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Abstract

Purpose The aim was to (1) verify our previous finding that endplates (EPs) display load-induced T2-changes, (2) investi-
gate whether vertebrae display load-induced T2-changes and (3) investigate whether EPs and vertebrae in LBP patients and
controls display T2-differences during conventional unloaded MRI and axial loaded MRI (alMRI).

Methods Twenty-seven patients (mean 39 years) and 12 (mean 38 years) controls were examined with T2-mapping on a
1.5 T scanner during conventional unloaded MRI and subsequently during aIMRI (Dynawell® loading device), separated
by approximately 20 min. For determination of EP and vertebral T2-values, volumetric regions of interest were manually
segmented. Each vertebra was then divided into half to obtain superior and inferior units. The presence of EP changes (visual
inhomogeneity in the EP zone), Schmorl’s nodules and Modic changes were registered.

Results For conventional unloaded MRI, the T2-values in the superior and inferior vertebral units and the EPs were sig-
nificantly higher in the patients compared with controls (p < 0.03, p <0.006) even when adjusted for the presence of Modic
changes, Schmorl’s nodules and EP signal changes. alMRI induced significant changes in the superior EPs of the patients
(p<0.001). Additionally, the T2-value differed significantly between the superior and inferior EP, as well as between the
superior and inferior vertebra with higher values in the inferior units (»p <0.001).

Conclusion This study demonstrated significantly higher EP and vertebral T2-values in LBP patients in comparison with
controls. In addition, alMRI induced significant T2-changes in the superior EPs for patients but not for controls. Importantly,
the T2-differences between the groups may indicate that EPs and vertebrae in LBP patients have altered biodynamical
characteristics compared to controls and the higher T2-values measured in patients may represent early inflammation or
impaired nutritional transport.

Graphical abstract These slides can be retrieved from electronic supplementary material.

Key points Take Home Messages

1. Low back pain patients and controls display functional differences
in endplates and vertebrae measured with T2 mapping

1. There seems to be differences in endplates and vertebrae in low back pain
patients and controls and these can be displayed with T2-mapping.

2. Possible differences in endplates and vertebrae between low back pain
patients and controls may be caused by early inflammation or impaired
nutritional transport.

2. The higher T2-values measured in patients may represent early
inflammation or impaired nutritional transport
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Introduction

Low back pain (LBP) is an endemic disease that causes more
global disability than any other condition and is a well-docu-
mented source of chronic disability for both genders in their
working years [1]. Intervertebral disc (IVD) degeneration,
which involves biochemical changes with loss of proteogly-
can and water content, structural changes with annular tears
and herniation, as well as metabolic changes with reduced
matrix synthesis, is associated with LBP [2]. Endplate (EP)
changes and the presence of Modic changes in the vertebra
are also known to be part of the degenerative cascade and
are both associated with LBP [3, 4]. However, their asso-
ciation with intervertebral disc (IVD) degeneration is not
fully elucidated. Neither is their relation to compromised EP
function. In order to deepen the understanding of the patho-
physiology behind these conditions, non-invasive diagnostic
tools with the ability to detect early biochemical changes in
EPs and vertebrae are desirable.

With the implementation of new magnetic resonance
imaging (MRI) methods for functional characterization,
detection of early biochemical changes in the EPs and ver-
tebrae may now be feasible. T2-mapping, which is sensitive
for alterations in composition between macromolecules, col-
lagen and water and has been shown to reflect changes in
biochemical composition and structural integrity in degener-
ated IVDs [5], may have the feasibility to reveal also com-
prised EP and vertebral functionality and therefore deepen
the understanding of the pathophysiology behind IVD
degeneration and LBP. Some studies have investigated the
functionality of the EPs with T2-mapping and showed subtle
deterioration of biochemical EP composition [6, 7]. At pre-
sent, however, no work has characterized the vertebral tissue
with T2-mapping. In addition, no work has investigated the
value of EP and vertebral T2-mapping for differentiation of
LBP patients from controls.

