TECHNISCHE UNIVERSITAT MUNCHEN
Fakultat fiir Medizin

Institut fiir Diagnostische und Interventionelle Neuroradiologie

Quantitative Magnetic Resonance Imaging
and Spectroscopy of Vertebral Bone
Marrow: Addressing Confounding Effects
in the Measurement of Fat Fraction and
Apparent Diffusion Coefficient

Michael Dieckmeyer

Vollsténdiger Abdruck der von der Fakultét fiir Medizin der Technischen Universitét
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Medizinischen Wissenschaft (Dr. med. sci.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Ernst J. Rummeny

Priifer der Dissertation: 1. Priv.-Doz. Dr. Thomas Baum
2. Priv.-Doz. Dimitrios C. Karampinos, Ph.D.
3. apl. Prof. Dr. Jan S. Kirschke

Die Dissertation wurde am 21.03.2019 bei der Technischen Universitidt Miinchen
eingereicht und durch die Fakultét fiir Medizin am 14.08.2019 angenommen.



Abstract

Bone marrow is a tissue mainly comprising of three macroscopic components: water,
fat and trabecular bone. All three components play important physiologic and patho-
physiologic roles, some already well-established and others topic of current research. As
of today a significant number of medical conditions of the musculoskeletal system, e.g.
osteoporosis, and the metabolic system, e.g. metabolic syndrome, are still insufficiently
understood. On the one hand, this hampers their accurate diagnosis and, on the other
hand, is a missing prerequisite for effective treatment and prevention strategies. Mag-
netic resonance (MR) represents a diagnostic tool to non-invasively measure biomarkers
of bone marrow, such as proton density fat fraction (PDFF) and apparent diffusion coef-
ficient (ADC). Therefore, the advancement of quantification of MR-based bone marrow
parameters can be an important step en route to a deeper understanding of the under-
lying mechanisms of bone marrow physiology in health and disease as well as contribute
to the improvement of diagnostic performance, treatment and prevention of mentioned
medical conditions.

Magnetic resonance imaging (MRI) is a biomedical imaging modality highly valued for
its ability to produce excellent soft tissue contrast as well as the absence of considerable
adverse effects as it is not relying on ionizing radiation. It is capable of generating images
with high spatial resolution. In contrast, single-voxel magnetic resonance spectroscopy
(MRS) acquires data only from a single predefined volume in favor of high spectral
resolution enabling a more precise analysis of the individual signal components.

The present cumulative thesis is based upon two journal publications within the field
of quantitative MR of vertebral bone marrow. It addresses confounding factors in the
measurement of (i) MRS-based PDFF, with an emphasis on correction of T, decay effects,
and (ii) diffusion weighted imaging (DWI)-based ADC, correcting the biasing effect of
unsuppressed fat signal.

The first journal publication describes a data acquisition and postprocessing method
to quantify vertebral bone marrow fat using single-voxel multiple echo time (multi-TE)
MRS. Two confounding factors were addressed: the superposition of water-fat peaks and
the difference in 75 relaxation time between water and fat components. The purpose of
this work was twofold. Firstly, it was aimed to correct the effects of both confounding
factors for quantification of the PDFF. Secondly, investigate the implications of the imple-
mented correction method in the context of PDFF age dependence. It was demonstrated
that Th-weighted fat fraction significantly overestimates fat content and exaggerates its
age dependence in comparison to PDFF. The findings suggest that, wherever possible,
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PDFF should be the parameter of choice when it comes to bone marrow fat quantification
using single-voxel MRS.

The ADC of water can be quantified using DWI. In order that the measured quantity
purely represents the ADC of the water component fat suppression is applied. However,
spectrally selective suppression techniques do not suppress all fat signal components
perfectly. The purpose of the second journal publication was to remove the confounding
effect of unsuppressed fat on ADC quantification. The developed method using additional
quantitative MRI measurements was compared and validated against diffusion-weighted
MRS (DW-MRS). A good agreement of vertebral bone marrow water ADC as a result
of DWI-based and DW-MRS-based quantification strategies could be demonstrated.

The developed methods described in the two publications were and are being applied
in clinical studies and ongoing research within the fields of bone marrow physiology,
osteoporosis, metabolic studies and treatment monitoring.
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1 Introduction

Nuclear magnetic resonance (NMR) was first described by Rabi in 1938 [1]. Since then,
a lot of theoretical and technical advancements were made, including remarkable contri-
butions from Bloch, Purcell, Mansfield and Lauterbur among others, in order to exploit
this phenomenon for imaging the human body. Magnetic resonance imaging (MRI) nowa-
days is considered the most versatile imaging modality offering a wide range of contrast
mechanisms and parameter choices that enable its application in almost all body parts
and tissues. In clinical applications, the MR signal usually originates from 'H nuclei, or
protons, that are either bound in water or fat molecules. The different molecular envi-
ronments of the bound protons give rise to a difference in resonant frequencies of water
and fat components, also expressed as chemical shift. The microscopic surroundings of
the protons together with the tissue architecture and microanatomy are also responsible
for characteristic relaxation times 77 and T5 and diffusion properties.

In contrast to MRI, magnetic resonance spectroscopy (MRS) acquires and averages
the signal of a localized region with high spectral resolution. Therefore it enables a
more detailed data analysis in the chemical shift dimension. However, the application is
limited to body regions that offer a sufficiently large volume of homogeneous tissue.

Particularly interesting for research applications is quantitative MRI and MRS allowing
the in-vivo measurement of tissue-specific parameters, such as 77 and 75, proton density
fat fraction (PDFF) and apparent diffusion coefficient (ADC).

Bone marrow is an important organ of the human organism since it fulfills essential
functions. It is the main hematopoietic organ, plays an important role in the pathome-
chanism of several medical conditions, for example osteoporosis and multiple myeloma,
and is affected by such medical conditions or their treatment, such as in bone fractures,
metabolic syndrome, anorexia nervosa or radio- and chemotherapy.

However, quantitative measurements in vertebral bone marrow are complicated by the
tissue anatomy and composition. As suggested above the difference in relaxation times
and ADC between the water and fat component can be significant biasing quantitative
measurements if not taken into account correctly. Particularly in ADC quantification
of the water component, the presence of an incompletely suppressible fat component
represents a significant confounding factor. Therefore, in order to achieve robust and
accurate quantification these effects have to be addressed.
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1.1 Scientific and Clinical Relevance

Over the last decade, evidence has been growing that the clinical relevance of bone mar-
row goes way beyond hematological diseases like multiple myeloma. Arguably the most
evidence for bone marrow as a key pathogenetic factor has been found in osteoporosis, a
disease exhibiting increased bone loss. Apart from the close anatomical relationship be-
tween bone and bone marrow, there is also an important functional relationship between
these two tissues. In this regard, mesenchymal stem cells found in bone marrow are a
key player. Depending on biological, chemical and physical factors and regulated through
complex signaling pathways, these progenitor cells can differentiate into osteoblasts or
adipocytes. The dysregulation of the differentiation of bone marrow stem cells thus con-
tributes to the pathogenesis of both bone diseases and metabolic diseases, like metabolic
syndrome and anorexia nervosa. Furthermore, the predominant occurence of bone metas-
tases in the axial skeleton suggests that bone marrow, in particular hematopoietically
active red marrow, plays a crucial role in metastatic bone disease by increasing the sus-
ceptibility for the adhesion of malignant cells.

Osteoporosis is a medical condition predominantly found in postmenopausal aging
women characterized by demineralization and structural deterioration of the bone lead-
ing to an increased fracture risk [2]. Most common locations of osteoporotic fractures
are the vertebral bodies and the proximal femur. Apart from a decreased quality of life
and increased mortality [3|, osteoporosis, in particular osteoporotic fractures, are asso-
ciated with an enormous socioeconomic burden. Problems that are expected to increase
in the future due to the global demographic development [4]. Prevention of fractures is
one of the key aspects in osteoporosis treatment making the early diagnosis very impor-
tant. However, the current diagnostic gold standard, dual energy X-ray absorptiometry
(DEXA)-based bone mineral density (BMD) measurement, suffers from limited precision
in the prediction of fracture risk [5} 6, [7] that can lead to overtreatment or undertreat-
ment and increased health care costs. Overtreatment implies unnecessary adverse drug
effects while undertreatment of osteoporosis entails preventible fractures and associated
complications. Numerous studies demonstrated an increased vertebral bone marrow fat
fraction in osteoporotic subjects measured by quantitative MRI [8] and MRS [9, |10, (11}
12|. More recently, vertebral fat fraction has also been shown to be negatively associated
with prevalent vertebral fractures [13] and failure load [14], respectively. Interestingly,
MRS-based measurements of vertebral bone marrow fat composition were shown to be
associated with prevalent fractures as well [15]. Bone marrow diffusion properties have
been shown to be altered in osteoporosis |16} |17], although with less evidence so far.

Metabolic syndrome is a medical condition characterized by abdominal obesity, hyper-
tension, dyslipidemia and insulin resistance |18 |19} [20], the latter commonly resulting
in type 2 diabetes mellitus. It has a rapidly growing prevalence in the industrial nations
and is a major risk factor for cardiovascular disease [21] and kidney disease, among other
medical conditions, contributing substantially to all-cause mortality. Triglyceride stor-
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age, lipid deposition and fatty degeneration of tissue are known to play an important role
in metabolic syndrome [22|. This predominantly involves visceral adipose tissue (VAT)
[23, 24|, but also subcutaneous adipose tissue (SAT) [25] as well as intramuscular fat |26]
and intrahepatic fat [27, [28]. In recent years there has also been growing evidence for a
relationship between metabolic syndrome and vertebral bone marrow [29, 30].

Paradoxically, there has been shown an increased vertebral bone marrow fat fraction
in women suffering from anorexia nervosa [31].

Vertebral fractures can be caused by malignant disease, most commonly in the form of
bone metastases. The differentiation between benign and malignant fractures is of high
clinical importance because it can imply completely different treatments. Sensitivity and
specificity of fracture classification may be increased by the use of quantitative MR-based
biomarkers and thus assist in making the right treatment decisions. In particular, PDFF
[32, 33] and ADC |16, 34] of vertebral bone marrow have been reported to have the
highest potential for this application.

Multiple myeloma is a malignant disease, more precisely a B-cell non-Hodgkin lym-
phoma, characterized by a monoclonal proliferation of plasma cells in the bone marrow.
While morphological MRI is the most sensitive imaging modality for the early detection
of bone marrow infiltration [35] the application of quantitative MRI can have additional
value. ADC is associated with bone marrow cellularity and may therefore serve as a
treatment response parameter [36, 37, 38| as well as increase the sensitivity of bone
marrow infiltration [39).

Quantitative MRI of vertebral bone marrow can serve various purposes. Its ability of
in-vivo measurements of tissue-specific properties in a non-invasive manner is almost
unique. Thereby it may help to advance the understanding of the complex patho-
physiology in multifactorial diseases like osteoporosis, metabolic syndrome and multiple
myeloma. Furthermore, it may improve diagnostic accuracy in the prediction and differ-
entiation of vertebral fractures. This underlines the scientific and clinical relevance to
refine the utilized quantification methodology.

1.2 Thesis Purpose

The overall purpose of the present dissertation was twofold. Firstly, the development and
refinement of MRI- and MRS-based methods to improve the accuracy of the quantifica-
tion of the tissue-specific parameters PDFF and ADC in vertebral bone marrow. This
was realized by implementing more complex quantification models in order to take into
account the considerable differences between bone marrow water and fat with respect to
relaxation times and diffusion properties. Secondly, the developed methods were applied
in in-vivo studies, compared to existing quantification methods and analyzed in terms of
feasibility, robustness and systematic bias.
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1.3 Thesis Structure

In the present cumulative dissertation, the technical and clinical background of the two
embedded journal publications and the corresponding methodology is described. Fur-
thermore, it intends to give an overview of the existing literature and discuss the findings
of the publications in this context.

Chapter [2] briefly recapitulates the most important aspects of MR physics while sec-
tion [3] focuses on MR hardware. A short overview of the relevant magnetic resonance
spectroscopy techniques is provided in chapter [4| followed by the most important aspects
of MR-based fat quantification in chapter Fundamentals of bone marrow anatomy
and physiology are presented in chapter [} The two embedded journal publication are
summarized in chapter [§] At the end, a review of the current literature as well as a
comprehensive discussion of the present work are given in chapter [9




2 Magnetic Resonance in Medicine

This chapter contains an overview of the physical and technical basics of magnetic reso-
nance in medicine in general as well as used in the present thesis.

2.1 MR Physics

The in-vivo visualization of the human body ranks among the most fascinating capa-
bilities of modern-day medicine. It all starts with the phenomenon of nuclear magnetic
resonance (NMR) in which nuclei in a constant magnetic field absorb and re-emit elec-
tromagnetic radiation. In medicine, the nucleus of interest is the one of the hydrogen
atom ('H), because of its abundance in the human body. The 'H nucleus is a single
positively charged proton spinning on its own axis and thus representing a constantly
moving charge generating its own magnetic field, known as its magnetic moment.

2.1.1 Nuclear Magnetic Resonance

To explain NMR in detail, especially on the atomic scale, quantum mechanics is needed.
However, magnetic resonance in medicine involves large numbers of nuclei, also referred
to as spin ensembles, so that the classical mechanical description is considered sufficient
in the context of the present work. From particle physics we know that every proton has
an intrinsic angular moment, called spin. Analogously, a spin ensemble has an intrinsic
angular moment A. The relation between the induced magnetic moment M and A is
described by the gyromagnetic ratio gamma:
M = ~A. (2.1.1)

In the case of 'H nuclei /(27) = 42.58 MHz T~!. In the presence of an external magnetic
field B the magnetic moment M experiences a torque 7,

dA

T=MXxB=—, 2.1.2

g7 (2.1.2)
which makes it precess around the direction of B. The frequency w of this precession is
proportional to the external magnetic field By and given by the Larmor equation

wo = —’}/Bg. (213)

This represents one of the most important relationships in magnetic resonance imaging.
For 'H nuclei at a field strength of 3 T, w — 42.58 MHz T~! - 3T = 127.74 MHz.
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2.1.2 Measuring the Magnetic Moment

Since the net magnetization My in the body is very small (in the order of 1 xT') compared
to the main magnetic field By (e.g. 3 T), it is impossible to measure it while being parallel
to Bg. However, by tipping it away from the z-direction, My can be measured using a
detector which is only sensitive to magnetic fields in the x-y-plane, also referred to as
the transverse plane. To flip My away from the z-direction, an RF pulse, also referred
to as the By field, oscillating at the Larmor frequency wy, is used. An RF pulse that
tips M exactly into the x-y-plane is called a 90° pulse. Right after being tipped into the
x-y-plane all spins are in phase coherence. Now the receiver coil can measure the voltage
induced by My precessing in the transverse plane. This signal is called free induction
decay (FID) and its amplitude decays rapidly because of the dephasing of the protons.
In clinical MR imaging, echoes are used rather than measuring the FID directly.

