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Abstract

Since its introduction into clinical routine, magnetic resonance imaging
(MRI) has become an essential imaging technique due to a distinguished
soft tissue contrast and the absence of ionizing radiation. The quantitative
analysis of MRI data permits to study tissue composition and to investigate
tissue changes over time. Thereby it can be based on endogenous MR param-
eters like relaxation times or proton density but also on quantities inherently
influenced by these parameters, like image contrast information.

This thesis presents different approaches of quantitative analysis of magnetic
resonance data to address currently unsolved problems in the field of
medical and clinical forensic imaging. For this purpose biomarkers linked
to tissue changes are measured or newly derived using magnetic resonance
to characterize tissue changes.

A study on estimating the age of subcutaneous soft tissue haematomas was
solely based on image contrast information, which was analysed to create a
model and provide an objective age estimation.

For the observation of bone bridge formation, contrast enhanced MRI data
of fractures in an animal model were investigated. This information was
then put into a model to derive pharmacokinetic parameters which led to an
early detection of bone bridge formation before it was visible in morphologic
imaging data.

In a spectroscopy-based study the age-related conversion of red to yellow
bone marrow is investigated. By applying a dedicated acquisition protocol,
relaxation times of human lumbar vertebrae are derived and analysed for
their reproducibility and for their correlation with age.

Ultimately, the contrast of epiphyseal gaps in MR images of the hand is
investigated in a study on the potential acceleration of MRI for forensic age
estimation. In this study image raw data is undersampled retrospectively.
The reconstructed images are then analysed by radiologists and a fully
automatic method to derive the limit of acceleration that can safely be
applied to MR imaging for forensic age estimation without influencing the
outcome.

Keywords: NMR, MRI, biomarkers, contrast agent, DCE
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Zusammenfassung

Die Magnetresonanztomographie (MRT) hat sich seit ihrer Einfithrung in die
klinische Routine zu einem der wichtigsten medizinischen Bildgebungsver-
fahren entwickelt. Griinde dafiir sind ihr herausragender Weichteilkontrast
sowie die Tatsache, dass keine ionisierende Strahlung zum Finsatz kommt.
Die quantitative Analyse von MRT-Daten erlaubt eine Untersuchung von
Gewebszusammensetzungen beziehungsweise auch von Anderungen von
Gewebe tiber die Zeit. Eine solche Analyse kann dabei sowohl auf der
Auswertung endogener MR-Parameter wie Relaxationszeiten oder Proto-
nendichte, als auch auf durch diese Parameter beeinflusster Grofien wie
Bildkontrast-Information basieren.

Im Rahmen dieser Arbeit werden unterschiedliche Ansétze fiir die quantita-
tive Analyse von Magnetresonanz-Daten verwendet, um Fragestellungen
aus dem Bereich der medizinischen und klinisch-forensischen Bildgebung
zu beantworten. Zu diesem Zweck wurden fiir Gewebsverdnderungen
charakteristische Biomarker mittels Magnetresonanz dargestellt oder neu
identifiziert.

Fiir eine Studie zur Altersschitzung von subkutanen Hamatomen wurde
deren Kontrastverhalten untersucht. Dabei wurde der Kontrastverlauf iiber
die Zeit analysiert und modelliert, um so eine objektive Altersschiatzung zu
ermoglichen.

Eine weitere Studie beschiftigte sich mit der Bildung von Knochenbriicken.
Hierbei wurden fiir ein Tiermodell kontrastmittelunterstiitzte MRT-Daten
erhoben, um pharmakokinetische Parameter zu ermitteln, die letztendlich
eine Fritherkennung einer Knochenbriickenbildung ermoglichten.

In einer MR-Spektroskopie-Studie wurde die altersabhidngige Umwand-
lung von gelbem zu rotem Knochenmark untersucht. Mittels eines speziell
dafiir zusammengestellten Messprotokolls wurden Relaxationszeiten fiir
menschliche Lendenwirbel ermittelt und auf Reproduzierbarkeit und Al-
tersabhdngigkeit hin untersucht.

In einer Studie tiber die potenzielle Beschleunigung der MR-Bildgebung fiir
forensische Altersschitzung wurde der Kontrast von Wachstumsfugen in
Handknochen untersucht. In dieser Studie wurden MR-Rohdaten retrospek-
tiv unterabgetastet. Anschlieffend wurden die rekonstruierten Bilder von
Radiologen und einer automatischen Methoden untersucht, um zu ermitteln



welcher Grad der Unterabtastung appliziert werden kann ohne das Ergebnis
einer Altersschdtzung zu verdandern.