Axial loading of the spine has been shown to affect
the IVD, where differences in the MRI signal between
unloaded and loaded spine have been shown to display
dynamic functionality [8—13]. Also, new functional prop-
erties of the EPs and vertebrae may be displayed when the
spine is loaded during MRI (alMRI), compared to con-
ventional MRI that is performed with the spine unloaded
(uMRI). In a small cohort study, we have shown that alMRI
affects EPs in patients differently than in controls [14]. At
present, no work has previously studied the dynamic behav-
iour of Modic changes. In particular, Modic type I changes
have been pointed out as a potential marker of LBP [15].
Modic type I changes indicates hyper-vascularized inflam-
mation that are associated with oedema and, as such, may be

affected by aIMRI. Hence, Modic type I changes may have
a dynamic behavior displayed by aIMRI.

The aim of this work was (1) to verify that EPs display
load-induced changes measured with T2-mapping, (2) to
investigate whether vertebral tissue display load-induced
changes measured with T2-mapping and (3) to investigate
whether EPs and vertebrae in LBP patients and controls
display functional differences measured with T2-mapping
during uMRI as well as during alMRI.

Methods
Study cohorts

The study comprised 27 patients with chronic LBP (12
males, mean 39 years, range 25—69 years) that were included
consecutively among patients referred to the radiology
department with non-specific LBP. LBP were ensured using
the standardized tools VAS, ODI, SF36 and EQ 5D. How-
ever, these were not further analysed as part of the study.
Inclusion criteria were LBP for more than 6 months, clini-
cally severe enough to be considered for surgery and age
between 20 and 70 years.

For comparison, 12 age-matched controls were included
(7 males, mean 38 years, range 25-63 years). Inclusion cri-
teria for the controls were: age between 20 and 70 years,
total absence of any type of LBP during the past 6 months
and lack of previous LBP with duration more than 1 week.
None of the participants suffered from any known medical
history of back pain or spine-related disease.

Exclusion criteria for both patients and controls were pre-
vious spine surgery and contraindications for MRI. In total,
282/119 (patients/controls) EPs, and corresponding vertebral
units, were examined.

The study was conducted according to the Declaration of
Helsinki. Ethical approval was given by the regional ethics
review board, and oral and written informed consent was
obtained from all participants.

Magnetic resonance imaging

All MRI examinations were performed at daytime, between
9:00 a.m. and 15 p.m. using a 1.5 T MRI scanner (Magnetom
Aera, Siemens Erlangen, Germany) with both the posterior
and anterior phased array coils applied for increased signal-
to-noise ratio. Conventional spine imaging was performed
using optimized standardized sagittal T1- and T2-weighted
MRI in the sagittal view (Table 1). T2-weighted imaging
was also performed in the axial view. Moreover, functional
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Table 1 MRI protocol,

. . . Orientation Field of view (mm) Scan matrix Slice thickness NEX

including T1- and T2-weighted (mm)

MRI in sagittal view,

T2-weighted MRLin axial view 1w MRI SAG 300% 300 320%320 3.5 2

and T2-mapping in sagittal view 1)\ gy SAG 300300 384 %384 35 1
T2W MRI AX 220x%220 256 %256 3.5 1
T2-mapping SAG 220%220 256x256 35 1

T2-mapping of the spine covering L1-S1 was performed in
the sagittal view.

All participants were examined twice with the present
MRI protocol, initially with uMRI and subsequently with
alMRI. T2-mapping was performed at the end of the pro-
tocol, approximately 20 min after the first measurement.
Hence, the spine had been unloaded/loaded for 20 min
before T2-mapping was performed.

The alMRI measurements were performed with a
Dynawell compression device (Dynawell diagnostics AB,
Las Vegas, NV, USA) with load, corresponding to 50% of
the body weight [8].