2.1.3 Relaxation

There are two types of relaxation mechanisms to explain the process of a spin ensemble,
represented by the magnetization vector M, transitioning from a non-equilibrium state
to an equilibrium state:

e T relaxation, also referred to as longitudinal relaxation or spin-lattice relaxation,
describes the mechanism of the longitudinal component of the magnetization ex-
ponentially recovering towards thermodynamic equilibrium with its surroundings.
It is characterized by the relaxation time 77 or relaxation rate Ry =T} 1 Assum-
ing that the magnetization vector is in the x-y-plane at ¢ = 0, the longitudinal
component of the magnetization can be described as

M. (t) = Mo(1 — ¢ 7). (2.1.4)

e T, relaxation, also referred to as transverse relaxation or spin-spin relaxation, de-
scribes the mechanism of the transverse component of the magnetization exponen-
tially decaying to equilibrium. It is characterized by the relaxation time 7% or
relaxation rate Rp = T2_1,

My, () = My, (0)e 7. (2.1.5)

In effectively any MR experiment, spins in the x-y-plane are exposed to magnetic field
inhomogeneities as well as spin-spin interactions causing them to dephase. To describe
the signal loss caused by this dephasing the composite time constant 73 or relaxation
rate Rj, respectively, is used: Ty =1 2*1 + T éfl. By definition, 75 is always shorter
or equal to T». In practice, the most important characteristic distinguishing 7% from
Ty is that the signal loss described by T3 relaxation, and hence caused by magnetic
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field inhomogeneities, is recoverable while signal loss caused by 75 relaxation is non-
recoverable.

2.1.4 Chemical Shift

Due to different chemical environments the same nucleus, usually 'H in clinical imaging,
can have different resonant frequencies. That phenomenon is caused by the shielding
effect of surrounding electrons resulting in a slightly lower static magnetic field experi-
enced by a certain nucleus. This implies that the resonant frequency of a nucleus contains
information about the chemical structure it is bound in. The chemical shift of a nucleus
is given relative to the reference resonant frequency of the 'H nuclei in tetramethylsilane
(TMS) in the unit parts per million (ppm). It is defined as

Sppm = S = frus g6 (2.1.6)
frus

The chemical shifts of 'H nuclei bound in water molecules and methylene environments
of triglycerides, which account for the main part of the fat signal, are 4.67 ppm and 1.3
ppm, respectively. The difference in resonant frequencies resulting from chemical shift
differences is proportional to the field strength of the main magnetic field. Thus higher
field strength results in higher spectral dispersion.

2.2 From Echoes to Images

There are two major types of echoes used in MRI, spin echo (SE) and gradient echo

(GE).

2.2.1 Spin echo

A SE sequence (Fig. is initiated by a 90° RF pulse tipping the magnetization into
the x-y-plane. Due to By inhomogeneities and differences in tissue susceptibilities the
spins start to dephase. After a certain time TE/2 a 180° RF pulse, also referred to as
refocusing pulse, is applied, reversing the phase angles of the spins. After the same time
TE/2 experiencing the same field inhomogeneities as before the spins meet at the same
direction in the x-y-plane and are rephased again generating an echo. Due to the phase
reversal dephasing caused by By inhomogeneities and differences in tissue susceptibilities
can be completely recovered and the signal amplitude of the spin echo depends only on
transverse relaxation and diffusion. When no diffusion sensitization is introduced into
the sequence the effect of diffusion on the signal is relatively small compared to the effect
of transverse relaxation. The spin echo signal can thus be simplified as

TE

Ssg = Spe Tz . (2.2.1)
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echo

Figure 2.1: Spin echo sequence.

2.2.2 Gradient echo

A GE sequence (Fig. starts with an initial small flip angle (f.e. 3°) RF pulse imme-
diately followed by a magnetic field gradient causing rapid dephasing of the transverse
magnetization. Thereafter a gradient of opposite polarity is applied reversing the de-
phasing effect of the first gradient and causing the spins to rephase again generating an
echo. The second gradient compensates only for dephasing caused by the first dephasing
gradient. Dephasing caused by By inhomogeneities does not get recovered. Therefore,
the amplitude of the echo signal, i.e. the envelope of the FID curve, is determined by
T5.

TE

echo
RF

Figure 2.2: Gradient echo sequence.

2.2.3 MR Pulse Sequences

Due to the immense variety in pulse sequence design, MRI is a very versatile imaging
modality. Every MR experiment comprises RF pulses and magnetic field gradients that
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are combined in a specific manner to serve a certain application. The most important
characteristics of a clinical pulse sequence include image contrast, total scan time, signal-
to-noise-ratio (SNR) and insensitivity to motion. But pulse sequence design can achieve
much more, such as quantitative imaging, functional imaging or spectroscopy. Regard-
less of the application there is always a trade-off between scan time on one side and
desired image quality, spectral quality or quantitative accuracy on the other requiring
the designer to take into account the exact purpose of the pulse sequence. A pulse se-
quence is presented as a pulse sequence diagram containing five horizontal axes - one
for RF transmission, one for signal acquisition and one for each gradient direction (Fig.
. The pulse sequence is repeated with a constant timing. The number of repetitions
depends on the desired field of view (FOV), voxel size and SNR among others. The
duration between two consecutive repetitions is termed time of repetition (TR). Every
common MR pulse sequence generates one or multiple echoes and the echo time (TE) is
defined as the duration from the center of the RF excitation pulse to the center of the
echo which, in conjunction with TR, is one of the major determinators of image contrast,
f.e. T1-weighted, Th-weighted or proton density-weighted.

RF Al

Signal

data acquisition

A
A 4

Figure 2.3: Basic gradient echo pulse sequence. Ggg: Slice-selective gradient, Gpg:
Phase-encoding gradient, Grg: Frequency-encoding gradient
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2.2.4 k-Space

The MR signal is sampled in the frequency domain with the sampling points k =
[kz, ky, k], that are determined by amplitude and duration of the gradients G, G, and
G, forming the so-called k-space. The k-space representation of the image S(kpg, kpg)
and the image domain representation p(z,y) are related to each other by means of the
Fourier transform:

S(kpg, kpg) = / / p(z, y)e 2r@hratyken) gy gy (2.2.2)

2.2.5 Spatial Encoding

Until now basic physical principles and experimental fundamentals contributing to the
generation of an MR signal have been described. In order to create an actual image
composed of voxels the location of the signal source, i.e. the protons, has to be encoded.
For this purpose three pairs of gradient coils, one for each axis, are used to add spatially
varying magnetic fields, also referred to as gradient fields, to the main magnetic field.
This causes the resonant frequency of the protons to also be location-dependent and
enables spatial encoding.

There are different options to encode the x-, y- and z-components of a spatial location.
In 2D or multislice imaging an RF excitation pulse of limited bandwidth and a gradient
field in the z-direction are applied simultaneously to selectively excite a single slice of the
imaging volume. Slice position and thickness are determined by the RF carrier frequency
and bandwidth, respectively. The gradient field in the z-direction is also called slice-
selective gradient or G,. Spatial encoding of the x- and y-dimension is then achieved by
means of phase and frequency encoding using the remaining two perpendicular gradient
fields G, and G,. Phase encoding is realized by briefly turning on a gradient Gpg in
the x-direction after the excitation pulse (Fig. . For the duration of Gpg spins
accumulate phase resulting in a phase angle that is linearly dependent on the location
in the x-dimension. Finally, frequency encoding is achieved by applying the frequency-
encode or readout gradient Gy and acquiring the generated echo for a continuous set of
frequencies (Fig. . For each repetition of the pulse sequence the amplitude of Gpg
is changed and the readout gradient remains constant in order to cover k-space line by
line. A two-dimensional Fourier transform is used to convert the sampled data into an
actual 2D image.

The second option is 3D imaging where the slice selection step is replaced by a second
phase encoding step. This implies that in each repetition of the sequence the complete
volume is excited and allows for high-quality multiplanar reconstructions. To convert
the k-space data into the image domain a three-dimensional Fourier transform has to be
applied. Defining the phase encoding gradient in y-direction and the readout gradient in
x-direction is by no means mandatory. Depending on the application and imaged body

10
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region the directions can be transposed. Moreover, the three perpendicular gradient
fields can be linearly combined allowing the generation of any desired slice orientation,
f.e. coronary, sagittal or oblique.

2.3 Diffusion Weighted MR

Protons within a liquid are subject to random molecular motion which causes random
displacement of protons over time and can be exploited to make MR signals sensitive to
diffusion. By inserting pulsed field gradients, also referred to as diffusion encoding gradi-
ents, into a spin echo sequence (Fig. or other appropriate sequence, the displacement
of protons causes imperfect rephasing of the spins since diffusing protons have changed
location and hence experience different magnetic fields before and after the refocusing
pulse. This results in a loss of signal that depends on two factors. The degree of diffusion,
quantified by means of the diffusion coefficient D, as well as amplitude, duration and
timing of the diffusion encoding gradients, subsumed by the so-called b-factor b. The dif-
fusion weighted signal shows an exponential behavior, also known as the Stejskal-Tanner
equation:

S = Spe P, (2.3.1)

where Sy denotes the signal intensity without diffusion weighting.

Diffusion is not the only cause of proton displacement and the consequent signal atten-
uation in diffusion weighted sequences. For example, flow of blood or other body fluids
as well as microcirculation can contribute to the loss of signal caused by adding diffu-
sion encoding gradients to the MR sequence. Therefore, in practice the term apparent
diffusion coefficient (ADC) is used instead of D.

11
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Figure 2.4: Bagic pulsed gradient spin echo sequence with equal diffusion weighting in
each gradient direction. G4 .: Gradient in x- y- and z-direction, respectively.
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3 Clinical MR Equipment

Most modern MR systems that are used in a clinical setting have a main magnetic
field strength of 1.5 T or 3 T, some even up to 7 T. The main components of these
systems comprise the magnet, the gradient coils, the radio frequency coils as well as a
high-performance computer for hardware control and image reconstruction. In addition,
the MR scanner has to be installed in a dedicated room featuring a cooling system and
electromagnetic shielding to ensure a constant temperature and minimize electromagnetic
interference with the environment.

3.1 Magnet

The magnet is the heart of the MR system and creates a static magnetic field By. Every
magnet has a constant magnetic field strength, or flux density, which is measured in tesla
[T]. Nowadays clinical whole-body MR systems usually have a field strength of 1.5 T or
3 T. Higher field strengths have the advantage of improved signal-to-noise ratio (SNR)
which can be used to increase spatial resolution or reduce the imaging time. In addition,
the chemical shift-induced frequency offset is linearly dependent on the magnetic field
strength which can be advantageous, e.g. for spectral fat suppression or MR spectroscopy,
but also aggravate problems in certain applications, e.g. chemical shift artifacts. In the
history of MRI systems, different types of magnets have been used, including air-cored
resistive magnets, iron-cored electromagnets, permanent magnets and superconducting
magnets. However, in modern MRI systems superconducting magnets are the technology
of choice. They enable the design of whole-body systems featuring high fields in combina-
tion with good field homogeneity. These magnets utilize the superconducting properties
that certain materials show at extremely low temperatures, close to absolute zero (-
273.16° C, 0 K). This requires a cooling system usually using liquid helium as cryogen
raising the weight of a modern superconducting magnet and its cryogen to 3000 - 4000
kg. Besides the field strength, field homogeneity is what determines the performance of
a magnet. Shimming is performed to minimize inhomogeneities. Fixed shimming refers
to the attachment of small metal plates to the magnet during the installation in order
to reduce field distortions from nearby ferromagnetic structures and improve the overall
field homogeneity. Dynamic shimming is implemented by the addition of small shim coils
to the MR system that optimize the local magnetic field on a per-patient basis.

13
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3.2 Gradient System

In a standard cylindrical magnet, three sets of gradient coils are mounted just inside the
bore. They produce orthogonal gradient fields along the x-, y- and z-direction of the
magnet that are essential for spatial encoding of the MR signal. There are other pur-
poses of gradient fields, such as the generation of gradient echoes and diffusion encoding.
In conventional MR, pulse sequences, gradient waveforms have a trapezoid shape being
defined by the amplitude, rise time and fall time. The maximum gradient amplitude and
speed at which it can be reached, referred to as slew rate, are the main parameters deter-
mining the performance of a gradient system. Ideally gradient fields are linear. In reality,
gradient linearity decreases towards the edge of the imaging volume which can lead to
geometric distortions of the image. Another practical problem, in particular in high slew
rate systems, are eddy currents that are induced in nearby conducting components and
cause gradient waveform distortions resulting in artifacts and signal loss.

3.3 Radio Frequency System

The radio frequency system comprises three components: coil, transmitter and receiver.
The transmitter together with the coil produce the Bj field used for excitation. In
combination with the coil, the receiver is used for detection and demodulation of the
MR signal. A body coil, built into the gantry of the MR scanner, generally is used for
excitation where as surface coil arrays, positioned close to the imaged region, such as a
built-into-the-table spine coil or shoulder coil, are used for signal detection. For some
applications, dedicated transmit and receive coils with a built-in T/R switch are used,
e.g. knee, head.

3.4 Experimental MR system

All MR experiments and examinations of study participants in the context of the present
thesis were carried out on a clinical whole-body 3 T MR scanner (Ingenia, Philips Health-
care, The Netherlands) at the university hospital Klinikum rechts der Isar of the Technical
University of Munich in Munich (Germany).
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4 Single-voxel Magnetic Resonance
Spectroscopy

In-vivo 'H-MRS allows for the differentiation and quantification of protons based on their
chemical shift and thus quantitative assessment of tissue composition as well as relative
concentrations of certain metabolites. To analyze a well-defined, preferably homogeneous,
volume of interest (VOI, Fig. , also referred to as voxel, a localization technique is
applied. There are two localization techniques that are routinely used in single-voxel
MRS: STEAM and PRESS.

