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Background: To evaluate the reliability and reproducibility of quantitative susceptibility mapping (QSM)
in the lumbar vertebra.

Methods: From May to September 2017, 61 subjects who underwent QSM MRI and quantitative
computed tomography (QCT) were consecutively enrolled in this prospective study. QSM examination was
performed two times with an interval of less than 1 week for each subject. For each data set, the QSM and
QCT values on L1-L4 vertebral bodies were measured independently by two radiologists. The correlation
coefficient between QSM and QCT values was calculated on L1-1.4 vertebral bodies. The intraclass
correlation coefficient (ICC) and Bland-Altman plots were used to evaluate the inter-observer reliability and
the inter-scan reproducibility on QSM.

Results: A total of 61 subjects (mean age, 55.5+13.7 years) with 244 vertebral bodies were analyzed.
Overall, QSM and QCT showed good correlation in the L1-L4 vertebral body, especially in the L3 (R=-0.75).
QSM value showed excellent inter-observer reliability (ICC, 0.992, 95% CI: 0.985-0.996) with a mean
difference of 0.35 and 95% limits of agreements of within -22.74 to 23.45 ppb, and very good inter-scan
reproducibility (ICC, 0.932, 95% CI: 0.886-0.959) with a mean difference of -7.60 ppb and 95% limits of
agreements of within of -92.85 to 77.62 ppb.

Conclusions: QSM in the lumbar vertebra is a reliable and reproducible technique for evaluating bone

mineral density.
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Introduction

Quantitative susceptibility mapping (QSM) has been widely
applied to assess magnetic susceptibility sources in many
different tissues of the human body, including vascular,
inflammatory, and neurodegenerative diseases in the brain
and applications outside the brain (1-8). The quantitative
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nature of the technique can provide biomarkers that allow
the clinical monitoring of disease diagnosis, progression,
and treatment effects. As such, QSM is increasingly being
used to quantify strong diamagnetic susceptibility of densely
calcified tissues such as bone (9-11). Thus, QSM may have

the ability to assess the changes in bone mineral content
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and to become an imaging diagnostic tool of bone health.

However, the chemical shift caused by fatty tissues is
a main technical challenge in the application of QSM in
the bones. The chemical shift complicates the magnetic
resonance imaging (MRI) signal, and further affects the
QSM quantification (12). Another challenge is that bone
has extremely short transverse relaxation time. There is a
very low signal at the bone with conventional echo times
(TE) in gradient echo (GRE) imaging, resulting in a barely
meaningful phase for QSM reconstruction (10). To acquire
the rapidly decaying signal of bone water, the combination
of ultrashort TE (UTE) and conventional TE were used in
the data acquisition.

In clinical, the diagnosis of osteoporosis is based on
measurements of bone mineral density (BMD) using dual
X-ray absorptiometry (DXA) and quantitative computed
tomography (QCT). DXA determines BMD in two
dimensions, while QCT is superior to DXA in measuring
trabecular bones by three-dimensional imaging without
superimposition of cortical bone and other tissues, and thus
it is more sensitive in diagnosing or evaluating the response
of therapy (13,14). However, both DXA and QCT are
radioactive methods. Quantitative MR techniques without
ionizing radiation have been emerging to quantify changes
in bone marrow composition and to assist in diagnosing
0Steoporosis.

A previous study showed that QSM is available in
measuring the susceptibility in the lumbar vertebra (15).
However, there is no study to investigate its reliability
and reproducibility. Therefore, this study aims to evaluate
the reliability and reproducibility of QSM in the lumbar

vertebra.

Methods

The review board of our institution approved this
prospective study. Written informed consent had obtained
from each patient before the study enrollment.

Study population

Between May and September 2017, a total of 61 subjects was
enrolled in this study, with a mean age of 55.5 years (ranging
from 20 to 79 years). The inclusion criteria for this study
were as follows: (I) without preexisting bone disease (such
as tumor, metastases, or metabolic disorder); (II) without
vertebral abnormality (e.g., vertebral fracture); (III) received
no previous medication therapy that could affect bone
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density; and (IV) had no implants contraindicated for QCT
and QSM-MRI examinations. The exclusion criteria were
as follows: (I) retained metal in anywhere of the body;
(II) had claustrophobia; (III) could not keep still during
examinations; and (IV) lesions (e.g., hemangioma, lipoma)
occasionally found in the targeted vertebra.

QCT examination

A QCT examination of the L1-L5 in the supine position
was performed on a 64-CT scanner (Aquilion 64, Toshiba,
"Tokyo, Japan) on all subjects. The scanning parameters were
as follows: tube voltage =120 kV, tube current =250 mA,
slice thickness = 5 mm, field of view (FOV) =50 ¢cm x 50 cm,

in-plane pixel size =0.98 mm x 0.98 mm.

