MRI (alMRI) instantaneously induces changes in
biochemical disc features as reflected by altered quantita-
tive T2 values in patients with chronic low back pain
(LBP).

Methods T2 mapping was performed on 11 LBP patients
(54 lumbar discs) during the conventional unloaded MRI
and subsequent alMRI. Each disc was divided into five
volumetric regions of interests (ROIs), anterior annulus
fibrosus (AF) (ROI 1), the interface anterior AF-nucleus
pulposus (NP) (ROI 2), NP (ROI 3), the interface NP-
posterior AF (ROI 4), and the posterior AF (ROI 5). The
mean T2 values for each ROI were compared between MRI
and alMRI and correlated with degeneration grade (Pfir-
rmann), disc angle, and disc level.

Results With alMRI, T2 values increased significantly in
the whole disc as well as in various parts of the disc with an
increase in ROI 1-3 and a decrease in ROI 5. The changes
in T2 values correlated to degeneration grade, changes in
disc angle, and lumbar level.

Conclusion alMRI instantaneously induces T2-value
changes in lumbar discs and is, thus, a feasible method to
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reveal dynamic, biochemical disc features in patients with
chronic LBP.

Keywords Chronic low back pain - Quantitative magnetic
resonance imaging - T2 mapping - Disc degeneration -
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Introduction

Non-specific chronic low back pain (LBP), associated with
degeneration of the intervertebral disc (IVD), represents a
major worldwide health issue with high costs in addition to
severe individual consequences [1]. A major causality for
non-specific LBP is assumed to be pathological pain sig-
naling from the IVD [2—4] or the cartilaginous endplates
[5, 6]. The pathophysiology behind chronic LBP is, however,
still not elucidated, and clinical management is suffering
from the absence of a reliable method that unequivocally
points out which spinal structures causes the LBP [7-9].
Quantitative MRI methods, aiming for better under-
standing of the early processes of painful disc degenera-
tion, are under development. Apart from T2 mapping, other
quantitative methods that have been applied in clinically
advanced settings include Tlrho-imaging, T2*-mapping
(‘T2 star’), and ADC-mapping (apparent diffusion coeffi-
cient) [4, 6, 10-13]. In T2 mapping, voxel-specific T2-
relaxation times (T2 values) are determined from a series
of continually increasing echo times. In principle, T2 val-
ues correlate to the concentration of water molecules in a
given tissue but are also influenced by the interaction of
these water molecules with their molecular environment,
notably the amount and orientation of collagenous fibers
[14, 15]. T2 mapping improves the discrimination of disc
structures and facilitates the assessment of the biochemical
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composition of the IVD. T2 values have been shown to
inversely correlate with degeneration grade, with the
capacity to discriminate nucleus pulposus (NP) from
annulus fibrosus (AF) [10, 11, 16-21].

Despite that T2 mapping provides an objective measure
of degeneration, there are very few studies investigating the
relationship between mechanical IVD properties and T2
values [20, 22]. In terms of studies on LBP patients, there
is, to our knowledge, only one study addressing the issue
[20]. Stelzeneder et al. investigated the effects of axial
unloading of the spine in LBP patients and found signifi-
cant alterations in intra-discal T2 values by unloading.

Chronic LBP is usually aggravated by axial loading of
the spine [2, 3, 5], which is thought to be due to some kind
of mechanical impairment inducing pain in the degenerated
IVD or in the adjacent endplates. The method of axial
loading during MRI (alMRI) in the supine position has
previously been shown to aggravate pain in patients with
chronic LBP, and to induce morphological disc changes
[23]. To our knowledge, the effect on T2 values of lumbar
IVDs by the application of axial load during MRI has not
yet been investigated in patients.

The aim of the study was to investigate if alMRI is a
feasible method to instantaneously induce changes in bio-
dynamic disc features as reflected by altered T2 values in
patients with chronic LBP.

Patients and methods
Study participants

Eleven patients with chronic LBP, clinically severe enough
to be considered for surgery, were referred from the spine
surgery unit at Sahlgrenska University Hospital, Gothen-
burg, Sweden. None of the patients presented any radicular
nerve symptoms. None of the patients had any previous
disc surgery or any contraindications for MRI. The study
group consisted of seven men (mean age 41 years, range
25-51 years) and four women (mean age 44 years, range
25-69 years). Out of 55 lumbar discs, one L5-S1 disc was
excluded because of stabilized sacralization, resulting in a
total of 54 analyzed discs in 11 patients. The study was
conducted according to the Declaration of Helsinki. Ethical
approval was given by the Regional Ethics Review Board
at the Vistra Gotaland Region, and oral and written
informed consent was obtained from all participants.