Figure 4.1: Placement of the volume of interest (red) during an MRS experiment within
the bone marrow of the L3 vertebral body. For this purpose acquired sagittal
(left) and coronal (right) images were used.
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4 Single-voxel Magnetic Resonance Spectroscopy

4.1 STEAM

Stimulated echo acquisition mode (STEAM) applies three consecutive 90° pulses, each
one with a slice-selective gradient in one of the three directions (x, y and z) (Fig. [4.2)).
Of the multiple echoes that are generated the stimulated echo is the one being acquired.
It is only formed in the cuboid-shaped VOI since it is the intersection of the three
perpendicular slices the 90° pulses were applied in. Between the first and second pulse
and between the third pulse and the stimulated echo the magnetization is in the transverse
plane and hence subject to T» decay but not to 73 decay because dephasing occurring
after the first pulse gets refocused after the third pulse. Between the second and third
pulse the magnetization is aligned along the longitudinal axis and hence subject to T}
relaxation. A representative in-vivo vertebral bone marrow STEAM spectrum from JP-1
is shown in figure [4.3]

90° 90°

- Nf\p—n/\p

TE/2 ™ TE/2

A
A 4
A
A J
A

}ﬂ STE

1 | Y iros
Signal e 'ﬁ} m’ s

Figure 4.2: STEAM sequence diagram. The light gray trapezoids represent crusher gra-
dients to eliminate spurious signals from contaminating the desired STEAM
spectrum. TE: Echo time, TM: Mixing time, STE: Stimulated echo, G/, /.:

Gradient in x- y- and z-direction, respectively.
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Figure 4.3: Sample in-vivo vertebral bone marrow STEAM spectrum, TE = 11 ms, TM
= 16 ms, TR = 6000 ms. ppm: parts per million, a.u.: arbitrary units.

4.2 PRESS

Point-resolved spectroscopy (PRESS) uses a 90° pulse for excitation that is followed by
two 180° refocusing pulses (Fig. . Again, each pulse is accompanied by a slice-
selective gradient in one of the three directions. After a certain slice is excited by the
90° pulse it gets refocused by the first 180° pulse only in a perpendicular slice resulting
in a primary spin echo that is generated in a well-defined slab. The second 180° pulse
refocuses the primary echo and is only applied in a slice perpendicular to this slab re-
sulting in the generation of a second spin echo within the cuboid-shaped intersection of
the three perpendicular slices that finally is acquired. Since the magnetization is in the
transverse plane at all times it is only subject to To decay. PRESS has the advantage of
an intrinsically higher SNR than STEAM. However, STEAM can achieve shorter min-
imal echo times. Therefore it depends on the application, the properties of the tissue
being analyzed, the hardware and software conditions as well as the experience of the
user which localization technique is best.

4.3 Diffusion Weighted STEAM

By inserting diffusion encoding gradients after the first and third RF pulse in a STEAM
sequence (Fig. diffusion weighted MRS was achieved in JP-2 [40]. A representative

spectrum acquired at multiple b-values is shown in figure
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Figure 4.4: PRESS sequence diagram. The light gray trapezoids represent crusher gra-
dients to eliminate spurious signals from contaminating the desired PRESS
spectrum. The total echo times equals the sum of TE; and TE2. TEq,:

Echo time 1 and 2, G/, /.: Gradient in x- y- and z-direction, respectively.
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Figure 4.5: DW-STEAM sequence diagram. The dark gray trapezoids represent diffusion
encoding gradients. TE: Echo time, TM: Mixing time, STE: Stimulated echo,
Ggy,-: Gradient in x- y- and z-direction, respectively.
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Figure 4.6: Sample in-vivo multi-b-value DW-STEAM spectrum. The difference in
diffusion-dependent signal decay of the main fat component (at 1.3 ppm)
and the water component (at 4.7 ppm) can be appreciated. ppm: parts per
million, a.u.: arbitrary units.
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5 MR-based Fat Quantification

5.1 Characterization of the Vertebral Bone Marrow MR
Spectrum

For the MR-based in vivo quantification of fat one can utilize knowledge about its chem-
ical structure. Triglycerides are the building blocks of human adipose tissue and consist
of three fatty acids esterified with a glycerol backbone. Depending on their number
of double bonds fatty acids can be further classified into saturated, monounsaturated
and polyunsaturated, exhibiting none, one or more double bonds, respectively (Figure
5.1). Each proton within the triglyceride has a certain chemical environment and can
therefore be assigned a proton type giving rise to a characteristic chemical shift and cor-
responding peak in the MR spectrum (Figure . The letters A - J label the distinct
fat peaks. Table displays the different proton types of a triglyceride together with
the corresponding chemical shift.
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Figure 5.1: Sample triglyeride structure consisting of oleic acid (18:1, 9¢; top row), linoleic
acid (18:2, 9¢, 12¢; centre row) and palmitic acid (16:0; bottom row). The

labels A - J group the protons according to their characteristic resonance
frequency and corresponding peak in the MR spectrum.
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5 4 3 2 1
ppm

Figure 5.2: Sample triglyceride spectrum of corn oil acquired on a 3 T clinical MR system.
The different peaks of the fat spectrum are labeled A - J according to the

protons in figure

In vivo quantification of bone marrow fat is complicated by the presence of water as well
as peak broadening caused by short 735. In order to achieve a robust quantification of the
fat components a fixed triglyceride structure with constant values of the characteristic
parameters ndb (number of double bonds), nmidb (number of methylene-interrupted
double bonds) and CL (mean fatty acid chain length) is assumed. In JP-I, these values
were determined for the mean vertebral bone marrow spectrum inspired by an approach
described by Hamilton et al. [41] for liver fat spectrum characterization. They are
displayed in table together with the resulting relative amplitudes of the different
fat peaks. These relative amplitudes were also used for water-fat imaging-based PDFF
quantification in JP-II where the spectral model consisted of six fat peaks and a single
water peak.
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relative amplitudes of

peak chemical shift type relz{tlve used vertebral bone
(ppm) amplitudes marrow model [42]
A 0.90 methyl 9 9
(CL-4) x6-
B 1.30 methylene ndb x 8 + 56.16
nmidb x 2
C 1.60 B-carboxyl 6 6
D 2.02 a-olefinic (ndb - nmidb) x 2 9.72
E 2.24 alpha-carboxyl 6 6
F 2.75 diallylic nmidb x 2 14
G 4.10 glycerol 2 2
H 4.30 glycerol 2 2
I 5.19 glycerol 1 1
J 5.29 olefinic ndb x 2 6.26

Table 5.1: Parameters of triglyceride modeling used in MRS-based and water-fat imaging-
based quantification of vertebral bone marrow fat. Peaks A - J of the fat
spectrum are displayed in figure [5.2| as well as the corresponding protons of a
sample triglyceride structure in figure .

5.2 Vertebral Bone Marrow PDFF Quantification

To account for differences in T relaxation between the water and fat component of
vertebral bone marrow data is acquired at multiple echo times and the Tb relaxation
times of water (T4,) and fat (Tay) were included as additional model parameters. After
extracting the different peaks by fitting the acquired data to the described spectral model
(Figure the PDFF is calculated as the ratio of the combined energy of all fat peaks
and the combined energy of all peaks of the proton density spectrum:

oo J

[ > Si(f)df

—00 1=A
TS S0 + Sul)df

—00 i=A

PDFF = (5.2.1)

S;: fitted i-th fat peak, S,,: fitted water peak, f: resonance frequency.
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Figure 5.3: Sample vertebral bone marrow STEAM spectrum at TE = 11 ms (black).
and superimposed fitted water peak (blue) and fat peaks (red). ppm: parts
per million, a. u.: arbitrary units
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6 Bone Marrow Anatomy and Physiology

Bone marrow represents one of the largest organs in the human body. An average adult
person has 2600 g of bone marrow which is equivalent to 4.5 % of its body weight. It
is located in the central cavities of the bones and can be interspersed with trabecular
bone matrix. It is the most important hematopoietic organ as well as a primary lym-
phatic organ and plays a major role in a variety of pathologies affecting either its own
components, i.e. blood cells and adipocytes, or the bone tissue surrounding it.

Depending on its cellular and chemical composition two types of bone marrow are
distinguished. The main component of yellow bone marrow are adipocytes and its chem-
ical composition is approximately equivalent to 80 % fat, 15 % water and 5 % protein.
Yellow bone marrow has only scarce vasculature and its main location is the appendic-
ular skeleton. Red bone marrow contains both hematopoietic cells and adipocytes and
its chemical composition can vary but is within the range of 40 - 60 % fat, 30 - 40 %
water and 10 - 20 % protein arising from the higher relative water and protein content of
hematopoietic cells. Due to its hematopoietic and lymphatic function red bone marrow
has an abundant vasculature, being formed by an extensive network of sinusoids.

Bone marrow is a dynamic tissue which constantly undergoes changes depending on
the varying demands and conditions the organism is facing throughout its lifetime. In
adults red bone marrow can be encountered almost exclusively in the sternum, ribs, skull,
clavicles, vertebral bodies, pelvic bones as well as proximal femur and humerus whereas
in newborns it is found in almost all bones. This adult state of red and yellow bone
marrow distribution where red marrow can only be found in the axial skeleton is usually
reached around the age of 25 years. However, the conversion from red to yellow marrow
continues throughout life and results in a heterogeneous spatial distribution of red bone
marrow.

In addition to the traditional classification based on the presence of hematopoietic
cells, Scheller et al. introduced the distinction of regulated bone marrow adipose tis-
sue (rMAT) and constitutive bone marrow adipose tissue (¢tMAT). The primarily in the
axial and proximal skeleton located rMAT is defined as single adipocytes interspersed
with active hematopoiesis, whereas distal cMAT has low hematopoiesis, contains larger
adipocytes, develops earlier and remains preserved upon systemic challenges [43]. Cate-
gorizing bone marrow based on subpopulations of its adipocytes aims at a classification
based on its biology, physiology and metabolic function rather than its cellular and chem-
ical composition and may therefore be more suitable for emerging research and upcoming
studies.
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7 Compliance with Ethical Standards

All investigations performed in studies involving human participants were in accordance
with the ethical standards of the institutional and national research committee as well as
the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent was obtained from all individual participants included in the studies.
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8 Journal Publications

8.1 Journal Publication |I: The need for 75 correction on
MRS-based vertebral bone marrow fat quantification:
implications for bone marrow fat fraction age
dependence.

The publication entitled The need for To correction on MRS-based vertebral bone mar-
row fat quantification: implications for bone marrow fat fraction age dependence. was
published in NMR in Biomedicine (ISSN: 1099-1492). The manuscript was authored by
Michael Dieckmeyer, Stefan Ruschke, Christian Cordes, Samuel P. Yap, Hendrik Kooij-
man, Hans Hauner, Ernst J. Rummeny, Jan S. Kirschke, Thomas Baum and Dimitrios
C. Karampinos.

8.1.1 Abstract

Vertebral bone marrow fat quantification using single-voxel MRS is confounded by over-
lapping water-fat peaks and the difference in T relaxation time between water and fat
components. The purposes of the present study were: (i) to determine the proton density
fat fraction (PDFF) of vertebral bone marrow using single-voxel multi-TE MRS, address-
ing these confounding effects; and (ii) to investigate the implications of these corrections
with respect to the age dependence of the PDFF. Single-voxel MRS was performed in
the L5 vertebral body of 86 subjects (54 women and 32 men). To reliably extract the
water peak from the overlying fat peaks, the mean bone marrow fat spectrum was char-
acterized based on the area of measurable fat peaks and an a priori knowledge of the
chemical triglyceride structure. MRS measurements were performed at multiple TEs.
The Th-weighted fat fraction was calculated at each TE. In addition, a T3 correction
was performed to obtain the PDFF and the T, value of water (T%,,) was calculated. The
implications of the T5 correction were investigated by studying the age dependence of the
Ty-weighted fat fractions and the PDFF. Compared with the PDFF| all Ty-weighted fat
fractions significantly overestimated the fat fraction. Compared with the age dependence
of the PDFF, the age dependence of the Ts-weighted fat fraction showed an increased
slope and intercept as TE increased for women and a strongly increased intercept as
TE increased for men. For women, a negative association between the 75 value of bone
marrow water and PDFF was found. Single-voxel MRS-based vertebral bone marrow fat
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quantification should be based on a multi-TE MRS measurement to minimize confound-
ing effects on PDFF determination, and also to allow the simultaneous calculation of
Toy, which might be considered as an additional parameter sensitive to the composition
of the water compartment.

8.1.2 Author contributions

I performed the postprocessing, quantification and statistical analysis of the magnetic
resonance spectroscopy data using MATLAB (Mathworks, Natick, MA). In collaboration
with the coauthors I designed the MRI protocol and performed the recruitment and MRI
examinations of the study participants, implemented the MRS post-processing frame-
work using MATLAB, analyzed and interpreted the data and drafted the publication
manuscript.
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Figure 8.1: Sample multi-TE STEAM spectrum of one of the subjects. The difference in
T, decay of the main fat component (at 1.3 ppm) and the water component
(at 4.7 ppm) can be appreciated. ppm: parts per million, a.u.: arbitrary
units.
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Vertebral bone marrow fat quantification using single-voxel MRS is confounded by overlapping water-fat peaks
and the difference in T, relaxation time between water and fat components. The purposes of the present study
were: (i) to determine the proton density fat fraction (PDFF) of vertebral bone marrow using single-voxel multi-
TE MRS, addressing these confounding effects; and (ii) to investigate the implications of these corrections with
respect to the age dependence of the PDFF. Single-voxel MRS was performed in the L5 vertebral body of 86
subjects (54 women and 32 men). To reliably extract the water peak from the overlying fat peaks, the mean bone
marrow fat spectrum was characterized based on the area of measurable fat peaks and an a priori knowledge of the
chemical triglyceride structure. MRS measurements were performed at multiple TEs. The T,-weighted fat fraction
was calculated at each TE. In addition, a T, correction was performed to obtain the PDFF and the T, value of water
(T,w) was calculated. The implications of the T, correction were investigated by studying the age dependence of the
T,-weighted fat fractions and the PDFF. Compared with the PDFF, all T,-weighted fat fractions significantly
overestimated the fat fraction. Compared with the age dependence of the PDFF, the age dependence of the
T,-weighted fat fraction showed an increased slope and intercept as TE increased for women and a strongly
increased intercept as TE increased for men. For women, a negative association between the T, value of bone
marrow water and PDFF was found. Single-voxel MRS-based vertebral bone marrow fat quantification should be
based on a multi-TE MRS measurement to minimize confounding effects on PDFF determination, and also to allow
the simultaneous calculation of T,,, which might be considered as an additional parameter sensitive to the compo-
sition of the water compartment. Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

The quantification of the bone marrow fat fraction (FF) is
becoming a useful tool in the investigation of the relationship
between bone marrow adiposity and bone health (1-6), in the
study of the connection between bone marrow adiposity and
metabolic syndrome (7,8) and in the assessment of bone
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marrow composition changes in patients receiving chemother-
apy and radiotherapy (9,10). Recent studies have reported the
use of chemical shift encoding-based MRI techniques for the
measurement of bone marrow FF in the proximal femur (11)
and the spine (9,12), enabling the examination of both intra-
individual as well as inter-individual differences. However,
single-voxel MRS has been the technique most frequently
applied in the past for the measurement of bone marrow FF
in the most clinically relevant red marrow region, i.e. the lumbar
vertebrae (2-7,13-22). Despite the wide use of vertebral bone
marrow MRS in the research setting, different studies have
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Abbreviations used: CV, coefficient of variation; FF, fat fraction; MUFA,
monounsaturated fatty acid; ndb, number of double bonds; nmidb, number
of methylene-interrupted double bonds; PDFF, proton density fat fraction;
PUFA, polyunsaturated fatty acid; SNR, signal-to-noise ratio; STEAM, stimu-
lated echo acquisition mode; T»; T, value of fat; T,,, T, value of water; VOI,
volume of interest.
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reported different ranges of bone marrow FF values for differ-
ent male and female age groups (13).