Keywords: NMR, MRI, biomarkers, contrast agent, DCE
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1 Introduction

The effect of nuclear magnetic resonance (NMR) was discovered indepen-
dently by Purcell, Torrey and Pound and Bloch, Hansen and Packard [1—3] in
1946. It was Lauterbur who first used NMR to create images using gradients
[4] and provided the first in vivo image [5] in 1974.

Since its introduction into clinical routine in the early 1980s, magnetic
resonance imaging (MRI) became one of the most important imaging tech-
niques in diagnostic radiology. Compared to other tomographic imaging
techniques, such as computed tomography, MRI bears the advantages of
not using ionizing radiation and providing superior soft tissue contrast and
high resolution images in any plane [6].

This thesis summarizes work dedicated to imaging and analysis of biomark-
ers related to tissue remodelling using magnetic resonance techniques.
Chapter 1 of this thesis gives an overview of magnetic resonance parame-
ters, their determination and their sensitivity to tissue alterations. Chapter 2
introduces publications written during the course of the thesis and Chap-
ter 3 discusses how much progress the different publications achieved in
advancing towards the initial goal.

In this chapter the basic principles of NMR are explained. The following
sections cover the basic concepts of the origin and formation of the NMR
signal. Furthermore, the concept of relaxation and approaches to determine
the relaxation parameters will be discussed. The purpose of this chapter is
to provide a basic knowledge of topics needed for the understanding of the
main topics examined in this paper and will only focus on selected subjects.
Therefore, the principles of MR signal acquisition, for example, will not be
explained here.

The basic concepts of signal acquisition are extensively described by Haacke
et al. [7] and Bernstein et al. give an elaborate overview of MRI pulse
sequences [8]. The basic concepts of NMR, however with a strong focus
on spectroscopy, are discussed in [9, 10] and for further information on
relaxometry the reader is referred to [11].



1 Introduction
1.1 Quantum Mechanical Description

In quantum mechanics, the angular momentum of elementary particles
cannot take arbitrary values but is bound to quantization. The amplitude of

1%2 is defined as [10]

P=,/s(s+1)h. (1.1)

In equation (1.1) s is the spin quantum number which can either be integer
or half-integer and 7 is the reduced Planck’s constant it = h/(2m). Equa-

tion (1.1) only defines the amplitude of the vector quantitiy P; the direction
is specified by a second quantum number m which can take 2s + 1 values

given by m = s,s —1,s —2,..., —s. The component of 1‘3’ in z-direction is
given by [10]
P, =hm. (1.2)

Elementary particles have a magnetic moment p which is related to the
angular momentum by the gyromagnetic moment -y [10]

i =P (1.3)

It is now straightforward that — since the angular momentum is quantized
— the magnetic moment is quantized too. By analogy of equation (1.2) the
z-component of the magnetic moment is given by [10]

Pz = yhm. (1.4)

When placed in an external magnetic field B, a particle obtains magnetic
energy. In the quantum mechanical case the term for the angle between the
external field and the magnetic moment is determined by m [10]

E= —u;By=—yhmBy (1.5)

Again, since m is quantized, the energy levels can also only obtain certain
values. For protons (hydrogen), the spin quantum number is s = 1/2 which
only permits two orientations: m = 1/2 and m = —1/2. For brevity and
since this thesis will only focus on spins with spin quantum number s = 1/2,
they will be designated as spins-1/2 from here on.

The energy difference between the two possible states of spins-1/2 is [10]

AE = —y 1 By (1.6)

This energy defines the frequency of the oscillating magnetic field that is
required for the resonance phenomenon in NMR. The magnetic field is
applied perpendicular to y, and requires a frequency, so that [10]

E=—huv. (1.7)

*The notation with the"symbol is used to mark quantum mechanical operators.



1.2 Relaxation

Eventually, when combining equations (1.6) and (1.7), this leads to the
Larmor equation [10]
vV=— <l> Bo. (1.8)

27T

This resonance condition can only be explained using the quantum mechanic
description.

A classical description, on the other hand, is more useful when explaining
the interaction between excitation pulses and the magnetization vector. In
fact, while proton spin is a quantum effect, magnetic resonance is not, as it
is accurately described by classical mechanics, which was already pointed
out by Feynman et al. in 1957 [12].