Magnetic resonance imaging
All patients were subjected to an MRI examination per-

formed on a Siemens Magnetom Aera 1.5 T scanner (Er-
langen, Germany) consisting of an initial supine protocol

Fig. 1 DynaWell compression device. A patient in the MRI scanner
with the compression device. A harness is attached with straps to a
foot-plate, applying an axially directed load corresponding to 50 % of
the body weight. To prevent flexion and, instead, facilitate a normal
lordosis associated with the upright standing position, a small cushion
was placed under the lumbar spine

(unloaded MRI) (20 min) followed by an immediate
identical repeat supine protocol with the addition of axial
loading (alMRI) (20 min). The T2 mapping sequence was
included last in the protocols and, hence, T2 mapping with
and without axial load was spaced by 20 min in time. All
scans were made between 10:00 a.m. and 1:00 p.m. The
alMRI was performed with a DynaWell compression
device (Dynawell diagnostics AB, Las Vegas, NV, USA)
(Fig. 1) [24]. The protocol constituted of TSE T1- and T2-
weighted (W) sequences in the sagittal plane, an axial TSE
T2W-sequence, and an SE T2-mapping sequence in the
sagittal plane (Table 1).

Measurements

The discs of L1-S1 were classified according to the Pfir-
rmann method [25]. Lumbar lordosis (from superior end-
plate of L1 to superior endplate of S1) and disc angles
(Fig. 2) were measured on midsagittal T1-W images. IVD
segmentation (volumetric delineation) was made on fused
sagittal T1- and T2-mapping sequences on the Syngovia
(Siemens) image processing software, because the addition
of T1 signal improves the resolution of the T2 mapping
images (Fig. 2). The images were then multiplanar refor-
matted into non-overlapping slices of 10 mm, and three
such slices were used in the analysis on each disc level, one
midsagittal and two parasagittal, thus covering 30 mm of
the median disc width in total. Each disc was further
divided into five equal parts in the sagittal plane (Fig. 3).
This was done by the initial measurement in millimeters of
the individual discs in the midsagittal plane. In each
sagittal slice, five regions of interest (ROI) were delineated
along the disc contours by application of the polygonal
ROI tool. The sagittal length of each ROI was drawn along
a ruler tool marking corresponding to one-fifth of the
known total midsagittal length of the disc. The ROIs were
thus generated to represent anterior AF (ROI 1), anterior
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Table 1 MRI and alMRI

protocol details NSA (n) Flip («) TR (ms) TE (ms) Slice (mm) Matrix FOV (cm)
FSE Tl sag 2 150 480 9 3.5 320 x 320 30 x 30
FSE T2 sag 1 150 3500 95 3.5 384 x 38 430 x 30
FSE TS ax 2 150 5330 97 35 320 x 320 20 x 20
SE T2-map 1 180 1400 11/89 3.5 256 x 256 22 x 22

NSA number of signal averages, Flip (o) flip angle, TR repetition time, TE echo time, Slice slice thickness,
Matrix matrix size, FOV field of view

Fig. 2 Fused T1-/T2-mapping images. a Example of the color setting
used for the segmentation of the disc, as it was deemed to
satisfactorily enhance the disc borders. The /ines along the endplates
of the L3-L4 disc have been added to illustrate how disc angles were
assessed. b Displaying a non-degenerated L2-L.3 disc with a color

AF-NP border (ROI 2), NP (ROI 3), posterior NP-AF
border (ROI 4), and posterior AF (ROI 5), respectively. In
this fashion, a total of 15 separate volumetric ROIs of each
disc were delineated (Fig. 3). Mean T2 values (ms), stan-
dard deviations of the means (ms), and ROI-areas (mm?)
were recorded for each separate volume. Mean T2 values
of all three adjacent sagittal slices were calculated
regarding each of the five anteroposterior parts of the discs,

@ Springer

setting visually enhances the intra-discal bright areas denoting voxels
with particularly high T2 values. ¢ With aMRI, an increase in disc
angle and changes in the T2 signal of the nucleus pulposus are
appreciable

resulting in the mean T2 values of five sagittal volumes per
disc level. With the exception of the Pfirrmann grading, all
measurements were repeated in identical fashion for the
alMRI images. All measurements were made by a radiol-
ogy resident (MN) who also performed intra-observer
analysis after a minimum interval of 1 month, blinded to
the original results. Blinded inter-observer analysis was
performed by a radiology specialist (HH).
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Fig. 3 Conceptual sagittal and axial illustration of the disc segmen-
tation. a The sagittal length of each ROI corresponds to 20 % of the
total midsagittal length of the disc. The ROIs are delineated by the
respective cranial and caudal endplates. b Separate measurements
were made in each of three consecutive, non-overlapping midsagittal,
and parasagittal 10 mm multiplanar reconstructed slices. These were
added to mean values for each of the ROI 1-5 in the sagittal plane.
Thus, each ROI 1-5 represents mean T2 values of the median 30 mm
in the coronal (frontal) plane. A total of 15 volumetric measurements
were made per disc