The most important technical consideration in establishing
MRS-based FF as a standardized bone marrow biomarker is that
the measured property should be equal to the proton density fat
fraction (PDFF), independent of the effects of any confounding
factors (23). Previously, single-voxel MRS has been extensively
used to measure PDFF in the liver, considering the multiple
peaks of the fat spectrum (24), correcting the differences in T,
relaxation times between water and fat (25), and aiming to
minimize J couplings using a stimulated echo acquisition mode
(STEAM) MRS sequence (26).

Bone marrow contains water and fat components with differ-
ent T, relaxation times (19,20) and is surrounded by the trabecu-
lar bone matrix. The presence of the trabecular bone matrix
broadens the linewidths of all peaks in the bone marrow spec-
trum, complicating the robust extraction of the water peak next
to the neighboring fat peaks (11). In order to robustly extract the
overlapping water and fat peaks in vertebral bone marrow MRS,
the spectrum should be characterized on the basis of the magni-
tude of measurable fat peaks, and an a priori knowledge of the
chemical structure of triglycerides should be employed in the
MRS peak extraction, as proposed previously for the liver (24)
and the proximal femur (11).

The difference in T, relaxation times between water and fat
components can also induce a bias in the quantification of bone
marrow fat with significant implications when comparing FF
values with a reference database. Specifically, several studies
have shown a gradual physiological increase in bone marrow
FF with advancing years, starting at a mean vertebral body
bone marrow fat content of between 20% and 25% in the
11-20-year age group and rising to 65%-75% in the 81-90-year
age group (13). Furthermore, there is evidence for a sex depen-
dence of the bone marrow FF, suggesting that males under
50 years of age have an FF that is about 10% higher than that
in females of comparable age, with a reversal of this difference
in subjects over 60 years of age (14-16). However, most of the
previous studies performing MRS in the lumbar vertebrae and
studying the age dependence of the bone marrow FF employed
a single-TE MRS measurement and did not use any T, correc-
tion, thus yielding the T,-weighted FF rather than the PDFF.
Therefore, the previously reported rates of increase in bone
marrow FF with age could be dependent on the TE and T, relax-
ation values used, and could thus become dependent on the
parameters of the MRS experiment and the field strength.

The purpose of this study was to address the most important
effects confounding vertebral bone marrow PDFF quantification
using single-voxel MRS. The specific aims were thus two-fold: (i)
to characterize the mean fat spectrum of vertebral bone marrow
fat in order to robustly extract the water peak from the overlap-
ping fat peaks in the spectrum; and (ii) to perform a T, correction
of the MRS data in order to remove T, decay effects and demon-
strate the importance of the consideration of T, decay effects in
bone marrow fat quantification in the context of the analysis of
the age dependence of the bone marrow FF.

MATERIALS AND METHODS

Subjects

The lumbar spine region of 86 healthy volunteers (54 women;
age, 45.3 = 13.7 years; 32 men; age, 383 + 14.7 years) was

scanned on a 3-T whole-body scanner (Ingenia 3.0T, Philips
Healthcare, Best, the Netherlands) using the built-in 12-channel
posterior coil array. Inclusion criteria were no history of fracture
and no pathological bone changes, such as bone metastases or
hematological or metabolic bone disorders. Women had the fol-
lowing age distribution: n = 11, 9, 9, 19 and 6 subjects for the
age ranges 18-30, 31-40, 41-50, 51-60 and 61-75 years,
respectively. Men had the following age distribution: n = 14,
5,5, 5 and 2 subjects for the age ranges 20-30, 31-40, 41-50,
51-60 and 61-75 years, respectively. The study was approved
by the local institutional committee for human research. All
subjects gave written informed consent before participation in
the study.

MR measurements

Following the acquisition of survey images in all three planes,
T,-weighted sagittal images of the lumbar spine were obtained
to verify the absence of any vertebral fractures, metastases and
anatomical abnormalities, and to guide the positioning of the
MRS voxel within the vertebral body. The MRS examination
consisted of an MRS sequence, applied in the L5 vertebral body.
The L5 vertebral body was selected because it usually has the
largest volume of all vertebral bodies. This maximizes the size
of the prescribable volume of interest (VOI) and hence the
signal-to-noise ratio (SNR) of the MRS measurement. The MRS
voxel was positioned on the basis of the survey images and
T,-weighted sagittal images. The size of the VOI was 15 x 15 x
15 mm?>. If necessary, the size of the VOI was reduced in order
to fit into the vertebral body. Moreover, chemical shift displace-
ment effects were considered during the positioning of the
VOI. A STEAM sequence with the following parameters was used:
TR = 6 s (to minimize any T;-weighting effects); TM = 16 ms; TE =
11/15/20/25 ms [STEAM with short TE to reduce J-coupling
effects (26)]; eight averages per TE; 4096 sampling points; acqui-
sition bandwidth, 5 kHz; no water suppression; no regional satu-
ration bands.

Characterization of the mean fat spectrum

Spectra were fitted using frequency-based methods based on in-
house built routines written in MATLAB (Mathworks, Natick, MA,
USA). Pseudo-Voigt lineshapes (27) with a 0.8 x Gauss + 0.2 X
Lorentzian lineshape for the fat peaks and a 0.2 x Gauss + 0.8
X Lorentzian lineshape for the water peak were employed.
Figure 1a shows a typical vertebral bone marrow fat spectrum with
fat peaks observed at spectral locations 0.90, 1.30, 1.59, 2.00, 2.25,
2.77,4.20 and 5.31 ppm. The letters A, D, E and F were assigned to
peaks at 0.90 ppm (methyl: —(CH,),~CHs-), 2.77 ppm (diacyl:
—-CH=CH-CH,-CH=CH-), 4.20 ppm (glycerol: -CH,-O-CO-) and
531 ppm (olefinic: -CH=CH-), respectively. The letter B was
assigned to the superposition of peaks at 1.30 ppm (methylene:
—-(CH,),-) and 1.59 ppm (B-carboxyl: -CO-CH,-CH,-), and the
letter C to the superposition of peaks at 2.00 ppm (a-olefinic:
—CH,—CH=CH-CH,-) and 2.25 ppm (a-carboxyl: -CO-CH,—CH;-).

In a first step, all peaks contributing to the fat peaks A, B, C and
D were fitted assuming a common linewidth. The fat spectrum
peak fitting was performed for the shortest TE of 11 ms only,
because a common T, relaxation time for all fat peaks was
assumed. The relationships between the computed fat peaks A,
B and C were studied for the bone marrow spectra of all 86
subjects using linear correlation analysis. Specifically, the
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relationship between the combined areas of peaks A and B
and the area of peak C (Fig. 1b) and the relationship between
the area of peak B and the area of peak C (Fig. 1c) were stud-
ied using linear regression analysis. The slopes of the two lin-
ear regression models were determined and two-sided t-tests
at a significance level of p = 0.05 were used to determine
whether the estimated intercept was statistically significantly
different from zero. In a second step, the slopes of the two lin-
ear regression models were inserted into the triglyceride struc-
ture model to estimate the number of double bonds (ndb) and
number of methylene-interrupted double bonds (nmidb) fol-
lowing the formulation introduced by Hamilton et al. (24). A
common triglyceride chain length of 17.3 was assumed. Based
on the estimated ndb and nmidb, the relative areas of fat
peaks E and F were determined. The described approach
makes the assumption that the unsaturation level of the verte-
bral bone marrow is independent of age. This may not be valid
for younger ages when a conversion from red to yellow mar-
row is occurring. However, changes in the fatty acid composi-
tion of the evaluated region should be considered subtle
compared with changes in fat content. Therefore, the assump-
tion of a common fatty acid composition should constitute an
acceptable simplification with regard to the measured quantity,
i.e. PDFF.

Fat quantification

To allow a good fit of the entire spectrum, peak fitting was
performed by constraining the areas of peaks E and F at a given
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Figure 1. Model of vertebral bone marrow triglyceride structure. (a)
Typical vertebral bone marrow MR spectrum with fitted fat peaks (red),
fitted water peak (blue) and fat peaks whose peak areas were restricted
to the main fat peak area (green). (b) Relationship between area of peaks
A + B and area of peak C. (c) Relationship between area of peak B and
area of peak C. Data from all subjects were included (n = 86).

area of peak B

ratio of peaks A + B, determined as described in the fat spectrum
characterization step. A common linewidth, constrained below
0.50 ppm, was assumed for all fat peaks, and an independent
linewidth, constrained below 1.50 ppm, was assumed for the
water peak, resulting in two different linewidths as free
variables. The spectral locations of the fat peaks were allowed
to vary by £0.03 ppm, and the water peak location was allowed
to vary by +0.10 ppm. However, the distance between the
spectral locations of the fat peaks was not allowed to change,
resulting in two free variables for the peak locations. Peak fitting
was performed first independently for every individual TE
(TE-independent fitting) and then jointly incorporating the mea-
surements of all four TEs (TE-joint fitting). The T, relaxation
times were introduced again as free variables, assuming a
mono-exponential T, decay for each component with a
common T, relaxation time for all fat peaks (T>) and a different
T, relaxation time for the water peak (T,,). Initial values for Ty
and T,,, were set to 75 and 20 ms, respectively. Based on the
results of the TE-independent fitting, the T,-weighted FF was
computed as the ratio of the T,-weighted fat peak area over
the sum of the T,-weighted fat peak area and T,-weighted water
peak area at every TE. Based on the results of the TE-joint fitting,
the PDFF was computed as the ratio of the T,-corrected fat peak
area over the sum of the T,-corrected fat peak area and
T,-corrected water peak area.

Statistical analysis

The statistical analyses were performed with MATLAB
(Mathworks). All tests were performed using a two-sided 0.05
level of significance. Linear regression analysis using least-
squares fitting was performed to determine correlation coeffi-
cients (R?), slope and intercept between age and the different
FF measures (PDFF and T,-weighted FFs). Simple and multiple
linear regression model analyses were performed to test the
significance of the dependence of PDFF on age and T,,
effects.

RESULTS

The results of the linear regression used for the mean fat spec-
trum characterization step are shown in Figure 1b, c. The ratio
of the area of peak C to the area of peaks A + B was determined
to be 0.221, with the intercept not found to be statistically signif-
icantly different from zero (p > 0.05). The ratio of the area of
peak C to the area of peak B was determined to be 0.253, with
the intercept not found to be statistically significantly different
from zero (p > 0.05). Adopting the triglyceride structure model
of Hamilton et al. (24), assuming a triglyceride chain length of
17.3 (28), and based on the measured ratio of the area of peaks
A + B to the area of peak C, and the measured ratio of the area of
peak B to the area of peak C, ndb and nmidb were computed to
be 3.13 and 0.70, respectively. The derived triglyceride structure
parameters were used to determine the area of peaks E and F
relative to the area of peaks A + B as 5.62% and 10.20%,
respectively.

In order to highlight the effects of T, decay on the extraction
of PDFF, the spectra from two different subjects of different
age, but with similar PDFF, were plotted (Fig. 2). The spectra in
the top row of Figure 2 correspond to a 53-year-old woman
(Fig. 2a, b) and the spectra in the bottom row of Figure 2 corre-
spond to a 27-year-old woman (Fig. 2¢, d). A comparison of the
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Figure 2. Comparison of vertebral bone marrow spectra in two women of different ages showing similar proton density fat fraction (PDFF) but differ-
ent T, of water (T,y,). (a, ¢) Measured and fitted spectra at TE = 11 ms. (b, d) Measured spectra at different TEs. Spectra (a) and (b) correspond to a 53-
year-old woman with PDFF = 45.6% and T,,, = 26.8 ms. Spectra (c) and (d) correspond to a 27-year-old woman with PDFF = 45.6% and T,, = 21.7 ms.
The maximum signal has been set to 1.0 arbitrary unit to facilitate visual comparison. T,-weighted fat fraction values at each TE are also given in the key

in (b) and (d).

spectra from the two subjects at the shortest TE of 11 ms shows
a clear difference in the signal amplitude of the main fat peak of
the two subjects, when the spectra are scaled so that the water
signal amplitudes are equal (Fig. 2a, c). Therefore, the short-TE
spectra show a lower T,-weighted FF at TE = 11 ms for the
53-year-old woman than for the 27-year-old woman. However,
the 53-year-old woman had a slower T, decay for the water peak
than the 27-year-old woman, whereas the T, decay of the fat
peak was almost identical in the two women (Fig. 2b, d). Taking
into consideration T, effects, the same PDFF value of 45.6% was
determined for both subjects.

Taking into account all 86 subjects, the means and standard
deviations of the T, relaxation time for the water component
were determined to be 22.5 + 5.1 ms (range, 14.5-35.0 ms) and
for the fat component 72.3 + 6.2 ms (range, 58.3-89.2 ms).
Considering the women only, the corresponding values were
determined to be T,, = 246 + 5.1 ms (range, 16.8-35.0 ms)
and Ty = 72.6 £ 6.0 ms (range, 58.3-86.9 ms). Considering men
only, the corresponding values were determined to be T, =
18.6 + 2.4 ms (range, 14.5-24.7 ms) and Ty = 71.8 + 6.5 ms
(range, 60.1-89.2 ms).