1.2 Relaxation

Once a sample is put in a static magnetic field and left undisturbed for a suf-
ficient amount of time, all coherences disappear, the spin populations obey
the Boltzmann distribution and the sample reaches its thermal equilibrium [7,
10]

pol* 7

My = WBO’ (1.9)

where pg is the number of spins in the sample, 7 is the reduced Planck’s con-
stant 1 = h/(2m), v is the gyromagnetic moment, kg =1.38066 x 1073 JK™*
is the Boltzmann constant and T is the absolute temperature.

Radiofrequency (RF) pulses can affect this equilibrium by changing pop-
ulation distributions and/or creating coherences, e.g.: a 7t (or 180°) pulse
inverts the population distribution (i.e. the magnetization in z-direction),
whereas a 77/2 (or 9o°) pulse equalizes the spin state populations and gen-
erates coherences’. Relaxation is the process of returning to the thermal
equilibrium and can be divided into two types: the return of the spin pop-
ulations back to their Boltzmann distribution and the loss of potentially
existing coherences. The return to the Boltzmann distribution is called the
spin—lattice* or longitudinal relaxation, the loss of coherence is termed spin—
spin or transverse relaxation. For isolated spins-1/2 these two processes are
described by two constants, namely the longitudinal relaxation time constant
T1 and the transverse relaxation time constant T,. Different tissues will exhibit

3The tip angle of an RF pulse is determined by the duration of the RF pulse, Trg, and
the nutation frequency wi: Brr = w1Trp. The nutation frequency is defined by B, the peak
value of the oscillating RF field, and 6Rg, the angle between the main magnetic field and
the RF field: w; = |%')/Bl sin Ogg|.

4The term ’lattice’ is a remainder of the times when NMR research focused on solids,
investigating the interaction between nuclear spins and the crystal lattice. Liquids and
gases do not possess a lattice; however, the term was kept.
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different values for the time constants leading to a difference in signal
intensity and thereby to tissue contrast.

Relaxation involves the thermal motion of molecules and fluctuating lo-
cal magnetic fields. A comprehensive analysis of the relaxation processes
requires a thorough investigation of random field relaxation, correlation
times and spectral densities. This chapter presents the results of these
considerations.

1.2.1 Longitudinal Relaxation

The longitudinal relaxation is the result of a change of spin populations
which in turn is determined by transition probabilities. The reason for the
relaxation lies within the movement of the water molecules carrying the
water protons. While the nuclear spins are almost completely independent
of the molecular movement in its immediate environment, the molecular
environment does influence the nuclear magnets. This is due to the fact
that molecules consist of electrons and nuclei which all contribute to the
local magnetic field experienced by each spin. And these contributions do
fluctuate rapidly as a result of the molecular motion. This “wobbling” of the
local magnetic fields interrupts the isotropy of the nuclear spin polarization
and the spins will — with a certain probability — favour an orientation with
low magnetic energy. This finally leads to a slightly increased orientation of
magnetic moments parallel to the external magnetic field and thereby to a
longitudinal relaxation as well as the thermal equilibrium magnetization.

The time dependence of the longitudinal magnetization is generally de-
scribed by [7]

M (t) = My (1 — eTt1> , (1.10)

in which T; is the longitudinal relaxation time.

1.2.2 Transverse Relaxation

As the name implies, transverse relaxation occurs for transverse magneti-
zation, i.e. perpendicular to the field. However, there is no net transverse
magnetization for a sample in a magnetic field since the magnetization distri-
bution is cylindrically symmetrical. As mentioned above, the application of
a 7t/2 pulse equalizes spin state populations and creates coherences, which
is tantamount with a rotation of the net magnetization to the transverse
plane.

The source of transverse relaxation is the decay of the coherences created in
the transverse plane towards zero. This is caused by varying local magnetic
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fields and the thereby created loss of synchronization. The speed of the loss
of synchronization is related to the frequency of the field fluctuations which
can be described by the autocorrelation function [9]

Gx(7) = (Bx(#)Bx(t + 7))

Gy(7) = (By()By(t+ 1))
for fluctuations of the local magnetic fields in x-direction and y-direction,
respectively.
The autocorrelation function decreases fast (with respect to 7) for rapid
fluctuations and slow for a slowly fluctuating field. Due to its appearance
G is assumed to be exponential, which seems qualitatively correct, “but is
difficult to justify on the basis of a deeper theory” [9, Chapter 20.3.1]. This

lead to the phenomenological assumption of an exponential decay of the
magnetization in the x-y plane

(1.11)

_t
Myy(t) x My-e T (1.12)

with the transverse relaxation time T,. The signal decay as described by
equation (1.12), however, is only valid for isolated spins-1/2. For real NMR
experiments the transverse magnetization is influenced by spin interactions
as well as imperfections of the measuring system.