Statistical analysis

The description of data was expressed in terms of the mean
and standard deviation (SD). A parametric paired ¢ test was
used for comparison between differences in T2 values
between unloaded MRI and alMRI. Non-parametric

Spearman rank correlation and parametric Pearson’s pro-
duct-moment correlation were used for the evaluation of
how differences in T2 values were associated to differences
in IVD angle and Pfirrmann grade. Bivariate Pearson’s
analysis was also performed to correlate induced changes in
lordosis with induced changes in disc angles. Reliability of
quantitative measurements for both intra- and inter-rater
agreement was performed using intra-class correlation
coefficients (ICC) with 95 % confidence intervals. ICC
model 2 was used with single measurements to determine
consistency in agreement. The coefficients were interpreted
according to Landis and Koch [26]. All tests were two-
sided, and statistical significance was set as p < 0.05. Data
were analyzed using IBM SPSS Statistics for Windows,
Version 22.0 (Armonk, NY: IBM Corp, USA).

Results
Changes in T2 values

Comparison between unloaded MRI and alMRI showed a
significant increment in T2 value of the whole disc, from 58 to
60 ms (p < 0.05). Stratified according to disc level, this
change was significant on the L2-1.3 and L5-S1 levels
(Table 2). There were significant alterations in T2 values for

Table 2 Differences in T2

values between unloaded MRI Mean SD 95 % confidence interval of the difference p value

and alMRI for discs stratified Lower Upper

according to respective disc

level L1-L2 —2.7 16 —7.1 1.6 0.213
L2-L3 -5.1 17.7 —-10.4 —-0.8 0.023
L3-L4 -2.1 19.6 74 33 0.442
L4-L5 —-04 9.2 -29 2 0.723
L5-S1 -1.9 6.6 -3.7 0 0.048
The bold values represent p values (=expression of significance)
SD standard deviation

Table 3 Comparison between Unloaded MRI (N = 54)  alMRI (N = 54)  Difference unloaded MRI-aIMRI

T2 values (ms) for unloaded

MRI and alMRI in the five 95 % CI

different ROIs

Mean SD Mean SD Mean SD Lower Upper p value

ROI'1 308 5.9 35.0 10 —4.2 8.3 —-64 -19 0.001
ROI2 619 29.3 70.6 36.8 —8.7 163  —132 —43 0.000
ROI3 809 37.2 87.2 46.6 —6.3 182 —-112 -—14 0.014
ROI 4 749 34.2 73.9 334 092 137 —-2.8 4.6 0.624
ROI5 41.0 13.3 355 10.6 5.6 11.1 2.5 8.6 0.001

Each ROI represents one-fifth of the sagittal length of the disc. The width of each ROI represents the
median 30 mm of the disc. ROI 1 is regarded to represent the anterior anulus fibrosus (AF), ROI 2: border
zone between anterior AF and nucleus pulposus (NP), ROI 3: NP, ROI 4: border zone between NP and
posterior AF, and ROI 5: posterior AF

ROI region of interest, SD standard deviation, CI confidence interval
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Fig. 4 Illustrations of changes in T2 values induced with alMRI.
aIllustration of changes in T2 values according to disc levels comparing
unloaded MRI with alMRI. b Illustration of changes in T2 values
comparing unloaded MRI and alMRI when all 54 discs were analyzed
together. A significant increase is designated by up arrows and decrease
by down arrows. Non-significant changes are designated by lines

all ROIs, except for ROI 4, between unloaded MRI and alMRI
(Table 3). When the different ROI's were analyzed with
respect to disc levels, significant increments in T2 values with

alMRI were seen in ROI 1 and 2 of the L1-L.2 and L2-1.3
levels (p < 0.05) with concomitant reductions in ROI 5 on the
same disc levels (p < 0.05). In addition, increments in T2
values were also seen with aIMRI in ROI 3 of the L.2-L.3 level
(p < 0.05) and ROI 2 of the L5-S1 level (p < 0.05). For all
other ROIs, there were no statistically significant differences
between unloaded MRI and alMRI (Fig. 4).