QSM examination

MRI of the lumbar spine in the supine position was
performed on a 3.0-T MR system (Philips, Achieva,
The Netherlands) using a 16-channel posterior coil. For
evaluating the inter-scan reproducibility of QSM, UTE-
GRE was acquired two times (Scan 1 and Scan 2) with
interval of less than 1 week for each subject using the
following parameters: non-selective radio frequency (RF)
pulse (flip angle =25°, duration =0.1 ms), TR =20 ms, TE
=0.142, 2.4, 4.6, 6.8 ms, readout bandwidth =957 Hz/per
pixel, radial projections =41,136, voxel size =1 mm x 1 mm
x 2 mm, matrix size =256 x 256 x 75. The total acquisition
time was approximately 9 min for each scan.

Data analysis

QCT images were reconstructed to obtain volume data
with a thickness of 1.25 mm, a window width of 400 Hu
(Hounsfield unit), window level of 40 Hu, and FOV of 50 cm.
Volume data were then sent to QCT PRO workstation and
analyzed using the QCT PRO 5.0.3 (Mindways Software
Inc., Austin, USA). For QCT measurement, elliptical
regions of interest (ROI) was automatically placed on the
midplane of L1-L4 vertebral bodies except for fractured
one and avoided the cortical bone. The QCT values were
independently measured by two observers with experiences
more than 10 years in bone. The diagnosis in questionable
cases was determined by consensus. The subjects were
divided into three groups according to the QCT value
(normal: QCT =120 mg/cm’; osteopenia: 80 mg/cm’ < QCT
<120 mg/cm’; osteoporosis: QCT <80 mg/cm’). Mean
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Table 1 Baseline characteristics of individuals in the three groups

Osteopenia
group (n=24)

Osteoporosis

N I
Characteristics orma group (n=20)

group (n=17)

Age (years) 41.5:16.9 57.6+5.4 65.0+6.3
Height (cm) 162.18.7 157.5+5.6 159.1+7.9
Weight (kg) 59.6+10.9 56.2+6.6 57.7+9.0
Waistline (cm) ~ 80.4+8.1 83.2+6.9 89.1+12.9
Hipline (cm) 94.5+7.6 93.3+7.5 94.5+7.3
BMI (kg/m?) 227435 22.7+2.4 22.7+2.9

Data are presented as mean + SD. SD, standard deviation; BMI,
body mass index.

QCT value is expressed in milligrams per cubic centimeter
of calcium hydroxyapatite. For the QCT value of spinal
trabecular bone, thresholds of 120 mg/cm’ for osteopenia
and 80 mg/cm’ for osteoporosis were suggested by the
International Society for Clinical Densitometry in 2007.

For QSM measurement, the field map estimation in
the presence of both water and fat in the vertebral body is
commonly solved as an energy minimization problem, with
unknown’s water fraction p, a susceptibility induced field
inhomogeneity f;and a signal decay rate &;.
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where s(TE,) is the signal acquired at echo time TE,, N is the
number of echoes. For in-phase 7E, the Eq. [1] becomes:
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Thus, the total field map was obtained from complex
MR signals using nonlinear least squares fitting method (16)
without regarding the effect of chemical shift because of
water-fat in the same direction at the acquired in-phased
TE and was unwrapped with a continuous Laplacian
approach (17). Projection onto dipole fields was used for
background field removal (18). Finally, susceptibility maps
were estimated with the norml-regularization, dipole
inversion formulation solved by the split-Bregman (19).
The correlation coefficient between QCT and QSM with
various regularization parameters was calculated in L1-L4.
For evaluating the reliability of QSM, the ROI within the
L1-L4 vertebral bodies was manually drawn in the Scan 1
by two radiologists (Observer 1 and Observer 2) with more
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than 10 years in diagnostic imaging experience. Also, the
ROI within the L1-L4 vertebral bodies was manually drawn
in Scan 2 by Observer 1 for reproducibility evaluation.

Statistical analysis

All measurements were documented and saved in Excel
(Microsoft, Redmond, WA, USA). Normality testing was
performed using the Shapiro-Wilk test and homogeneity
of variance testing using the Levene test. Numerical
data are reported as the mean + standard deviation (SD)
of all three sets of measurement. Differences between
the three groups (normal, osteopenia and osteoporosis
groups) were compared using one-way ANOVA followed
with Bonferroni post hoc multiple comparisons and if
ANCOVA when controlling for covariates. The Pearson
correlation coefficient between QCT and QSM values
and between QSM values obtained from two different
observers or scans was calculated in L1-L4. The intraclass
correlation coefficient (ICC) and Bland-Altman plots
were used to assess inter-observer reliability and inter-
scan reproducibility on QSM. All statistical analysis was
performed using IBM SPSS Statistics software version 23.0
(IBM Corp., Armonk, NY, USA).