The main influence of the measuring system on the transverse relaxation is
a decrease of the apparent T due to inhomogeneities of the main magnetic
field. The relation between T, and the apparent, shorter T5 is [10]

t

M,y (t) = Mxy(O)e_ﬁ /e“%BO(r)tdr =M.y (0)e 2, (1.13)
r

in which ABy(r) are the inhomogeneities of the main magnetic field.
While the transverse relaxation is irreversible, the consequences of inho-
mogeneities can be revoked by applying a 7 pulse, which reverses the
additional loss of coherence caused by the inhomogeneities. This is done in
spin-echo acquisitions which thereby are not prone to inhomogeneities of
the main magnetic field>.

Spin interactions can occur intramolecular or intermolecular. Intramolecular
spin interactions comprise chemical shift, spin-rotation, dipole-dipole, and
J-coupling as well as quadrupole coupling, which, however, has no effect
on spins-1/2. Intermolecular spin interactions only occur via chemical shift
and dipole—dipole and quadrupole coupling. The influence of each inter-
action on the actual measurement depends on the acquisition approach,
the time scale of the measurement, and the tissue under investigation. A
detailed analysis of these effects demands cumbersome calculations of the
spin Hamiltonian and will not be investigated any further in this thesis.

5However, due to the additional pulse and the duration needed for the echo formation,
the acquisition time of spin-echo measurements is increased compared to gradient echo
acquisitions.
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1.2.3 The Bloch Equations

The Bloch equations, named after Felix Bloch, are a set of three differential
equations describing the three components of the magnetization vector [13].
Defining Q¥ as the frequency offset, and setting the thermal equilibrium
magnetization of the z-value M, = 1, they can be written [9]

My
M, 0 -0 w1 sin ¢ M, T,
d M
Z M| = o - M, | — -
T y 0 w1 €cos ¢ y o
M, —wysing  wq cos P 0 M, M; -1
T

(1.14)
In equation (1.14) w; is the nutation frequency of the irradiation pulse and

¢ is the phase of the RF field. The Bloch equations thereby allow for a
simultaneous observation of relaxation and resonance offset effects as well
as modulations due to RF pulses.

1.3 Relaxometry

Relaxometry is the determination of relaxation parameters. Since these
parameters provide a quantitative measure of an investigated sample, their
determination is of special interest in order to categorize tissue properties
or to detect changes over time in a quantitative and reproducible manner.
The following chapters will give an overview of currently applied sequences
and alternative, faster approaches for the determination of Ty and T, and
discuss their advantages and disadvantages compared to the gold standard
method.

1.3.1 Longitudinal Relaxation Time

The longitudinal relaxation time T; is an intrinsic biophysical property
of tissue and linked to macromolecule concentration, water binding and
water content. Furthermore, it may change upon pathology: for example,
T; increases in oedema around tumors or decreases at the rim of active
multiple sclerosis lesions. Therefore, an accurate determination of T; is
important for tissue characterization and also — and this will become more
obvious in chapter 1.4 — for contrast agent uptake studies [11].

The gold standard experiment for the measurement of T; is an inversion
recovery (IR) sequence being the most accurate technique [14]. For this
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Figure 1.1: T determination applying an inversion recovery approach. (a) MR spectra
acquired after magnetization inversion using different inversion times Tj, (b) side
view of the spectra visualizing the exponential nature of the signal recovery, and (c)
determination of T; applying a mono-exponential fit to the data.

approach the longitudinal magnetization in equilibrium state is inverted
applying a 7t pulse. Following the inversion, the magnetization will recover
exponentially and after an inversion time Ty a 77/2 is applied to tilt the mag-
netization to the transverse plane for read-out. Repeating the measurement
for different values of T}, the signal intensity S can then be described as a
function of T; according to equation (1.15)

S(Ty) = Sp (1 -2 e_gi) , (1.15)

where S is the signal which would be generated by the magnetization in
equilibrium state. This simple description only applies to a spectroscopic
acquisition, i.e. in the absence of any imaging gradients. This is, however,
adequate for the explanation of the principle which is additionally shown
in figure 1.1. For the determination of Ty in figure 1.1c the factor 2 in equa-
tion (1.15) was replaced with an additional fitting parameter to account for
incomplete inversions due to inhomogeneities of the irradiating field (B1).
The reliability of this extension, i.e. of three-parameter fits applied to IR
data, was shown in 1984 by Ejchart et al. [15].