Correlation to Pfirrmann grades

When graded according to Pfirrmann, 3 discs were grade 1,
27 grade 2, 16 grade 3, and 8 grade 4. No grade 5 discs were
found in the study group. No analysis of correlation was
performed between the singular Pfirrmann grades and T2
values, due to the limited number of discs with the highest
Pfirrmann grades. Instead, Pfirrmann grades were dichot-
omized into two groups; I-II and II-IV, respectively.
Absolute T2 values were higher in the Pfirrmann I-II group
compared with the III-IV group in all ROIs (p < 0.001)
(Table 4). Increments in T2 values with alMRI were more
pronounced in the I-IT groupin ROI 1 (p < 0.001), ROIs 2-3
(p < 0.04) with a concomitantly more pronounced reduction
inROI 5 (p < 0.05), compared with group III-IV (Table 4).

Correlations to lumbar lordosis and changes in disc
angles

The alMRI induced an increment of the mean lumbar lor-
dosis of 11° (£5°) and a mean increment of 2.2° (SD 2.8,
range 15) of the IVD angle. Furthermore, the induced
changes in IVD angles correlated to concurrent changes in
T2 values in ROI 1-3 (p < 0.05, k = 0.3) and in ROI 5
(<0.01, k = —0.4).

Intra- and inter-observer analysis

ICC for the intra-observer analysis ranged between 0.85
and 1.0 for ROI 2-5, both for unloaded MRI and for

Table 4 Absolute alMRI T2 values (ms) and differences in T2 values between unloaded MRI and alMRI with comparison made between

Pfirrmann I-1I and III-IV groups

Mean alMRI T2 values

Change i T2 values between unloaded MRI-alMRI

Pfirrmann grade

Pfirrmann grade

Iand II IIT and IV Mean p value 95 % CI Iand II IIT and IV Mean p value 95 % CI

(n = 30) (n=24) difference (n = 30) (n=24) difference
ROI'l 389 (11.0) 30.1 (5.3) 8.9 <0.001 42-35 —7.89 (8.68) 0.43 (494) -—-83 <0.001 —123to —43
ROI2 91.7 (36.2) 445 (129) 472 <0.001 31.3-63.1 —13.1(19.9) —-3.5(7.24) -9.6 0.020 —17.5t0 —1.6
ROI3 114 (449) 54.0(17.1) 60.4 <0.001 40.5-80.3 —10.6 (22.4) —1.2(8.8) -9.5 0.042 —18.5t0 —0.4
ROI 4 949 (28.3) 48.0(16.5) 469 <0.001  33.5-60.2 1.8 (17.3) —0.2(7.2) 1.9 0.58 —5.1t09.0
ROIS 40.2 (11.2) 29.5(5.9) 10.7 <0.001 5.5-15.9 8.3 (12.8) 2.6 (7.2) 5.7 0.047 0.09 to 11.3

ROI regions of interest, CI confidence interval, standard deviations in parentheses
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alMRI, and between 0.68 and 0.79 for ROI 1. Inter-ob-
server analysis showed ICC 0.87-1.0 for all ROIs for both
unloaded MRI and alMRI, with the exceptions of ROI 1
(0.79) and ROI 5 (0.43) for aIMRI [26].

Discussion

The main findings in this study were that alMRI instanta-
neously induced an increment in T2 values in the disc as a
whole, and that this was most pronounced in the anterior AF
and the NP coupled with a concomitant reduction in the
posterior AF. Furthermore, the instant changes in T2 values
correlated with parameters related to the degree of degen-
eration, as the Pfirrmann grading and change in IVD angle.

These results most probably reflected structural and
biochemical disc alterations induced by the axial load,
explained by dynamic effects on the spatial distribution of
intra-discal water. However, the differences in mean T2
values between unloaded MRI and alMRI should not only
reflect a redistribution of water molecules. Rather it might
be a measure of the state of global biochemical disc
structure, influenced by proteoglycans and collagen. Col-
lagen causes well-known restriction in the mobility of
water molecules through chemical interactions, and this
effect on T2 relaxation time shortening is variable sec-
ondary to the orientation of the fibers in relation to the
magnetic field [6, 14, 15].

The fact that T2 values increase in the anterior disc
regions with concomitant decreases in posterior AF seems
logical considering that in addition to axial load, the lum-
bar spine is extended during alMRI, with both increments
in lordosis and IVD angle, resulting in higher load on
posterior spinal structures, such as posterior AF. It seems
likely that this increment of posterior load redistributes
water molecules anteriorly in the disc, possibly into clefts
in the anterior AF or in the NP, or into posterior annular
fissures. The relative impact on T2 values by hydrody-
namic distributions and structural disc composition within
the disc, respectively, is substantially unknown and needs
to be further explored. Irrespectively, the results show that
this novel method is sensitive enough to depict such
alterations instantaneously.