Results
Patient baseline characteristics

A total of 61 subjects (52 female, 9 male, age range from
20 to 79 years, mean age 55.5+13.7 years) were enrolled in
this study, 17 were normal (27.9%), 24 osteopenic (39.3%)
and 20 osteoporotic (32.8%). The demographic and clinical
characteristics of the three groups were shown in 7uble 1.

Correlation between QCT and QSM values

A moderate correlation was observed between QSM and
QCT in the L1-L4 vertebral bodies with the strongest
correlation coefficient of -0.75 in L3 (Table 2). With
the regularization parameter A =0.75x107° for QSM
calculation, the strongest correlation coefficient (R=-0.75)
between QCT and QSM can be obtained in both Scan 1
and Scan 2 (Figure 1A4). The scatter plot between QCT
and QSM values from 61 subjects were shown for Scan 1
(Figure 1B) and Scan 2 (Figure 1C). Figure 2 demonstrates
the comparisons of mean QSM values obtained from three
combinations (Scan 1 & Observer 1, Scan 1 & Observer 2,
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Table 2 The correlation between QSM and QCT and the reproducibility of QSM measurement between two scans

QSMvs. QCT QSM (Scan 1 vs. Scan 2)
Vertebral
R k (95% Cl) R k (95% Cl)
L1 -0.66 -1.69 (-2.19, -1.18) 0.87 0.89 (0.76, 1.01)
L2 -0.70 -1.90 (-2.40, —1.40) 0.91 0.97 (0.85, 1.08)
L3 -0.75 -2.08 (-2.56, —1.61) 0.91 0.96 (0.84, 1.06)
L4 -0.70 -2.32 (-2.93, -1.71) 0.89 0.89 (0.76, 1.01)

QCT, quantitative computed tomography; QSM, quantitative susceptibility mapping; R, correlation coefficient; Cl, confidence interval; k,
slope.
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Figure 1 The correlation coefficient between QCT and QSM obtained with various regularization parameter in two different scans (A),
and linear regression between the QCT and QSM corresponding to the largest correlation coefficient in Scan 1 (B) and Scan 2 (C). QCT,
quantitative computed tomography; QSM, quantitative susceptibility mapping.
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Figure 2 The mean QSM values of three comparisons (Scan 1 & Observer 1 vs. Scan 1 & Observer 2 vs. Scan 2 & Observer 2) in three
subgroups (normal: QCT >120 mg/cm’; osteopenia: 80 mg/cm’ < QCT <120 mg/cm’; osteoporosis: QCT <80 mg/cm’) according to the
QCT values. QSM, quantitative susceptibility mapping; QCT, quantitative computed tomography.
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Figure 3 The magnitude image and QSM of Scan 1 and Scan 2 (A), and the QCT on a representative subject (B). The red circle and yellow
rectangle represent the range of measurement in the vertebral body for bone marrow density. The red line shows the measurement plane.

QCT, quantitative computed tomography; QSM, quantitative susceptibility mapping.

and Scan 2 & Observer 1) in the three groups divided by
the QCT, which shows no significant differences (for all,
P value >0.05).

Reliability and reproducibility of measurements

Figure 34 shows the magnitude image and QSM of
repeated scans (Scan 1 and Scan 2) and the QCT image
(Figure 3B) on a representative subject. The image quality
is comparable, and the QSM is similar between Scan 1
and Scan 2, demonstrating the very good inter-scan
reproducibility. In Figure 44, excellent inter-observer
reliability was observed in QSM values, with an ICC value
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of 0.992 (95% CI: 0.985-0.996). The inter-observer mean
difference in QSM values was 0.35, with the 95% limits of
agreement of -22.74 to 23.45 ppb for Scan 1 (Figure 4B).

Figure 5A showed very good inter-scan reproducibility in
QSM values, with an ICC value of 0.932 (95% CI: 0.886—
0.959). The inter-scan mean difference in QSM values
was -7.60, with the 95% limits of agreement of -92.85 to
77.62 ppb (Figure 5B).

Discussion

In this study, we investigated the reliability and reproducibility
of QSM in lumbar vertebra across young and aged subjects.
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Figure 4 Scatter (A) and Bland-Altman (B) plots of QSM obtained from two different operators demonstrate excellent correlations. QSM,

quantitative susceptibility mapping; SD, standard deviation.
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Figure 5 Scatter (A) and Bland-Altman (B) plots of QSM obtained from two repeated scans by the same operator demonstrate strong
correlations. QSM, quantitative susceptibility mapping; SD, standard deviation.