Post-processing of image data

All post-processing of the images was performed with the
dedicated analysis tool of the MRI scanner (Syngio Via, Sie-
mens Erlangen, Germany). For reconstruction of T2-maps,
optimized fitting of the raw data was performed to calculate
the T2-value on a pixel-by-pixel basis. The images were then
reformatted into 10 mm non-overlapping slices, where the
three central slices were used in the analysis, thus covering
30 mm of the EP and vertebral width.

Disc degeneration was graded by an experienced radiolo-
gist, according to the Pfirrmann classification. The grading
was based on the uMRI scans using all images in the image
stack. Also, the presence of EP changes (apparent visual
inhomogeneity, discontinuity in signal in the EP zone),
Schmorl’s nodules and Modic changes were registered in
the conventional uMRI images by the radiologist.

For determination of mean EP and vertebral T2-value, the
T2-maps were manually segmented into regions of interest
(ROI) covering the EP zone and the vertebral body (Fig. 1).
The EP ROI was positioned approximately one pixel away
from the visible edge of the IVD and vertebral body, where
the EP zone was assumed to include both bony and cartilage
EP. The vertebral ROIs were subdivided into two parts to
determine superior and inferior T2-values. Comparisons in
T2-values between patients and controls for uMRI, aIMRI
and alMRI-uMRI were then performed.

All segmentations were performed by an experienced
observer. Interobserver analysis was performed by repeating
a subsample of the T2-measurements (all EPs and vertebrae
in three different subjects). For intraobserver analysis, the Fig. 1 Endplate and vertebral ROIs delineated on a T2-map
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same subsample was repeated by a second observer after
extensive training.

Statistical analysis

All statistical analyses were performed using SAS Software
version 9.4 (SAS Institute Inc., Cary, NC, USA). Categori-
cal variables were expressed by number and percentage and
continuous variables by median and standard deviation (SD).
For comparison of T2-values between groups and difference
between uMRI, aIMRI and alMRI-uMRI within each group,
a mixed linear model was used that adjusted for multiple
observations within subjects. Comparisons between EP and
vertebral T2-values were performed with correction for
Schmorl’s nodules, EP changes, Modic changes and Pfir-
rmann grade. Results from models are presented as adjusted
means (with 95% CI) and p value. Reliability of quantitative
measurements for inter-rater agreement was performed using
intraclass correlation coefficients (ICC) with 95% confidence
intervals. The ICC model 2 was used with single measure-
ments to determine consistency in agreement. The coeffi-
cients were interpreted according to Landis and Koch. All
tests were two-tailed and conducted at a 0.05 significance
level.

Results

Similar Pfirrmann grade distributions were found in both
patients and controls (Table 2). Also, EP changes were com-
mon findings in both patients and controls. Modic changes
were more common in patients, while Schmorl’s nodules
were slightly more common in controls.

Table 2 Distribution of Pfirrmann grades and morphological changes
among patients and controls displayed as absolute and relative num-
bers of incidences per group

Patients Controls
n % n %
Pfirrmann grade
1 9 8 7 12
2 60 50 34 57
3 35 29 14 23
4 16 13 4 7
5 1.7
Modic changes 39 14 4 3
Schmorl’s nodules 23 8 17 14
EP changes 110 39 41 34

n number of incidences; EP endplate

Vertebra

Functional differences between patients and controls were

found in the vertebra (Table 3). For uMRI, the vertebral
T2-value was significantly higher in patients, even when
adjusted for the presence of Modic changes and Pfirrmann
grade. Also, the T2-value was significantly lower in the
superior than in the inferior part of the vertebra. This
was true both within and between groups. alMRI did not
induce any significant changes in the vertebral T2-value
neither for patients nor for controls.

Endplate

T2-mapping revealed functional differences in EPs
between patients and controls. For uMRI, significantly
higher EP T2-values were found in patients, even when
adjusted for the presence of Schmorl’s nodules, EP signal
changes and Pfirrmann grade. alMRI induced significant
EP T2-changes in patients, but not in controls. Moreover,
significantly higher load-induced T2-changes were found
in the superior EPs of patients in comparison with con-
trols, even when adjusted for the presence of Schmorl’s
nodules, EP signal changes and Pfirrmann grade. For both
patients and controls as well as for uMRI and alMRI, the
T2-value was significantly lower in superior than in infe-
rior EPs.