Both T,-weighted FF values at different TEs and PDFF values
were positively correlated with age (0.46 < R> < 0.50, p < 0.001).
The results of the linear regression between age and T,-weighted
FF at different TEs, as well as the PDFFs for women and men, are
shown in Tables 1 and 2, respectively. As the TE increased from 11
to 25 ms, the age dependence of the T,-weighted FF showed a

slope increasing from 0.773 to 0.835 and an intercept increasing
from 12.3% to 18.5% for women. As the TE increased from 11 to
25 ms, the age dependence of the T,-weighted FF showed a fairly
constant slope in the range 0.526-0.562 and a strongly increasing
intercept from 28.4% to 42.8% for men. In women, the age
dependence of the PDFF revealed slope and intercept values of
0.657 and 9.4%, respectively, which are both lower than the
equivalent values for the T,-weighted FF at the shortest TE. In
men, the age dependence of the PDFF revealed a slope of
0.530, which is within the range of the T,-weighted measure-
ments, and an intercept value of 19.3%, which is considerably
lower than the corresponding value for the shortest TE
measurement.

Figure 3 depicts the linear correlation between PDFF and the
Ty-weighted FF at the longest TE of 25 ms for both men and
women. For women, the overestimation of FF as a result of
T, weighting with regard to PDFF clearly increased with age.
For men, the discrepancy between PDFF and the T,-weighted
FF is larger than for women, but it stays effectively constant
with age.

Figure 4a, b shows the PDFF as a function of age for women
and men. Figure 4c shows a negative association of PDFF with
Tow With B2 = 021 (p < 0.001), which could only be found for
women (men: p > 0.05). In addition, when the effects of both
age and T,,, were considered, a multiple linear regression indi-
cated that PDFF variation was dependent on both the effects
of age (p < 0.001) and Ty, (p = 0.028) with R> = 0.55. Finally,
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Table 1. Linear regression analysis results: bone marrow fat fraction (%) as a function of age (years) for women (n = 54)
Slope Intercept R? p
Proton density fat fraction 0.690 8.9 0.49 <0.001
T,-weighted fat fraction at TE= 11 ms 0.773 123 0.48 <0.001
T,-weighted fat fraction at TE = 15 ms 0.796 13.9 047 <0.001
T,-weighted fat fraction at TE = 20 ms 0.819 16.1 0.46 <0.001
T,-weighted fat fraction at TE = 25 ms 0.835 18.5 0.46 <0.001

Table 2. Linear regression analysis results: bone marrow fat fraction (%) as a function of age (years) for men (n = 32)

Slope Intercept R? p
Proton density fat fraction 0.530 19.3 0.46 <0.001
T,-weighted fat fraction at TE= 11 ms 0.562 284 0.47 <0.001
Tr-weighted fat fraction at TE = 15 ms 0.560 323 0.47 <0.001
T,-weighted fat fraction at TE = 20 ms 0.548 374 0.47 <0.001
Tr-weighted fat fraction at TE = 25 ms 0.526 428 0.46 <0.001
female subjects male subjects
— linear reg. , ’ — linear reg. ,'

%2 801 O measured e %2 801 O measured Re

= |- -identity , = |- -identity ,

‘é’ ’ g ’

i 60 i 60 K ’

I I ,

£ 40 £ 40

t t )

= 20 = 20 ’

o y=1.205x +8.0| '~ P y =0.937x + 25.8

‘ R%=0.93 ‘ R%=0.92
00 20 40 60 80 00 20 40 60 80
a PDFF [%] b PDFF [%]

Figure 3. Linear regression analysis results between the proton density fat fraction (PDFF) and T,-weighted fat fraction (T,-w.FF) at TE = 25 ms for
women (n = 54) (a) and men (n = 32) (b). The broken line represents the identity line to highlight the overestimation of the fat fraction without T,

correction.

PDFF showed no statistically significant correlation with body
mass index.

DISCUSSION

Vertebral bone marrow fat quantification using single-voxel MRS
can be biased because of the confounding effects of overlapping
water—fat peaks and differences in the T, relaxation times of the
water and fat peaks. First, the presence of trabecular bone
shortens the T,* relaxation time of all bone marrow compart-
ments. The shortened T,* relaxation time induces broad peaks
and causes severe overlap of the different water—fat peaks. Sec-
ond, the two components of the bone marrow spectrum, water
and fat, differ in their T, relaxation time, leading to T,-weighted
FF if measurements at only a single TE are considered. To enable
a quantification of the fat spectrum which takes into account all
fat peaks, even fat peaks E and F that overlap with the water

peak, the present study incorporated a priori knowledge and
used linear regression analysis in a first step to characterize the
vertebral bone marrow fat spectrum. To remove any T, decay
effects, the present study acquired spectra at four different TEs
and performed T, correction, also enabling the reliable deriva-
tion of T,,, and T

The presently derived bone marrow ndb and nmidb values are
higher than those reported in the liver (ndb = 1.92 and nmidb =
0.32) (24), but are comparable with the results of previous stud-
ies in bone marrow. Specifically, based on the present fat spec-
trum characterization results (ndb = 3.13, nmidb = 0.70), the
fractions of monounsaturated fatty acids (fyyra) and polyunsatu-
rated fatty acids (fpyra) Were determined, as described previously
in ref. (29). The derived values of fyypa = 0.59 and fpypa = 0.23
were then compared with the values obtained by measurements
of bone marrow samples with gas chromatography or high-
resolution NMR. The presently determined fyuga and fpypa values
are slightly higher, but comparable with, the values measured for
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Figure 4. Linear regression analysis results between age and proton density fat fraction (PDFF) for women (a) and men (b). (c) Linear regression anal-

ysis results between T, of water (T,,,) and PDFF for women.

bone marrow fat in the proximal femur and tibia in ref. (30) and
vertebral bone marrow fat in ref. (6). In addition, the computed
area of peak F relative to the area of peaks A + B is 10.36%,
and the computed area of peak F relative to the area of all fat
peaks is 7.38%, which are both within the range of the values re-
ported in previous studies (6,7,17,18).

The present results show that the vertebral bone marrow wa-
ter component has a significantly shorter T, relaxation time than
the fat component (mean values: T,,, = 22.5 ms, Tyt = 72.3 ms).
Therefore, an FF measured from a single-TE MRS experiment will
depend on the TE of that experiment. T does not show large
variations across subjects. However, the T, relaxation time
shows a much higher coefficient of variation (CV) than the Ty
relaxation time (CVp,,, = 0.23, CV1y¢ = 0.09), which is in agree-
ment with results reported previously at 1.5 T (19). Therefore, a
T, correction using reference T, values (16) will not totally
remove T, weighting effects. Instead, a T, correction based on
the measured T, values in a multi-TE MRS experiment is neces-
sary in order to totally remove T, weighting effects.

An example of the T, weighting effect is shown in the investi-
gation of the age dependence of the vertebral bone marrow FF.
As TE increases, the age dependence of the FF follows a different
linear relationship if T, weighting effects are not removed. There-
fore, a T,-weighted FF depends on the experimental parameters,
and PDFF should be used instead when forming a bone marrow
FF reference database and when comparing bone marrow FF
values in disease (e.g. osteoporosis) with the reference database.
The present results show a different overestimation of FF
between women and men, when T, weighting effects are not

considered. On the one hand, the reported differences between
women and men are consistent with previous findings that there
is a sex dependence of the bone marrow FF. As already
mentioned in the Introduction, men tend to have a higher bone
marrow FF than women at younger ages, with a reversal of this
difference in older subjects (14-16). On the other, the reported
difference in the T, weighting effect between men and women
is partially related to the presently reported difference in T,
relaxation times, particularly T,,, (women: T,,, = 24.6 = 5.1 ms,
Ty =726 + 6.0 ms; men: T, = 186 £ 24 ms, Ty = 71.8 + 6.5
ms). This difference in T, relaxation times remains, even when
only subjects younger than 41 years are considered, in order to
yield a more comparable age distribution in the presently stud-
ied female and male cohorts (women, age < 41 years, n = 20:
Tow =267 £ 55 ms, Ty =77.0 £ 125 ms; men, age < 41 years,
n=19:T,, =193+ 25ms, Ty =74.5 = 6.7 ms). A possible expla-
nation for this gender-dependent difference in T,,, may be the
different contribution of fluid or hematopoietic blood cells to
the water bone marrow component in women relative to men.

The present results also show a negative association between
Tow and PDFF in the scanned women, verifying the results of a
preliminary study by Machann et al. (31). The dependence of
PDFF on T,,, also remained statistically significant after correc-
tion for age effects. This negative association between T,,, and
PDFF has two important implications. First, not employing the
T, correction shows a dependence of the T,-weighted FF on
age with a slope that increases with the TE employed, and thus
exaggerates the well-known age dependence of the bone
marrow fat content. Second, the present results suggest that
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differences in water-fat composition may also be associated
with changes in water composition. For this purpose, T,,, could
be considered as a marker of the bone marrow water compart-
ment including hematopoietic marrow cells and fluid. Therefore,
further studies are needed to investigate changes in both PDFF
and T,,, in disease and to analyze their relationship.

The present study has some limitations. First, a common fat
spectrum was assumed in all subjects independent of age and
gender. Despite the previously documented inter-individual
variations in vertebral bone marrow FF unsaturation (6,7,18),
the assumption of a constant triglyceride model across subjects
can be considered adequate for the purpose of the fitting of
fat peaks E and F for a robust FF quantification. Second, a com-
mon T, relaxation time was assumed for all fat peaks to improve
the robustness of the fat T, extraction, as most fat peaks in the
vertebral bone marrow exhibit strong overlap with other fat
peaks. Although there are significant differences in T, relaxation
times between the different components of the fat signal, the
assumption of a common T, relaxation time for all fat peaks is
necessary to allow a reasonable fitting. When fitting with individ-
ual T, relaxation times for each fat peak, the resulting T, values
exhibit very high inter-individual standard deviations, even
showing standard deviations three or four times as high as the
mean value for some fat peaks. In addition, the main fat peak
contributes the most to the common Ty and its T, should there-
fore be affected the least by this simplifying assumption. As the
main fat peak is also the peak representing the largest portion of
the fat signal, the assumption of a common T, for all fat peaks
should not induce significant bias on the calculated PDFF. Third,
the number of men in the present study was smaller than the
number of women and they had a non-uniform age distribution.
Further studies are needed to better address the relationship
between PDFF, age and T, in larger scale male populations.

CONCLUSIONS

Vertebral bone marrow fat quantification using single-voxel MRS
should be based on a multi-TE MRS measurement and should
aim to quantify both PDFF and T,,,. The extraction of the bone
marrow PDFF, instead of a T,-weighted FF, is essential in order
to standardize MRS-based bone marrow fat quantification, but
can also simultaneously provide T»,,, which might be considered
as an additional parameter potentially sensitive to the composi-
tion of the water compartment.
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8.2 Journal Publication Il: ADC Quantification of the
Vertebral Bone Marrow Water Component: Removing
the Confounding Effect of Residual Fat.

The publication entitled ADC Quantification of the Vertebral Bone Marrow Water Com-
ponent: Remowving the Confounding Effect of Residual Fat was published in Magnetic
Resonance in Medicine (ISSN: 1522-2594). The manuscript was authored by Michael
Dieckmeyer, Stefan Ruschke, Holger Eggers, Hendrik Kooijman, Ernst J. Rummeny, Jan
S. Kirschke, Thomas Baum and Dimitrios C. Karampinos.

8.2.1 Abstract

Purpose To remove the confounding effect of unsuppressed fat on the imaging-based
apparent diffusion coefficient (ADC) of the vertebral bone marrow water component
when using spectrally selective fat suppression and to compare and validate the proposed
quantification strategy against diffusion-weighted magnetic resonance spectroscopy (DW-
MRS).

Methods Twelve subjects underwent diffusion-weighted imaging (DWI) and DW-MRS
of the vertebral bone marrow. A theoretical model was developed to take into account
and correct the effects of residual fat on ADC, incorporating additional measurements
for proton density fat fraction (PDFF) and water To (T%,). Uncorrected and corrected
DWI-based ADC was compared with DW-MRS-based ADC using the Bland-Altman
method.

Results There was a systematic bias equal to 0.118 + 0.116 -10~3 mm /s between DWI
and DW-MRS when no correction was performed. Taking into account measured PDFF
and constant T, reduced the bias to 0.006 + 0.128 1072 mm/s. Using the proposed
approach with both individually measured PDFF and T5,, reduced both the bias and the
limits of agreement between DWI and DW-MRS (0.018 £ 0.065 -10~2 mm/s).

Conclusion By taking into account the presence of residual fat in a modified signal
model that incorporates additional individual measurements of PDFF and T%,, good
agreement of imaging-based ADC with MRS-based ADC can be achieved in vertebral
bone marrow.

8.2.2 Author contributions

I performed the recruitment and MRI examinations of the study participants, manual
segmentation of ROIs within the vertebral bone marrow as well as the simulation, post-
processing, quantification and statistical analysis of the MRS and MRI ROI data using
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MATLAB (Mathworks, Natick, MA). In collaboration with the coauthors I designed
the MRI protocol, implemented the MRS postprocessing framework using MATLAB,
analyzed and interpreted the data and drafted the publication manuscript.
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Figure 8.2: Sample multi-b-value DW-STEAM spectrum of one of the subjects. The
difference in diffusion-dependent signal decay of the main fat component (at
1.3 ppm) and the water component (at 4.7 ppm) can be appreciated. ppm:
parts per million, a.u.: arbitrary units.
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Figure 8.3: Placement of the volume of interest (red) during an MRS experiment within
the bone marrow of the L3 vertebral body. For this purpose the acquired
sagittal (left) and coronal (right) images were used. Note that the VOI was
placed slightly anterior within the vertebral body to avoid the venous plexus
in the posterior part.
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ADC Quantification of the Vertebral Bone Marrow Water
Component: Removing the Confounding Effect of

Residual Fat

Michael Dieckmeyer,"'* Stefan Ruschke," Holger Eggers,” Hendrik Kooijman,®
Ernst J. Rummeny,1 Jan S. Kirschke,* Thomas Baum,' and Dimitrios C. Karampinos1

Purpose: To remove the confounding effect of unsuppressed
fat on the imaging-based apparent diffusion coefficient (ADC)
of the vertebral bone marrow water component when using
spectrally selective fat suppression and to compare and vali-
date the proposed quantification strategy against diffusion-
weighted magnetic resonance spectroscopy (DW-MRS).
Methods: Twelve subjects underwent diffusion-weighted imag-
ing (DWI) and DW-MRS of the vertebral bone marrow. A theo-
retical model was developed to take into account and correct
the effects of residual fat on ADC, incorporating additional meas-
urements for proton density fat fraction (PDFF) and water T,
(Tow)- Uncorrected and corrected DWI-based ADC was compared
with DW-MRS-based ADC using the Bland-Altman method.
Results: There was a systematic bias equal to 0.118 =
0.116 x 102 mm?/s between DWI and DW-MRS when no cor-
rection was performed. Taking into account measured PDFF and
constant T,y reduced the bias to 0.006 = 0.128 x 10~3 mm?/s.
Using the proposed approach with both individually measured
PDFF and T,,, reduced both the bias and the limits of agreement
between DWI and DW-MRS (0.018 + 0.065 x 10~ mm?/s).
Conclusion: By taking into account the presence of residual
fat in a modified signal model that incorporates additional indi-
vidual measurements of PDFF and T,,, good agreement of
imaging-based ADC with MRS-based ADC can be achieved in
vertebral bone marrow. Magn Reson Med 78:1432-1441,
2017. © 2016 International Society for Magnetic Resonance
in Medicine.