Since an IR experiment starts with the longitudinal magnetization in its
equilibrium state, a repetition for different inversion times demands a
considerable amount of time between the acquisitions to allow the mag-
netization to return to its starting point. Generally, it is assumed that a
repetition time of at least Tr >> 5T is required for a correct determination
of Ty; regarding equation (1.15) a repetition time of 5T is tantamount with
a return to 98.65 % of its initial value. Depending on the value of T; this
can lead to long acquisition times even for spectroscopic measurements. For
imaging experiments not implementing accelerated imaging each measure-
ment has to be repeated for each image line, too, which usually makes this
approach useless for in vivo applications.

This demands a decrease of imaging time, which can be achieved 1) by using
rapid imaging techniques after an initial magnetization preparation like in
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echo planar imaging (EPI) or turbo spin echo (TSE) acquisitions, 2) with
in-plane acceleration methods like parallel imaging [16-18] or compressed
sensing [19—21], respectively, through-plane acceleration using simultaneous
multi-slice excitation [22—24] or 3) by applying a different method of mea-
suring the longitudinal relaxation time. This section will address commonly
used approaches of measuring Tj.

A straightforward approach to decreasing the time demanded by an IR
acquisition is to reduce TR to a value much shorter than 5T;. This prevents
the longitudinal magnetization from returning to its initial value and forces
it into a steady-state [25]. The acquired data must then be modelled by
equation 1.16.

- I _ R
S(Tr) = So (1 —2-¢ i te Tl) (1.16)

A different approach — but still a sort of inversion recovery technique — is
to sample the recovery of the longitudinal magnetization using multiple
low-angle readout pulses after an initial inversion. Such techniques are
termed Look-Locker (LL) sequences to refer to the original developers of
this approach [26].

The multiple readout pulses of LL sequences lead to a speed-up of the
signal recovery, which causes an apparent longitudinal relaxation time T
depending on the interval between the read-out pulses and the flip angle
applied for read-out [27, 28]. While this change in signal behavior can be
described mathematically for the original approach, things get more com-
plex when a further speed-up is attempted, e.g. using a snapshot FLASH
(Fast Low Angle SHot) imaging module which introduces additional RF
pulses [29-31]. Also, LL sequences are sensitive to RF pulse errors in general
due to the multiply applied read-out pulses.

Generally, whenever variations of the irradiating field are expected to sig-
nificantly influence the outcome of the estimates for T; a mapping of By
will be required. Such methods can be based on image magnitude [32—36]
or image phase [37—39]. Thereby, the simplest to implement is the double-
angle method [32, 33] while techniques based on the Bloch-Siegert shift are
least time demanding [38, 40—42]. A comprehensive comparison between
currently applied methods for B; mapping can be found in a recent review
by Pohmann and Scheffler [43].

A different technique for the determination of T; uses the inherent T
weighting of stimulated echoes [44, 45]. This approach suffers from a re-
duced dynamic range and low SNR [14], which can, for example, be tackled
by combining initial spin echo and later stimulated echo information [46].
Another way to combine spin echo and stimulated echo information is to
determine the phase between these two signals acquired as a composite
echo, which was shown to be related to Ty [47, 48].
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For fast imaging applications, the inherent T; weighting of FLASH se-
quences can be exploited to derive T; values. The signal acquired with a
FLASH sequence is defined as [8]

1-— e_% —1
S=5p rosinf -e T2 (1.17)
1—cosf-e T
_Ip
with flip angle 6. For short echo times Tg < T the term ¢ "2 can be ig-

nored and T; can then be determined by varying either Tr or 6 [49, 50]. A
well-known technique using this approach is DESPOT1 (Driven-Equilibrium
Single-Pulse Observation of T1) [51—53], which uses at least two different
flip angles for the determination of T;. The drawback of these methods is
that the scanning parameters have to be optimized for a certain range of Ty;
the accuracy of a quantitative analysis therefore decreases with increasing
distance to this pre-defined range.

For DCE measurements the method proposed by Hittmair et al. [54] is
especially suitable. For this technique a proton density weighted image is
acquired prior to contrast-enhanced measurement using a low flip angle. At
low flip angles the proton density images can be acquired using short repe-
tition times which allows for an acceptable acquisition time. Furthermore,
the low flip angles allow for additional simplifications and the relaxation
time can then be calculated using equation (1.18) [55]

TR,DCE
T = — , .
18 < SreF sin(0pce) —Spce (t) sin(Orer) > ! (1.18)
Srer sin(Opce) —Spck (t) sin(Orgr) cos(Opck)

where the subscripts rgr and pcg denote reference scan and dynamic scan,
respectively.