The intra- and interobserver ICC for the vertebral
T2-value were excellent (0.9-1.0), for the superior EPs fair
to good (0.5-0.6) and for the inferior EPs, good to excellent
(0.6-0.8).

Discussion

This study demonstrated differences between LBP patients
and controls in EPs and vertebrae measured with T2-map-
ping. The significantly higher T2-values measured with
uMRI in patient EPs and vertebrae and the significantly
higher EP T2-values induced with alMRI in patients
were found also after corrections for the presence of vis-
ible morphological changes in the conventional T1W- and
T2W-images. Hence, T2-mapping and aIMRI may have the
potential to detect early functional differences in EP and
vertebrae between groups, not visualized with conventional
diagnostic methods. Importantly, the difference in T2-value
between groups may indicate that EPs and vertebrae in LBP
patients have altered biodynamical characteristics compared
to controls. Additionally, present findings support our previ-
ous study that displayed load-induced T2-effects in EPs and
difference in T2-value between superior and inferior EPs
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Table 3 T2-values for patients and controls, and p values within and between groups for uMRI and alMRI, as well as for aIMRI-uMRI with cor-
rection for Schmorl’s nodules, EP changes, Modic changes and Pfirrmann grade

Unit Patients p value within Controls p value within p value
group group between
groups
uMRI
Vertebra superior 100+11 87+12 0.01
Vertebra inferior 102+10 88+13 0.03
Difference vertebra superior—inferior <0.001 <0.001 0.9
Endplate superior 30+8 28+7 0.004
Endplate inferior 39+9 34+8 0.006
Difference endplate superior—inferior <0.001 <0.001 0.2
alMRI
Vertebra superior 99+10 88+11 0.02
Vertebra inferior 100+10 89+11 0.04
Difference vertebra superior—inferior 0.021 0.045 0.9
Endplate superior 32+7 29+38 0.09
Endplate inferior 40+9 37+10 0.17
Difference endplate superior—inferior <0.001 <0.001 0.5
alMRI-uMRI
Vertebra superior 0.5(—8to12) 02(-6to17) 0.8
Vertebra inferior —0.7(=10to 10) —0.7(=15t0 11) 0.5
Endplate superior 2 (—12to0 33) <0.001 0(—=13to 67) 0.2 0.87
Endplate inferior 0(=51to037) 0.95 2 (—251t025) 0.1 0.18

Data given as mean + SD or as mean (range)
uMRI unloaded MRI; alMRI axial loading of the spine during MRI

[14]. Hence, aIMRI may reveal functional differences in EPs
between patients and controls.

In this study, the prevalence of Modic changes was larger
in patients with LBP than in controls (14% in patients and
3% in controls), explaining the larger T2-value found in the
patient cohort without Modic correction. Higher T2-values
can be expected in inflammatory tissues. For example, in
IVDs with hernias, higher T2-values have been shown
within the posterior regions, reflecting altered biochemistry,
such as increased water content due to an inflammatory pro-
cess [16]. The persistent higher T2-value in the patient group
even after Modic correction might be due to an early inflam-
mation process, not visible in conventional MR images due
to limitations in diagnostic performance. Hence, T2-map-
ping may add new functional information about the vertebral
tissue that may improve the understanding of inflammatory
Modic changes and the influence on LBP.

Bone marrow inflammation is closely associated with
oedema, caused by capillary leakage of fluid into the ver-
tebral tissue due to increased intravascular pressure. The
increased intravascular pressure can be either hyperaemic,
from increased blood flow to the marrow, or congestive,
from decreased venous clearance of the marrow tissue. As
such, aIMRI may have the potential to influence the intra-
vascular pressure, causing fluid redistribution. However, in
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contrast to our hypothesis that alMRI has the feasibility to
reveal such dynamic behaviour, inflammatory Modic type
I changes displayed, in conformity with vertebrae without
Modic changes, no load-induced effect.