There were differences in T2 value changes between the
various IVD levels in this study, but because of the small
cohort, no general conclusions could be made regarding the
impact of specific IVD levels. Theoretically, one may
expect that the IVD position in relation to the center of the
spinal load influences the degree of mechanically mediated
biochemical reaction when forces are applied. The
observed alMRI-induced T2-value changes were most
pronounced in the upper lumbar spine levels. This might,
however, also be explained by the fact that IVD

degeneration tends to be less pronounced there [27]. The
changes in this study were, indeed, also most evident in
relatively mildly degenerated discs (Table 4), which has
also been shown to be the case in the prior, scarce, litera-
ture on loading-related T2 value changes in LBP patients
[20]. Furthermore, the extent of changes in T2 values in the
various ROIs correlated with changes in IVD angles sug-
gesting that more rigid lumbar segments are less prone to
react structurally biochemically to applied axial load [3].
Overall, it seems plausible that the correlations between T2
value changes and segmental position, degeneration grade,
and flexibility might simply represent different expressions
of the same biochemical condition.

The absolute T2 values in this study and the variations
related to AF and NP are in concordance with larger studies
probing the correlations of quantitative T2 values to IVD
histology and states of degeneration [10, 11, 16—18, 20, 21].
Slighter variations between studies can be explained by the
fact that neither selection of study participants nor measuring
methods have been strictly standardized. The fashion of
volumetric ROI acquisition used in the current study, which
enables the majority of the disc to be included, has not been
used in other studies. To avoid partial volume averaging
effects with paraspinal tissues, the most lateral millimeters of
the disc could not be included in the ROIs. Still, previous
studies are limited by smaller ROI volumes, such as one
4-5 mm midsagittal slice [10, 16, 19], two 5 mm parasagittal
slices [11, 20, 21], or a single axial 3 mm slice [18], with
substantial risks of losing important information in the
peripheral disc regions. This aspect seems important when
effects from axial loading are studied as increases in disc
pressure may force gelatinous NP content into radial and
circumferential AF fissures, i.e., into peripheral disc regions,
or even out of the disc entirely.

Interestingly, in the study by Stelzeneder et al. [20], 48
LBP patients were subjected to two repeat supine MRI
scans performed after upright position, thus achieving a
situation of axial spinal unloading. In their study, T2
values in ROI 2 (anterior AF-NP border zone) decreased,
while T2 values in ROI 5 (posterior AF) increased, which
seem congruous with our results. However, incongruous
to our findings, they found no differences when all ROIs
were summated on a global disc level, which might be
explained by the lack of peripheral ROI volumes in their
study. It also appears plausible that biochemical responses
will be more rapid when instantaneous active load is
applied as compared to the more gradual and slow
responses that can be assumed to occur when axial load is
relieved passively.

Compared with supine alMRI, the use of upright posi-
tion, being a more physiological approach, might be more
revealing, possibly with added clinical value. Recently,
Splendiani et al. reported, in a large study material, that
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upright MRI revealed morphological changes in the forms
of disc protrusions, spinal canal stenosis, segmental trans-
lational movements, and lumbar lordosis in a majority of the
patients when compared to supine MRI [28]. Presumably,
this would translate into significant changes in T2 values, as
well. In the present study, supine alMRI was, however,
chosen to keep a controlled position of the patient.

Limitations

Diurnal variations in T2 values are known to occur with
decreasing T2 values in the nuclear region [29] and
increasing T2 values in the annular region as the day
progresses [30]. A standardized examination time focused
on the morning instead of noon would have been prefer-
able. The fact that significant changes were seen in the
cohort even after ambulant, physiological loading of the
spine might, however, be seen as proof of the methods
robustness. Further limitations in this study are inherent to
its small size, which restricts conclusions about validity
and clinical utility. On the other hand, as a feasibility study,
the results encourage further exploration.

Conclusion

The results show that T2 mapping combined with aIMRI is
a feasible method to reveal dynamical IVD properties and
expressions of the internal biochemical disc architecture.
Changes in T2 values were instantaneously induced with
alMRI in the whole disc as well as in various disc parts with
an increment in the anterior AF and the NP and a con-
comitant reduction in the posterior AF. For the evaluation of
clinical usefulness, larger studies comparing LBP patients
with controls are encouraged. This may clarify whether
alMRI combined with T2 mapping also has the capacity to
discover patterns specific to painful degenerated IVD.
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