The purpose of this chapter is to provide a useful collection of methods to
determine the longitudinal relaxation time. However, the overview given
in this chapter is not complete and a more thorough collection of methods
can, for example, be found in the extensive overview of methods for the
determination of Tq by Kingsley [56] comprising 283 references. Additionally,
recent publications provide comparisons of clinically applied T; mapping
methods and their accuracy and precision [57, 58].

1.3.2 Transverse Relaxation Time

The quantification of the transverse relaxation time is not utilized for the in-
vestigations described in this thesis. However, for the sake of completeness,
the principle for the determination of T, is briefly described in this chapter.
The numerous influences on the acquired transverse signal discussed in
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Figure 1.2: T determination applying a single-echo and a multiple-echo approach. (a)
MR spectra of a human lumbar vertebrae acquired for different echo times Tg, (b)
determination of T, applying a mono-exponential fit to the separated data of the
spectra, and (c) MSE data affected by stimulated echoes. Discarding the first echo leaves
an exponential decay; however, affected by stimulated echoes.

chapter 1.2.2 must be considered when analysing the acquired signal in
order to derive T, values. The gold standard for a T, quantification is an
acquisition of a single-echo spin-echo (SE) signal, which is repeated for
different values of the echo time Tg. This is visualized in figure 1.2 using in
vivo spectroscopy data acquired in a lumbar vertebra.

Figure 1.2a shows spectral data with a water peak at approximately 4.7 ppm
and a fat signal consisting of several peaks with its maximum at approx-
imately 1.3ppm (CH; peak). Figure 1.2b shows the results of separate
mono-exponential fits to water and fat data. The results show a pronounced
difference between T, of the two different compartments and emphasize
the importance of the determination of the transverse relaxation time for
quantitative analyses [59]. A calculation of the fat content of the investigated
vertebra using the water and fat signal values of the spectrum with the
shortest echo time would yield 24.19 % but a determination of T, and using
extrapolated signal values of the acquired data results in a fat content of
15.72 %. This difference is caused by the large difference in T, between water
and fat and shows that a correct determination of T, demands a spectro-
scopic analysis as soon as multiple frequency components are present.

As expected, a repeated acquisition of single-echo spin-echo measurements
demands a notable amount of time. Therefore, multiple-echo spin-echo
(MSE) sequences are usually applied to achieve faster acquisitions. Using a
short echo spacing an MSE approach even bears the advantage of suppress-
ing J-coupling, chemical exchange, and diffusion effects [60-62] compared
to an SE acquisition. However, due to a repeated application of 7 pulses,
MSE acquisitions are subject to B; inhomogeneities causing incorrect flip
angles and thereby leading to stimulated echoes adding up to the spin-echo
signal. This leads to results as shown in figure 1.2c where the second data
point shows a higher amplitude than the first echo due to an overlapped
stimulated echo. In fact, all remaining data points will be influenced by
stimulated echoes.

10
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Figure 1.3: T determination using the generating function approach proposed by Petrovic
et al. [y2]. Signal propagation was simulated for Mp=1, T,=60 ms adding 5 % noise and
(a) an ideal slice profile applying the standard method, (b) a non-ideal slice profile
applying the standard method, and (c) a non-ideal slice profile applying the GF approach
to determine T».

The influences of B; and By inhomogeneities on the determination of T, are
extensively discussed elsewhere [63-67]. The influence of the stimulated
echoes can either be addressed by introducing a phase shift between the
initial RF pulse and the subsequent refocusing pulses [68] or using composite
refocusing pulses [69]. Phase cycling can be applied to cancel spurious
echoes but it will also double the acquisition time [70].

A different approach to improve T, mapping is to calculate the actual
signal behavior of a multiple-echo spin-echo sequence analytically instead
of suppressing signal propagations. The approach proposed by Lukzen
and Savelov [71] allows for an analytical calculation of the MSE signal for
arbitrary flip angles and is termed the generating function (GF) formalism.
This approach can be further enhanced by including non-ideal slice profiles
into the equation [72] (see figure 1.3).