The results showed that QSM has excellent inter-observer
reliability and very good inter-scan reproducibility,
demonstrating the feasibility of QSM for magnetic
susceptibility quantification in the lumbar vertebra.

The previous researches showed that QSM values are
consistent across different magnetic field strengths in the
brain (20,21). In this study, we investigated the reliability
and reproducibility of QSM in the lumbar vertebra at
the same MRI system. The high ICC between two scans
indicated very good reproducibility of QSM in the lumbar
vertebra. Also, the result showed a moderate correlation

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

between QSM and QCT, especially in the L3 vertebra (with
a correlation coefficient of -0.75). Hence, QSM can reflect
the changes in susceptibility due to the mineral changes
during the development of osteoporosis in the general
population of different ages and sexes.

Osteoporosis involves a gradual loss of bone mineral,
namely calcium phosphate in the form of calcium
hydroxylapatite. Since calcium hydroxylapatite is
approximately 5.79 ppm more diamagnetic than water (22),
the QSM value of vertebral bodies could be affected by
the loss of calcium in osteoporosis (10,23). Also, bone
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marrow fat content also varies with different ages and
could affect the diamagnetism of bone. These could explain
that the QSM was increased with osteopenia and further
increased with osteoporosis as compared to that of the
healthy vertebra. Given all these beneficial properties to
serve as reference factors in quantifying BMD, and which
are finally represented as the changes in susceptibility
value. Previous studies showed that bone magnetic
susceptibility can be estimated with MRI and could be an
alternative and reliable biomarker of BMD, measurements
demonstrated that the observed increase in susceptibility
in osteopenic and osteoporotic lumbar vertebrae is closely
related to BMD (10,11,15,23). In particular, the R2* is used
generally to measure the changes of magnetic susceptibility
in bone marrow and it is found lower in osteoporotic
patients, the reduction could be due to the reduced spatial
inhomogeneities in the bone trabeculae and marrow
interface (24). However, R2* measurements were affected by
additional factors deoxyhemoglobin concentration, iron load,
and fat content (25). In this study, QSM analysis was acquired
using in-phase echoes to improve the signal-to-noise ratio
because of the summation of water and fat signals and
remove the effects of chemical shift, and it was successfully
demonstrated the feasibility of quantifying susceptibility of
the lumbar vertebral marrow using QSM value.

The susceptibility source in the measured QSM values,
which is mainly from calcium in the bone marrow, is not
expected to change between the Scan 1 and the Scan 2
during the short duration of the study, and QSM imaging
parameters were identical across the two scans. Also, all
of the data acquisition in this study was performed on
the same scanner. These may explain the observed very
good reproducibility of QSM in this work. To our best of
knowledge, this is the first study to evaluate the feasibility
and reproducibility of QSM in assessing lumbar vertebral
body across different ages and sexes, and we achieved
promising results. We found excellent reproducibility of
QSM value in measuring BMD in lumbar vertebral bodies
with referenced susceptibility between two operators and
between two observers.

Imaging technology by assessing BMD is the principal
method to diagnosis osteoporosis. As a gold standard, DXA
has been used for measuring BMD in clinical diagnosing of
osteoporosis for a long time, which determines BMD in two
dimensions and is suspicious for reliability (26,27). QCT
providing three-dimensional true volumetric trabecular
bone measurements have been proposed to overcome
limitations of DXA but still cannot be generalized for a
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much high dose of X-ray radiation (27). The changes in
bone marrow composition affect QCT values (28), similarly
as the influence factors in measuring QSM value. Besides,
both QCT and QSM can provide three-dimensional
images. Thus, QCT was used as a reference to evaluate
QSM in this work.

This preliminary study also has some limitations. First,
the data acquisition of UTE-based QSM needs 9 min,
which is much longer than that of QCT. The data
acquisition time may be substantially reduced by using
sparse MRI strategies. Second, we only assessed the QSM
processing in the lumbar spine. Finally, the QSM processing
that is based on the assumption of the single-peak fat signal
model (~440 Hz between water and fat) may result in small
deviations on the field map. This issue can be addressed
by using the multi-peak fat signal model for water-fat
separation, which needs to be investigated in future work.

Conclusions

QSM could be used in assessing BMD across individuals
with different ages and sexes. QSM was moderately
correlated with QCT and had very good reproducibility.
Therefore, QSM is a feasible and reproducible method for
evaluating the susceptibility in the lumbar vertebra.
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