Key words: bone marrow; ADC quantification; magnetic reso-
nance spectroscopy (MRS); diffusion-weighted imaging (DWI);
spine

INTRODUCTION

Healthy vertebral bone marrow consists of two main MR-
sensitive components: hematopoietic red blood cells
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(containing primarily water) and adipocytes (containing
primarily fat). The apparent diffusion coefficient of the
bone marrow water component (ADC,,) has been mea-
sured through quantitative analysis of diffusion-weighted
imaging (DWI) data in numerous previous studies (1-6)
and has been proposed as a biomarker for differentiating
between benign and malignant vertebral fractures (7).
Previous works have also investigated the relationship
between ADC,, and anatomical location (4,6,8), age (5)
and bone mineral density (9-12).

DWTI of the spine has traditionally been performed in
axial or sagittal orientation using in most cases a single-
shot echo planar imaging (EPI) sequence. In order to
reduce chemical shift artifacts and the confounding of
the water diffusion quantification induced by lipid sig-
nal, some previous studies measuring vertebral ADC,,
have used fat suppression (2). The employed fat suppres-
sion has been based primarily on spectrally selective
pulses (chemical saturation) or combination of spectral
selection and inversion recovery (spectral inversion
recovery). Figure 1 shows typical in vivo vertebral bone
marrow diffusion-weighted spectra in a healthy volun-
teer at different b-values. By using spectrally selective
pulses, the signal of the main fat peaks (in the spectral
region between 0 and 3 ppm; Fig. 1) is nulled without
affecting signal located around the water peak location
(4.7 ppm). However, since the NMR spectrum of trigly-
cerides has a nonnegligible amount of signal located
close to the water peak (labeled as olefinic and glycerol
fat signal), the fat signal close to the water peak does not
get suppressed (13). Taking into account the large differ-
ence in the diffusion coefficient between bone marrow
water and fat (13,14) (Fig. 1), we hypothesize that the
residual unsuppressed fat can bias ADC,, quantification
toward lower values. Such bias can be of particular
importance for longitudinal as well as cross-sectional
studies of vertebral bone marrow, where the marrow fat
fraction also exhibits strong interindividual and age-
related variation (15-18).

In 2013, Hansmann et al. (14) investigated a compara-
ble problem in the context of liver ADC quantification in
the presence of hepatic steatosis. The investigators devel-
oped a modified model for the diffusion signal taking
into account the presence of unsuppressed fat signal,
based on a measurement of proton density fat fraction
(PDFF). Multiple echo time (TE) magnetic resonance
spectroscopy (MRS) was used to measure PDFF needed
as an input to the modified model. However, Hansmann
et al. measured PDFF in a single location, neglecting any
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FIG. 1. Bone marrow DW-MRS spectra at increasing b-values.
The different signal decay of the water and the main fat peak indi-
cates the difference between the ADCs of water and fat. The ole-
finic fat peak (*) and glycerol (**) fat peak exhibit strong overlap
with the water peak.

intrasubject variation in PDFF, and used average a priori
known values for T, of the water and fat components,
neglecting any intersubject or intrasubject variation in T,
of water. Using a chemical shift encoding-based water—
fat separation technique for PDFF mapping and addition-
ally measuring the T, of the water (T,,) have the poten-
tial to achieve a more accurate ADC correction on an
individual basis and allow the simultaneous analysis of
multiple vertebrae. In addition, Hansmann et al. did not
compare the corrected ADC,, with a reference value. Sin-
gle voxel diffusion-weighted MRS (DW-MRS) constitutes
an alternative method to measure ADC,, (19,20) and can
be used as a reference. The inherently high spectral reso-
lution of DW-MRS enables good differentiation of the
water and fat peaks and reliable extraction of ADG,,.

Therefore, the purpose of the present work was to ana-
lyze the ADC of the vertebral bone marrow water compo-
nent using a modified signal model in order to remove
the confounding effect of unsuppressed fat and to com-
pare and validate the proposed quantification strategy
against DW-MRS.

METHODS
Theory

In the presence of imperfectly suppressed fat, the
diffusion-weighted signal of a SE-EPI sequence as a func-
tion of b-value can be modeled as

_IE
S(b, TE) = Sy |«PDFFe "e~24PC 4 (1 — PDFF)e*ﬁe*bADCw} .

(1]

where S, is the proton density; o is the fraction of
unsuppressed fat spectrum energy; PDFF is the proton
density fat fraction; TE is the echo time; T,y and T, are
the T, relaxation times of the residual fat and the water
component, respectively; and ADC; and ADC,, are the
apparent diffusion coefficients of the residual fat and the
water component, respectively. The above expression
assumes that all unsuppressed fat peaks have equal Ty
and ADCq.
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Given that ADC¢ is much lower than ADC,,, and hence
the fat signal is only decaying minimally at the
employed b-values, it was assumed that ADC;=0mm?/s.
For simplifying the notation ADC is used from now on
instead of ADC,,.

_TIE 7
S(b, TE) = So |aPDFFe " + (1 — PDFF)e e 4P| [2]

In the quantitative analysis of the DWI data, the follow-
ing methods are compared.

Method 1: monoexponential model

Method 1 relies on the fitting of a b-series signal at a
constant TE =TEy series to the conventional monoexpo-
nential model neglecting the presence of unsuppressed
fat:

S(bv TE = TEb—series) = SOl eibADCH [3]
where Sy, and ADC; are the fitted parameters.

Method 2: model proposed by Hansmann et al

As mentioned above, a signal model has been previously
proposed considering the presence of unsuppressed fat
(e and PDFF are known) and assuming constant a priori
known values for Taw = Towy, and Top = Typ,.. (14).
Therefore, method 2 relies on the fitting of a b-series sig-
nal at a constant TE = TE}, sories t0 the expression

S(b, TE = TEb—series)
by

L IE o
= S, |«PDFFe fpriori |- (1 — PDFF)e "piiori gD ADC: |

[4]

where Sy, and ADC, are the fitted parameters.

Method 3: proposed model

T,-weighthing effects in Equation [2] are different across
subjects and spatial locations due to intersubject vari-
ability in Ty, and Ty (18). Given that for a typical DW
spin echo at 3T TE > T,,, and TE < Ty, intersubject vari-
ability in the relative T,-weighting is much higher for
the water component than for the fat component. This
can be showed by computing the ratio of T,-weighting
factors for water and fat, based on the minimum and
maximum T, values from Dieckmeyer et al. (18) and
TEp-series = 56 ms (value used for in vivo imaging):

exp (_ TEb—series) exp (_ TEb—series)
TZW,max —97 TZfﬁmax —14.

exp (_ TEbfseries) oY exp (_ TEbfsen'eS)
TZW,min TZf‘min
A considerable limitation of method 2 is thus the

assumption of constant T,,, across subjects and spatial
locations. Specifically, in a recent study, a significant
interindividual variation was reported in bone marrow
T,w (18). To overcome the above limitation, we propose
method 3, which relies first on the fitting of a TE-series
signal at a constant b-value (b=0) to the expression
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- TE. B
S(b, TE) = So,, |«PDFFe "“wios + (1 — PDFF)e ™ |, [5]

where Sp,, and T,y are the fitted parameters.

Taking into account the estimated T5,,, method 3 con-
siders then the presence of unsuppressed fat by the fit-
ting of a b-series signal at a constant TE = TE}, geries to the
expression

S(b, TE = TEb—series)

T E (6]
= S, |«PDFFe "“wioi 4 (1 — PDFF)e T e PAPC: ||

where Sp,, and ADC; are the fitted parameters.

Simulations

In order to show the sensitivity of accurate ADC extrac-
tion with respect to T, and PDFF, a simulation analysis
was performed comparing the aforementioned methods.
It was assumed that the true ADC of water was equal to
0.4x10° mm?/s. The parameters o and T, were
assumed to be constant across subjects and determined
equal to «=0.1131 and Ty, = 72.3ms based on a pre-
vious bone marrow MRS study (18). Specifically, « was
determined based on the expression a=(2 ndb+5)/(3
CL — ndb+1) introduced by Hamilton et al. (21), where
ndb and CL refer to the number of double bonds and
chain length, respectively, of the mean bone marrow tri-
glyceride spectrum as determined in (18) (ndb=3.13 and
CL=17.3). Constant values were assumed for the other
parameters related to the residual fat signal.

The signal as a function of b-value was simulated
according to Equation [1] at TE =56 ms and b=200/400/
600/800 s/mm?, for a set of values of PDFF varying
between 0% and 60% and T,, varying between 15 ms
and 35 ms. Method 1 was first used to extract ADC,
assuming the conventional monoexponential model not
accounting for residual fat signal (Eq. [3]). Method 2 was
used to extract ADC, with the correct PDFF but constant
Tawpion = 22.5ms (18), therefore considering the presence
of residual fat but assuming a constant T,,,. The devia-
tion of the estimated ADC, and ADC, values from the
correct ADC value was then computed using the relative
error formula

AADCI-:%, i=1,2. (7]
Another important aspect of the proposed method is the
sensitivity of the ADC results with respect to the accura-
¢y in «, since « is assumed to be constant across subjects
and not determined individually. For this purpose, a
simulation analysis was performed making following
assumptions: TE=56 ms, ADCy=0.4x10° mm?/s,
ag=0.1131, Ty, = 72.3ms, Tow,,,, = 22.5ms. The rela-
tive ADC error was calculated as a function of o and
PDFF. For this purpose, the parameters PDFF and «
were varied from 10% to 60% and from oy — 0.03 to
oo+ 0.03, respectively, to generate S(b,TE) according to
Equation [4]. The same equation was then used to fit for
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ADC, using a =ap and the according correct PDFF. The
relative ADC error was then calculated according to

ADC, — ADC,

AADC = ADGCy

(8]

In Vivo Measurements
Subjects

The lumbar spine of 12 healthy subjects (women, n=6;
men, n=6; age, 26.9 = 4.0 y) was examined in a 3T scan-
ner (Ingenia; Philips Healthcare, Best, Netherlands).
Informed written consent was obtained from all subjects,
and the study was approved by and performed in accor-
dance with the rules and regulations of the Committee
for Human Research at our institution.

MRI Measurements

Sagittal diffusion-weighted images at multiple b-values
(b-series) were obtained using a spin echo single-shot
EPI sequence (DW-EPI) combined with a reduced field of
view (rFOV) technique (22) to reduce geometric distor-
tions. Sequence parameters for the fFOV DW-EPI includ-
ed repetition time (TR)=6000 ms, echo time (TE)=56
ms, b=0/200/400/600/800 s/mm?” applied in a single
direction (F/H), spectral adiabatic inversion recovery
(SPAIR) fat suppression (inversion time [TI] =198 ms),
FOV =220 x 86 x 80 mm®, PE direction = AP, 10 averages
per b-value, voxel size=3.0x3.0x8.0mm?® and scan
time=12min. A spectrally selective inversion pulse is
applied to flip the main fat peak spins by 180°. After a
TI, the excitation pulse of the imaging sequence is
applied. Adiabatic inversion pulses were used to reduce
the sensitivity of the technique to B; inhomogeneity
effects. The DW-EPI sequence was also run in a single
subject at both b=0 and b=800 s/mm? with the RF
power switched off to obtain noise images. ROIs were
then drawn within the vertebral bodies, and the signal-
to-noise ratio (SNR) was estimated using the National
Electrical Manufacturers Association method (23,24).

The same EPI sequence without diffusion sensitizing
but applying four different TEs was used for T,,, estima-
tion (TE series). Sequence parameters for the rFOV
multi-TE-EPI included TR=6000 ms, TE=26/36/46/56
ms, SPAIR fat suppression (TI=198 ms), FOV=
220 x 86 x 80 mm?®, PE direction = AP, four averages per TE,
voxel size=13.0 x 3.0 x 8.0mm?®, and scan time = 4 min.

For the generation of PDFF maps, an eight-echo gradient
echo sequence (Dixon sequence) was used with sequence
parameters: eight echoes per TR with non-flyback (alternat-
ing) read-out gradients, TR/TE;,/ATE=15/1.47/1.05 ms,
FOV =220 x 220 x 80 mm”®, voxel size =1.8 x 1.8 x 4.0 mm”,
acquisition time=117 s. A flip angle of flip 3° was used
to minimize T, bias in the PDFF quantification.

MRS Measurements

The DW-MRS measurements were obtained using a single
voxel Stimulated Echo Acquisition Mode (STEAM) acqui-
sition with sequence parameters: TR/TM/TE = 6000/32/25
ms, b=0/200/400/600/800 s/mm? voxel size=15x
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FIG. 2. Schematic of the proposed
MRI protocol and postprocessing
framework to remove the con-
founding effect of unsuppressed
bone marrow fat. PDFF and T,
are measured with a Dixon and TE
series sequence, respectively, and
used as input for the fitting routine
that yields the corrected ADC,,.
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15 x 15mm®, eight averages, RF pulse bandwidth=
2277Hz (inducing a chemical shift displacement error of
5.6 % per ppm). The diffusion gradients switched to the
opposite polarity for half of the acquired averages for
eddy current phase correction (20). The voxel was placed
within the L5 vertebral body taking into account chemical
shift displacement effects and avoiding blood vessels.

Data Analysis
MRI Data

PDFF maps were generated online on the scanner based
on the eight-echo gradient echo data by using a water—fat
separation algorithm accounting for T,* effects and the
presence of multiple fat peaks (25).

To obtain individual values of S(b,TE) and PDFF at the
vertebral bodies of each subject, the corresponding imag-
ing data was averaged over a cuboid or prism shaped
region of interest. ROIs were manually drawn by an expe-
rienced operator within the L2, L3, and L4 vertebral bod-
ies of each subject based on the water-separated images
generated by the Dixon sequence. The L5 ROI was gener-
ated automatically based on geometrical information of
the MRS-voxel to assure maximum agreement of the tis-
sue volume compared between DWI and DW-MRS.