Alternatively, the DESPOT technique [51-53] mentioned in chapter 1.3.1
can also be applied for T, determination and is then termed DESPOT2
(Driven-Equilibrium Single-Pulse Observation of T;). The results of this
approach can be further enhanced by a reduction of artifacts by means of
incorporating RF phase-cycling [73].

The usual analysis of MSE data includes discarding the value of the first
echo and fitting an exponential curve to the remaining data as shown in
figure 1.2c. It can be seen that a fit to the reduced data set seems more
plausible than a fit to the complete data; however, it was shown that this
method does not provide sufficiently accurate results [72].

Figure 1.3 illustrates the limited applicability of the standard method. As
long as the slice profile is perfectly rectangular this approach will provide
accurate results (figure 1.3a); however, as soon as the slice profile deviates
from a rectangular shape, the standard method will overestimate T, and
underestimate My (figure 1.3b). The GF approach on the other hand uses the
complete data set provided by the measurement and — with the slice profile

11
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provided as additional parameter — is able to model the signal loss due to the
non-ideal irradiation (figure 1.3c). This will provide better estimates for My
and T (i.e. closer to the real values) which will usually differ considerably
from the results provided by the standard method. Therefore, a comparison
of quantitative T, data found in the literature must always be performed
with caution.

1.3.3 Multi-Exponential Relaxation

The data in figures 1.2a and 1.2b show a potential problem for relaxometry
of MR data. Different relaxation times of multiple signal compartments
can be identified using MR spectroscopy; however, they will lead to multi-
exponential signal curves for imaging experiments where usually® only the
sum of all signals in a voxel can be acquired.

Multi-exponential signal relaxation is the result of different tissues being
present in a voxel (see e.g. [11, Chapter 6.8] for details) but the extent
of the effect additionally depends on exchange speed between involved
compartments. The influence of the exchange speed becomes especially
important when pronounced changes of relaxation times can occur, which
is the case for dynamic contrast enhanced measurements (see section 1.4).
The influence of the water exchange on MR measurements utilizing contrast
agents is discussed in section 1.4.4.

Multi-exponential relaxation occurs for longitudinal and transverse mag-
netization alike. With sufficient temporal resolution relaxation times of
multiple compartments can be extracted by applying multi-exponential fits
to measured data; however, care must be taken that relaxation times of all in-
volved compartments are covered by the applied measurement parameters.
The results of multi-exponential fits can then be used to derive additional
parameters like, for example, the density of cell populations [74].

1.4 Dynamic Contrast Enhanced Magnetic
Resonance Imaging

MR contrast agents can be used to observe angiogenesis and microvascu-
lature of a certain tissue of interest. This can be achieved by determining
physiological characteristics like perfusion, blood volume, permeability
of blood vessels and the fraction of the interstitium or extravascular ex-
tracellular space (EES). The determination of these parameters requires a

®Unless additonal precautions like, for example, a saturation of off-resonant signals are
taken.
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consecutive acquisition of MR images to observe the contrast agent con-
centration as the contrast agent enters and exits the tissue of interest. The
acquisition technique for this observation of the contrast agent behaviour
over time is termed dynamic contrast enhanced MRI, or DCE-MRI. DCE-
MRI allows to characterize angiogenesis and microvasculature and therefore
is mainly used to gain information on tumour microvessel structure and
function [75-77, and references therein]; however, it is not restricted to the
analysis of tumourous tissue but can, for example, also be applied to injured
growth plates as shown in [78].

For clinical applications mostly gadolinium-based contrast agents are used.
These lead to changes of the tissue’s native Ty, T, and Tj as the CA passes
and their effect is exploited by using an appropriate weighting. One can
either exploit the decrease in Ty leading to an increase in signal intensity or
the change in T, or T; which produces a decrease of the signal intensity as
CA concentration rises. In analogy to the previous section, only T; effects
will be addressed here. Furthermore, the following descriptions only apply
to contrast agents that are small enough to extravasate out of a blood vessel
but still large enough to remain extracellular, also termed type 2 agents [79].
The exploitation of the T, effect of an administered contrast agent requires
the acquisition of a series of Ti-weighted images to observe the kinetics
of the CA. To derive the aforementioned physiological parameters from
the acquired data it will be necessary to know the current concentration
of contrast agent in a blood vessel preferably near the tissue of interest.
An appropriate model, that allows the interpretation of the extravasation
of contrast agent from the vessel into the tissue under observation, is also
essential.