Our results show that patients display higher EP T2-val-
ues and that loading induces larger EP T2-changes in
patients in comparison with control. Whether inflammation
or other EP changes, such as fractures, erosions or calcifica-
tions, are the cause remains to be shown. Nevertheless, it
should be pointed out that our findings show that EP exami-
nation with T2-mapping during conventional unloaded MRI
and alMRI displays differences between groups with and
without pain. Additionally, our findings indicate that EPs
in LBP patients have altered biochemical characteristics in
comparison with controls that are not associated with mor-
phological changes visible in conventional images. Signs of
inflammation, certainly not visible in conventional images
as morphological changes, could be present in the patient
EPs leading to differences in the T2-value and in the load-
induced change in the T2-value between cohorts, as dis-
cussed above.

Besides displaying differences between groups,
T2-mapping also had the feasibility to display differences
within groups. Significantly higher T2-values were found
in inferior compared with superior EPs and vertebrae. The
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difference in T2-value most likely reflects known struc-
tural differences in EP and vertebral composition. It has
been shown in vitro and in animal studies that the inferior
EP is thicker, is stiffer, resists load better and has different
transport kinetics in comparison with superior EPs [17].
Moreover, the difference in tissue composition between
EPs at different positions has indirectly been shown in
humans as superior EPs being more prone to burst frac-
tures [18]. Biomechanical in vitro studies on vertebrae also
support our findings that the composition of the vertebral
tissue is not morphologically homogeneous [19]. Posterior
regions of the vertebrae have larger bone volume, more
connections, reduced trabecular separation and more plate-
like isotropic structures than their corresponding anterior
regions. Also, significant heterogeneity exists between
posterior superior and inferior regions. The regional vari-
ation in vertebral morphology suggests that there is likely
also some variation in function and, hence, in measured
T2-value between different positions.

Present findings constitute ground data for future studies
and encourage further investigations of the EP T2-behav-
iour. The significant difference in T2-value and load-induced
T2-change at a group level might represent impaired integ-
rity of abnormal EPs. Also the wide range of load-induced
EP changes, seen at an individual level, might reflect dif-
ferences in the characteristics between individual EPs [20].
As shown by Rajsekaran et al., the fluid transport over the
EP depends on the tissue characteristics. Structural EP
changes, like fissures or sclerosis, may alter the permeabil-
ity of the EP, and this can be shown as altered dynamic
contrast-enhanced MRI (DCE-MRI) patterns. Difference
in transport behaviour between individual EPs may also be
revealed with T2-mapping in combination with alMRI, e.g.
as an increase or decrease in load-induced T2-value. Hence,
future studies are warranted to investigate the pathophysi-
ological mechanisms behind the divergent behaviours seen
between individual EPs.

Limitations

In this study, the segmented ROI was positioned over the EP
zone approximately one pixel away from the visible edge
of the IVD and vertebra to reduce the influence of adjacent
tissues on the EP T2-value. With use of such strategy, the
segmentation does not rely on edges in the image for the
delineation and this may affect the reproducibility of the
T2-value. Nevertheless, the ICC displayed fair agreement
between repeated measurements both within and between
observers. Moreover, we found that the reproducibility was
sufficiently high for determination of statistical significances
between groups.

Conclusion

This study demonstrated significantly higher EP and ver-
tebral T2-values in LBP patients in comparison with con-
trols. In addition, aIMRI induced significant T2-changes in
the superior EPs for patients but not for controls. Impor-
tantly, the T2-differences between the groups may indi-
cate that EPs and vertebrae in LBP patients have altered
biodynamical characteristics compared to controls and the
higher T2-values measured in patients may represent early
inflammation or impaired nutritional transport.
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