The performance of the three methods currently under
investigation was then compared. To avoid perfusion
effects that affect the signal behavior at low b-values,
only measurements at b-values > 200 s/mm? were consid-
ered in the data fitting. First, a monoexponential fitting
following Equation [3] using diffusion data acquired at
multiple b-values was employed to estimate ADC, of each
vertebral body (method 1). Second, a fitting following
Equation [4] using experimentally measured PDFF values,
a=0.1131, Ty = Ty, = 72.3m8, Toy = Toy,,,, = 22.5ms,
and diffusion data at multiple b-values was employed
to estimate ADC, of each vertebral body (method 2).

Our proposed method (i.e., method 3) was then
applied. A fitting following Equation [5] using experi-
mentally measured PDFF values and T,-weighted data at
multiple TEs was employed to estimate T,y = Tayw, of
each vertebral body. An additional fitting following
Equation [6] using experimentally measured PDFF val-
ues, experimentally measured Tz, = Taw, and diffusion
data at multiple b-values was employed to estimate
ADC; of each vertebral body. Figure 2 shows a flow dia-
gram of the proposed MRI acquisition and postprocess-
ing routine.

MRS Data

MRS data processing was performed using in-house built
software written in MATLAB (MathWorks, Natick, Mas-
sachusetts, USA). Assuming that the additional eddy
current—-induced phase term had an opposite sign
between acquisitions with opposite DW gradient polari-
ty, the eddy current—induced phase term was compensat-
ed for by combining the time-domain signals as
described previously (20). Spectra were fitted using
frequency-based methods. Pseudo-Voigt line shapes (26)
with a 0.8 - G4 0.2 - L line shape for the fat peaks and a
0.2 - G4 0.8 - L line shape (G =Gauss, L = Lorentzian) for
the water peak were employed. A mean bone marrow fat
spectrum established by Dieckmeyer et al. (18) was used
to reliably extract the water peak from the overlaying fat
peaks. ADC,, was obtained by jointly fitting the spectral
data at all b-values > 200 s/mm?* acquired with the DW-
STEAM sequence. Eight fat peaks, located at 0.90, 1.30,
1.59, 2.00, 2.25, 2.77, 4.20, and 5.29 ppm, respectively,
and one water peak, located at 4.67 ppm, were fitted.

Methods Comparison

The relative difference in the estimated DWI-based ADC
between the proposed method 3 and the conventional
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method 1 and between the proposed method 3 and the
previously proposed method 2 was examined against
experimentally measured PDFF and T,, in all imaged
nondegenerated vertebrae (47 ROIs covering L2, L3, L4,
and L5 in all subjects), using a linear regression analysis.
The agreement of the ADC estimated by DW-MRS and
DWI-based method 1, method 2, method 3, respectively,
was analyzed in the L5 vertebrae using the Bland—Alt-
man method (27).

RESULTS

Figure 3 shows the simulated relative difference of the
ADC as a result of method 1 and method 2 in compari-
son with method 3 as a function of PDFF and T,,,. When
the confounding effect of the residual fat signal was not
considered (method 1), the relative ADC difference
increased both with an increasing PDFF and a decreasing
T, (Fig. 3a). Accounting for the residual fat with the
previously proposed method by Hansmann et al. (14)
using measured PDFF but constant average T, (method
2) reduced the ADC relative difference but still resulted
in significant deviations in subjects exhibiting high
PDFF and a strong disparity in T, compared with the
assumed constant average T, (Fig. 3b).

Figure 4 show the simulation results of the relative
ADC error as a function of « for increasing PDFF. Even
at a high PDFF of 60% the relative ADC error is below
10% or 8% for an absolute inaccuracy in a of —0.02 or
0.02, respectively.

Figure 5 shows representative in vivo spine images
with increasing diffusion weighting (Fig. 5a) and T,-
weighting (Fig. 5b). It is worth to notice the absence of
any serious chemical shift artifacts due to any incom-
plete suppression of the main fat peak. The measured
SNR over the five vertebral bodies of the spine was for
the b=0 image equal to 33.4 = 5.1 (range, 25.8-37.8) and
for the b=800 s/mm? image equal to 17.3 + 0.7 (range,
16.3—18.1).

Figure 6 shows examples of the logarithm of the exper-
imentally measured DW signal as a function of the b-
value and compares the performance of the three studied
ADC quantification methods for a subject with
T,w=20.1 ms and a subject with T,,,=32.5 ms. The log-
arithm of the experimental data can be fitted by a linear

fit for the range of the employed b-values (between 200
and 800 s/mm?). A brief mathematical derivation of the
association between the slope of the above linear rela-
tionship and ADC can be found in the Discussion sec-
tion. Differences can be observed between the three
fitted lines from the three employed methods only for
b > 2000 s/mm>.

Table 1 reports all mean and standard deviation values
from the measured parameters in the in vivo experi-
ments. The measured T,, values were 24.0*5.0 ms
with a minimum value of 15 ms and a maximum value
of 32.3 ms.

Figure 7 plots the relative difference in the experimen-
tally estimated ADC between method 1 and method 3
(Figs. 7a and 7b) and between method 2 and method 3
(Fig. 7c and 7d). The relative ADC differences are plotted
as a function of the measured PDFF (Figs. 7a and 7c)
and T, (Fig. 7b and 7d). The relative ADC difference
between method 1 and method 3 showed statistically sig-
nificant linear correlations with both PDFF (Fig. 7a,
R?*=0.74, P<0.001) and T,, (Fig. 7b, R*=0.81,
P <0.001). The relative ADC difference between method
2 and method 3 showed a high, statistically significant
linear correlation with T, (Fig. 7d, R*=0.83, P <0.001)
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FIG. 4. Relative ADC,, error as result of simulation analysis to
visualize the sensitivity of the proposed method to inaccuracy in «
using Equation [8].
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FIG. 5. (@) Sample images of the
rFOV DW-EPI sequence using
SPAIR fat suppression at increas-
ing b-values and (b) sample
images of the rFOV EPI sequence
using SPAIR fat suppression at
increasing echo times.

b

but a low, statistically significant linear correlation with
PDFF (Fig. 7c, R*=0.21, P=0.001).

Figure 8 compares the MRI-based results using the
three methods currently under investigation with the
MRS-based results. The mean values over the L5 verte-
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0.412 +0.050 x 10 mm®/s using DW-MRS, 0.296 +
0.072 x 10~ mm?/s using DWI with method 1, 0.406 +
0.083 x 10°®> mm?/s using DWI with method 2, and
0.394 = 0.057 x 10"* mm?/s using DWI with method 3
(Fig. 8a). Bland—Altman plots in Fig. 8b, 8c, and 8d

bral body of the 12 scanned subjects were show the agreement of ADC measured by DW-MRS and
PDFF = 31.7 %, T2w =20.1 ms PDFF = 31.2 %, T2W =32.5ms
X exp. data X exp. data
— M1 fit — M1 fit
0 . 0 -
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DW signal as a function of b-val- = ey
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models for (a) a subject with ¥ =4
Tow=20.1 ms and (b) a subject — -
with T,,, =32.5 ms. 1.5 15
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Table 1

Quantitative Parameters

ADCM1 ADCM2 ADCM3 ADCMRS
PDFF Tow (MS) (107 mm?/s) (107° mm?/s) (1072 mm?/s) (107° mm?/s)

Mean 0.33 24.0 0.30 0.41 0.39 0.41
Standard deviation 0.12 5.0 0.07 0.09 0.06 0.05
Minimum 0.14 15.0 0.19 0.27 0.28 0.34
Maximum 0.55 32.3 0.40 0.58 0.49 0.50

DWI using method 1, method 2 and method 3, respec-
tively. Bias and limits of agreement were 0.118 %
0.116 x 10"* mm?/s for method 1, 0.006 +0.126 x 10~°
mm?/s for method 2, and 0.018 + 0.065 x 10 % mm?/s for
method 3, respectively.

DISCUSSION

Residual fat signal has been shown to confound ADC
measurements using spectrally selective fat suppression
in different tissues including liver (14) and skeletal mus-
cle (13,28,29). The confounding effect of residual fat on
ADC measurements becomes of particular importance in
bone marrow, where large PDFF values are observed.
The present work quantifies the confounding effect of
residual fat on bone marrow ADC using the conventional
approach not considering the residual fat (method 1) and

a previously proposed approach considering the pres-
ence of residual fat (method 2) using PDFF values from a
separate water—fat acquisition (14). However, the residu-
al fat signal in a diffusion-weighted acquisition is both
dependent on the PDFF and the individual local T, val-
ue in conjunction with the amount of T,-weighting.
Therefore, we propose a new method for modeling the
presence of residual fat (method 3) using PDFF and T,
values from separate acquisitions.

When no correction is performed (method 1), the pre-
sented correlation analysis suggests a strong underesti-
mation of ADC that increases with PDFF (Fig. 7a). In
addition, the ADC underestimation introduced by residu-
al fat signal increases as T,,, decreases (Fig. 7b). This is
plausible because the residual fat signal responsible for
the underestimation is proportional to the PDFF and is
affected by T,-weighting: a lower T,,, implies a higher
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difference in T, between water and fat. A higher differ-
ence in T, between water and fat increases the T,-
weighted fat signal relative to the T,-weighted water sig-
nal and increases the ADC underestimation (Fig. 7b).
When the previously proposed correction (14) is per-
formed accounting for residual fat using measured PDFF
but constant Ty, the PDFF-dependent error is removed,
but a residual error remains, presumably due to error in
T, (Fig. 7c and 7d).

When comparing the imaging results with the spec-
troscopy results, it is shown that there is a significant
bias between DW-MRS-based and DWI-based ADC if
residual fat signal is not taken into account. Method 2
and method 3 are able to correct for the bias introduced
by the residual fat signal and yield mean ADC values
that are comparable to the MRS-based value. However,
Figure 8d clearly illustrates that the confidence interval
between DW-MRS-based ADC and DWI-based ADC
using method 3 is smaller than the confidence interval
between DW-MRS-based ADC and DWI-based ADC
using method 2. Therefore, on an individual basis, the
agreement with the DW-MRS-based ADC is better for
method 3 than for method 2.

The proposed model in method 3 is valid for any
range of b-values. A three-parameter fit on the DW data
would be an alternative method to correct for the effect

-3 2
d (ADC,,.¢ + ADC_)/2 [10™° mms]

of unsuppressed fat, without the need to separately mea-
sure PDFF and T, relaxation times. A three-parameter fit
would require sampling b-values higher than 2000 s/
mm? (Fig. 6) with sufficiently high SNR and therefore
significantly longer scan times. As highlighted in Figure
6, the dependence of the logarithm of experimental data
on the b-value is linear in the presently employed range
of b between 200 and 800 s/;ym*. Denoting S,, = (1 — PD
FF)e v and S; =aPDFFe ™, and assuming ADC;=0,
Equation [1] yields S(b) = S,e ?4P% 4+ S, Taking the
derivative of the logarithm of the signal, we can derive
the linear slope of the dependence of the logarithm of
signal on the b-value around a b-value by:

d Sw
a5 SObo) = — e

ADC,,. [9]
According to Equation [9], ADC,, depends on the above
slope, the PDFF, and T, relaxation times. Therefore, sep-
arate measurements of PDFF and T, relaxation times are
necessary to correct for the bias in ADC for the employed
range of b between 200 and 800 s/mm”.

The above results have significant implications for
studies trying to investigate the relationship between
bone marrow water ADC and trabecular bone health.
Some previous studies have suggested that the bone
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marrow water ADC decreases as the bone mineral densi-
ty decreases. However, it is also well established that
vertebral bone mineral density is inversely correlated
with vertebral bone marrow PDFF (10,30). In addition,
large inter- and intra-individual differences in both
PDFF and T,,, have been reported. Specifically, a recent
study has shown a strong variation of the vertebral bone
marrow PDFF with anatomical location within the same
subject. Both PDFF and T,,, have also been shown to
vary significantly with age (17,18). The well-known cor-
relation between age and vertebral bone marrow PDFF
(15,17) makes it very likely that the observed effects are
more severe in older subjects. Therefore, the bias in the
water ADC estimation due to the inclusion of the unsup-
pressed fat signal should be considered in the investiga-
tion of the association between water bone marrow ADC
and bone health.

The present study has some limitations. First, the
parameters « and T,r were considered constant which
represents a simplification of the real conditions.
Although interindividual variations in vertebral bone
marrow fat unsaturation have been documented previ-
ously (30-32), the assumption of a constant a seems to
be a sufficient approximation for the purpose of correc-
tion for residual fat. The error that results from inaccura-
cy in « [based on the physiological variability reported
in Yeung et al. (30)] was analyzed in a simulation (Fig.
4) and was considered sufficiently small to justify the
simplifying assumption of predefined constant a. Despite
the absence of visually detectable chemical shift artifacts
in the entire set of images that were acquired, imperfect
suppression of the main fat peaks (in the range of 0-
3 ppm) could have a substantial impact on the ADC mea-
surement for both method 2 and method 3 but was not
considered in the present study. Because the residual fat
peaks (olefinic and glycerol) exhibit a strong overlap
with the water peak in the vertebral bone marrow spec-
trum and there are significant differences in T, between
the different components of the triglyceride spectrum, it
is also difficult to directly measure the T, relaxation
time of the residual fat. Therefore, a previously reported
value for T,y was used. Maximal expected variation in
T, based on values reported by Dieckmeyer et al. (18)
would lead to a relative error of only 4.7% in ADC,,
evaluated at mean PDFF and T, values. Second, the
number of subjects was small, and only healthy young
subjects were examined. Further study is needed to
investigate the present results in larger-scale groups of
higher age and/or pathological vertebral bone marrow
status that are associated with different ranges of PDFF
and ADC. Finally, the present study only considered the
effect of residual fat when a spectrally selective fat sup-
pression method was employed. However, similar argu-
ments should be also valid when employing exclusively
inversion recovery-based fat suppression, given that all
different fat peaks do not have equal T, relaxation times.

In conclusion, ADC quantification of the vertebral
bone marrow water component using DWI with spectral
inversion recovery fat suppression can be significantly
confounded by residual fat signal located close to the
water peak. By taking into account this residual fat sig-
nal in a modified fitting model that incorporates

Dieckmeyer et al.

additionally measured PDFF and T, parameters, good
agreement with MRS-based ADC can be achieved. Using
individual T,, rather than a constant average T,
increases the individual agreement of DWI-based and
MRS-based ADC.
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O Discussion

9.1 Review of Existing Literature

One exceptional feature of bone marrow tissue is that both water and fat components
can be equally present. This gives rise to MR-based measurements of the fat fraction and
characterization of the bone marrow water-fat composition. However, the existence of
two significant signal components also implies that when measuring individual properties
of one component the other component must be sufficiently suppressed or at least taken
into account. This is important because bone marrow water and fat exhibit different
relaxation times and diffusion constants: the water component has shorter 75, longer T
and faster diffusion constant than the fat component [44].

The anatomical properties of vertebral bone marrow represent an additional challenge
for quantitative measurements. The trabecular bone matrix within the vertebral bodies
leads to shortening of the T35 relaxation times of both components and broad peaks in the
MR spectrum of the bone marrow causing a significant overlap of the water peak with the
adjacent olefinic and glycerol fat peaks. This has implications for the quantification of
both fat fraction and diffusion constant. On the one hand fat fraction is underestimated
if fat signal resonating at a frequency close to the one of water is not taken into account.
On the other hand the overlapping fat peaks are not easily suppressible without affecting
the water signal and thus bias the ADC quantification of the water component towards
lower values. To overcome this problem an indirect method of extracting the overlapping
water-fat peaks was proposed by Hamilton et al. [41]. By using data of the measurable
fat peaks that are not overlapped by the water peak and incorporating it into a theoretical
triglyceride model one can characterize the complete fat spectrum of fatty tissue. In the
liver, good agreement of the derived fat spectrum with MRS measurements in water-
fat phantoms was shown [41|. Karampinos et al. translated this approach to the bone
marrow and demonstrated its feasibility in the proximal femur [45].

In the following, the literature regarding MR-based quantification of vertebral bone
marrow fat fraction and ADC, with an emphasis on the confounding effect of the fat
component, will be briefly reviewed.

9.1.1 Vertebral Bone Marrow Fat Fraction Quantification

Variations in vertebral bone marrow fat fraction in healthy subjects have been investi-
gated in relation to aging, gender and anatomical location, using both single-voxel 'H
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MRS [46, 47, 48] 49, 50| and chemical shift encoding-based water—fat imaging |51}, |52]. In
a water-fat imaging study of the entire spine in 28 subjects (age: 26 + 4 years) Baum et
al. reported an increase of bone marrow PDFF from cervical to lumbar vertebral bodies
[51].

Multiple large-scale single-voxel *H MRS studies verified an age-dependent increase of
vertebral bone marrow fat fraction [47, |49} [50]. Additionally, a gender-dependence was
observed in all studies, with higher fat fraction values in males compared to females.
More specifically, Griffith et al. observed a reversal of this gender-dependence in the age
group over 60 years, i.e. higher fat fraction values in females compared to males [49]. This
is due to a sharp rise of vertebral bone marrow fat fraction in female subjects between
55 and 65 years of age, an observation the authors potentially attribute to an altered
fat distribution pattern in postmenopausal women. However, in all of these studies
measurements were based on single-TE MRS experiments resulting in a signal-weighted
fat fraction instead of the PDFF. Since the signal-weighted fat fraction is dependent on
the employed data acquisition and analysis care has to be taken when comparing results
from different studies.

In the context of osteoporosis vertebral bone marrow fat fraction has been extensively
investigated. In 2005, Griffith et al. compared subjects with normal BMD to osteopenic
and osteoporotic subjects [10] in a large-scale in-vivo study. According to this work, ver-
tebral bone marrow fat fraction based on single-voxel 'H MRS was significantly increased
in osteoporotic and osteopenic subjects. This negative association of vertebral bone mar-
row fat fraction and BMD was then confirmed by several other studies employing both
single-voxel "H MRS [9, [11}, |12, |13, 14} 53] and chemical shift encoding-based water—fat
imaging [8, 54, 55, [53].

Furthermore, vertebral bone marrow fat fraction was also investigated in the context
of vertebral fractures. Schwartz et al. found that higher marrow fat content was as-
sociated with prevalent vertebral fracture in men, even after adjustment for BMD [13].
Karampinos et al. reported a negative association with failure load assessed by destruc-
tive biomechanical testing of vertebral specimens [14].

However, only two of the MRS-based studies quantified the PDFF by employing a
multi-TE approach: one in vivo [53] and one in vitro [14].

9.1.2 Vertebral Bone Marrow ADC Quantification

ADC quantification has traditionally been based upon diffusion weighted imaging (DWI),
mostly using a single-shot echo planar imaging (ssEPI) or single-shot fast spin echo
(ssFSE) sequence [34]. Studies using ssEPI employ fat suppression in order to reduce
chemical shift artifacts and the confounding of the water diffusion quantification caused
by lipid signal [56, (16l 57, 11, |17, 58, [59} 60, |61} 62, 63, |64]. Of the studies using an
ssIF'SE sequence only one employed fat suppression [65].

There are only few studies on age-dependent variations in vertebral bone marrow
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diffusion, with different results. While Hillengass et al. did not observe a significant
correlation of vertebral bone marrow ADC with age [66], Yeung et al. found reduced
ADC values in healthy older women compared to younger controls [16].

Studies investigating vertebral bone marrow diffusion in the context of osteoporosis
found significantly lower ADC values in subjects with reduced BMD compared to subjects
with normal BMD |16, |17}, [59]. One study reported a negative association of ADC and
fat fraction [11]. All these studies used a single-shot DW-EPI sequence at 1.5 T.

DWI-based ADC measurements using spectrally selective fat suppression techniques
have been shown to be biased by residual fat signal in the liver [67] and skeletal muscle
[68), 169, 70]. However, only in the liver this bias has been quantified and corrected by
means of a theoretical model and additional quantitative MRI measurements [67].

An alternative method to measure ADC is single-voxel diffusion-weighted MRS (DW-
MRS). In the majority of measurements, its inherent spectral resolution allows the ex-
traction of the water ADC that is not confounded by residual fat signal. DW-MRS has
been previously applied in breast tumors [71] and skeletal muscle [40].

9.2 Present Work

Several contributions to the field of quantitative MR of vertebral bone marrow were made
within the scope of the present dissertation. The focus was put on confounding effects on
parameter quantification arising from the different MR properties of the two main tissue
components: water and fat. JP-I emphasizes the importance of measuring the PDFF
in order to standardize MRS-based bone marrow fat quantification. JP-II highlights
the confounding effect of unsuppressed fat signal on DWI-based ADC quantification of
vertebral bone marrow water and proposes a correction method.

9.2.1 Novelty

Both journal publications bring innovations to the field of quantitative MR of bone
marrow. Concretely, in JP-I the mean fat spectrum of vertebral bone marrow fat was
characterized, inspired by an approach previously described in the liver [41]. This en-
ables robust extraction of the water peak from the overlapping neighboring fat peaks.
Furthermore, for the first time a direct comparison of PDFF and Ts-weighted fat fraction
was performed and the impact of 75 decay effects in the context of the age dependence
of vertebral bone marrow fat content was investigated. To of water was identified as an
additional biomarker potentially sensitive to the composition of the bone marrow water
compartment.

Again, JP-1I took a similar approach as previously described in the liver [67] but
significantly advanced the proposed method. For the first time, in vivo DW-MRS was
performed as a reference measurement in order to validate the newly developed method
correcting the confounding effect of residual fat on ADC quantification in vertebral bone
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marrow. It was demonstrated that individual measurements of water 75 outperform the
approach assuming a constant water T5 in the correction process.

9.2.2 Impact

The present dissertation advances quantitative MR of bone marrow. In JP-I the mean
vertebral bone marrow fat spectrum was characterized. This mean spectrum can be of
great utility in future studies quantifying vertebral bone marrow fat content and fat com-
position. A significant difference in the 75 relaxation time between men and women was
found. This implies that sex-dependent variations in water-fat composition of vertebral
bone marrow found in previous studies measuring Ts-weighted fat fraction should be re-
considered [49]. In light of the present findings, the reported sex-dependent fat fraction
variations can, at least partially, be explained by sex-dependent differences in 75. Similar
considerations apply to the age-dependence of the bone marrow fat content. Since in JP-I
there was found a negative association between T, of water and PDFF, not employing
a Th correction results in an overestimation of the age-dependence. In conclusion, the
results of JP-I are of high relevance for the investigation of MRS-based fat fraction of
vertebral bone marrow in relation to sex and age and suggest that the same holds true
in the context of bone health, e.g., osteoporosis. It is also emphasized that MRS-based
bone marrow fat quantification should be based on a multi-TE experiment yielding the
PDFF as a fundamental tissue property. This should be considered a guideline for the
design of future studies.

JP-II quantifies the confounding effect of residual fat on bone marrow water ADC
measurements. This is particularly important in vertebral bone marrow because it is a
tissue exhibiting a high fat content. A strong underestimation of ADC is demonstrated
when residual fat is not taken into account which increases with PDFF. The positive
correlations of PDFF with BMD and age, respectively, are well-established. Therefore,
these results of JP-II have significant implications for the investigation of bone marrow
water ADC in the context of bone health and aging. They suggest that the bias in
water ADC estimation caused by residual fat signal should be taken into account when
the association between water ADC and bone health is investigated. Analogously, the
same arguments apply to the investigation of the ADC of vertebral bone marrow water
in relation to anatomical location and age, respectively. Furthermore, the proposed
method to analyze and correct the confounding effect of unsuppressed fat can be used as
a blueprint for quantitative MR in other fatty tissues. Of course, specific customization of
the method to the respective tissue properties would be necessary for this purpose. Lastly,
the application of DW-MRS as a validation tool for MRI-based ADC quantification could
be of high interest in the research setting.

Both journal publications prove that additional quantitative measurements, requiring
reasonable additional effort, can significantly improve the accuracy of MR-based quantifi-
cation of vertebral bone marrow parameters. The proposed methods have been developed
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in close collaboration with clinical scientists and are being applied in currently running
clinical studies.

9.2.3 Limitations

The publications this dissertation is based upon are not without limitations regarding
methodology and study cohorts.

In order to achieve a robust extraction of overlapping water and fat peaks a mean
vertebral bone marrow fat spectrum was utilized (in JP-I). This implies the assumption
of a common fat spectrum for all subjects independent of age and sex although inter-
individual variations in vertebral bone marrow fat composition have been reported |9,
29, [15]. However, for the purpose of robust PDFF quantification this simplification can
be considered reasonable since, except for extreme cases, the overall improvement in fat
fraction quantification accuracy easily exceeds inaccuracies due to individual deviations
from the mean fat spectrum. Another simplification was the assumption of a common 75
relaxation time for all fat peaks whereas in reality the different fat components exhibit
significant differences in this regard. This step was necessary to guarantee a robust
extraction of the fat 75 and allow a reasonable fitting. Attempts trying to fit for the T3
of each fat component individually proved to be unstable and yielded highly implausible
T5 values. However, the biasing effect of this simplification on PDFF estimation can
be considered insignificant. The final limitation of JP-I regards the study cohort. The
number of male subjects was smaller than the number of females and had a non-uniform
age distribution. Therefore, further studies are necessary to investigate the relation
between PDFF, age and water T, in male populations.

Similar to JP-I, the methodology described in JP-II relies on a mean vertebral bone
marrow fat spectrum. This makes the simplifying assumption that the fraction of un-
suppressed fat spectrum energy « is constant across subjects despite previously reported
inter-individual variations in vertebral bone marrow fat unsaturation |9, 29, 15]. A simu-
lation analysis was performed to estimate the error resulting from inaccuracies in o which
was considered acceptably small to justify the simplifying assumption of a common «
for all subjects. Moreover, the T5 relaxation time of the residual fat was again assumed
to be constant across subjects using a previously reported value. To analyze the impact
of this simplification the relative ADC error resulting from maximal expected variation
in the Ty of fat [42] was estimated. The calculated maximal relative error of 4.7 % was
considered sufficiently small. Another limitation which was not closer addressed could
be the imperfect suppression of the main fat peaks. It would result in additional bias of
water ADC quantification. However, the absence of visible chemical shift artifacts in the
acquired DWI images indicates that the implied effect, if at all, would be very small. The
study cohort examined in JP-II was relatively small and did not include older subjects
or patients suffering from conditions affecting the bone marrow. Therefore, further stud-
ies in older subjects and patients with bone marrow pathologies are needed to extend
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the present results to, firstly, a larger range of ADC and PDFF values and, secondly, a
clinically more relevant subpopulation. Lastly, the effect of unsuppressed fat on ADC
quantification was only analyzed in presence of a spectrally selective fat suppression tech-
nique. However, the proposed approach could be readily translated to inversion-recovery
based fat suppression techniques. In this case, residual fat signal would arise from vari-
ations in 77 relaxation times of the different fat spectrum components and the method
proposed in JP-IT would have to be modified accordingly.

9.3 Perspective

There is still some room for further technical development and refinement of the methods
presented in this dissertation. In addition, advancements in MRI technology will further
reduce the cost of adding sequences to the examination protocol in order to employ the
methods proposed in JP-I and JP-II. This could help to facilitate their application in
the clinical setting. The application in future clinical studies could contribute to gain
more ingight into the role of bone marrow in health and disease, such as osteoporosis and
metabolic syndrome.

The results from JP-I suggest that marrow fat quantification should aim at measur-
ing the PDFF rather than a signal weighted fat fraction. In future studies this could
be realized more efficiently by quantitative water-fat imaging since recent publications
demonstrated excellent agreement with MRS-based measurements [45, (72}, 53]. By mod-
ification of the data acquisition and analysis parameters the proposed method could be
translated to other tissues with significant water and fat components.

The methodology developed in JP-II is currently applied in a clinical study of post-
menopausal breast cancer patients receiving aromatase inhibitor therapy. The study aims
at the cross-sectional and longitudinal analysis of vertebral bone marrow parameters in-
cluding water ADC. This will reveal the performance of the proposed method in a larger
cohort exhibiting a different age distribution as well as potentially altered bone marrow
conditions. Furthermore, results of JP-II might assist in raising the awareness for the
potentially confounding effect of residual fat signal in future quantitative MR studies.
Some of them could also adopt MRS as a validation tool.
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3D three-dimensional

ADC apparent diffusion coefficient

BMD bone mineral density

cMAT constitutive bone marrow adipose tissue
DEXA dual energy X-ray absorptiometry
DW-MRS diffusion-weighted magnetic resonance spectroscopy
DWI diffusion-weighted imaging

FID free induction decay

FOV field of view
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MR magnetic resonance

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy
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PDFF proton density fat fraction

ppm parts per million

PRESS point-resolved spectroscopy
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ssEPI single-shot echo planar imaging
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STEAM stimulated echo acquisition mode
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