The most commonly used model was developed by Kety in 1951, which
was originally developed for the case of breathing an inert gas [80]. This
model divides the body into two compartments: the blood/plasma and the
tissue space. In an attempt to establish an international standard for MR
applications Tofts et al. unified existing studies introducing a new standard
set of quantity names in an excellent review which in fact became a standard
work for DCE-MRI [81]. Therefore, the model is usually referred to as the
Kety /Tofts model or simply the Tofts model.

1.4.1 Tofts Model

The standardized terms proposed by Tofts et al. are the transfer constant
from plasma space to tissue space, Ktrans the volume of the EES, v,, and the
rate constant kep, which equals

Ktrans

kep = (1.19)

OUe
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The determination of K" and v, requires knowledge of the absolute
values of tracer concentration while the rate constant can be derived from
the shape of the tracer concentration versus time [81].
The definition of the transfer constant depends on the composition of the
tissue of interest. In tissue with high permeability” the transfer constant
equals [81]

K™"s = Fp(1 — Hct), (1.20)

in a situation with low permeability® it is [81]
K'™"s = PSp. (1.21)

In equation (1.20) F is the flow (or perfusion) of whole blood per unit mass
of tissue in mlg™" min™", p is the density of the tissue in gml™, and Hct is
the hematocrit (1 — Hct therefore is tantamount with the plasma space). In
equation (1.21) P is the total permeability of the capillary wall in cmmin™,
S is the surface area per unit mass of tissue in cm? g™*, and since it often
occurs in this combination, the product PS is known as the permeability
surface area product per unit mass of tissue in mlmin™ g=*. Due to their
appearances equations (1.20) and (1.21) are often termed the flow-limited
and PS-limited case, respectively.

In addition to these two cases, a mixed flow and PS case exists. For the
mixed model K% is defined as the product of the flow-limited case and
the extraction fraction E [82]:

PS
K™ = EFp(1 — Hct) with E =1 — ¢ FO-H (1.22)

The different definitions of K" for different tissue compositions will also
lead to different interpretations of this constant. Depending on the situation,
the transfer constant can reflect a formation of new vasculature, an increase
in size of existing vessels or a rise of vessel permeability. For tumours, for
example, the leaky vasculature is best described by PS-limited or mixed
models [83].

Regardless of the tissue composition or the permeability situation, all models
show the form of the Generalized Kinetic Model defined by Tofts et al. which
relates the tissue concentration C; to the arterial plasma concentration C,,
according to equation (1.23) [81].

d
EC*(” = K" . Cp(t) — kep - Ce(t) (1.23)

The arterial plasma concentration is usually referred to as the AIF, the tissue
concentration is also known as the tissue residue function, and introducing an

7High permeability is defined as PS > F, where PS is the permeability surface area
product per unit mass of tissue and F is the perfusion of whole blood per unit mass.
8Low permeability is defined as PS < F
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Figure 1.4: Tissue uptake for DCE measurements. The exchange of contrast agent between
a vessel and the tissue of interest results in a convolution (marked by the asterisk) of
the arterial input function and the characteristic residue function of the tissue described
by K" and v, (see equations (1.24)—(1.25)).

impulse residue function [84, 85]
R = ¢ ket (1.24)

the solution of equation (1.23), with initial conditions C,=C;=0 at t=0, is
Ci(T) = Ktrans / R(T — t) - C,(t)dt. (1.25)

This means, that the tissue residue function is the result of a convolution
of the arterial input function and the impulse residue function, which is
depicted in figure 1.4.

1.4.2 Arterial Input Function

Figure 1.4 shows real data for the arterial input function and a tissue of
interest. Since the contrast agent is usually administered as bolus injection —
most reliable estimations for K™ are expected for fast and high volume
injections [86] — the typical form of an AIF comprises a short but high
concentration peak, a second increase due to a second pass of the contrast
agent, which is not always visible, and a washout period. It is a critical
task to capture the peak of the AIF since only a certain temporal resolution
can be accomplished. Therefore, it is also important to optimize the timing
between injection and image acquisition.

The most accurate method to determine the AIF is to simultaneously acquire
image data and draw arterial blood samples [87, 88]. However, this method
requires considerable additional efforts for taking the blood samples and is
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Figure 1.5: Example for a reference region model analysis. (a) Course of R; in the reference
region (RR), (b) course of Ry in the region of interest (ROI), and (c) result of the fit using
RR and ROI data as input for a reference region model.

far from being non-invasive. Furthermore, for preclinical studies the blood
volume to be drawn is strongly limited and the duration of the AIF is even
shorter due to the increased heart rate of small animals.

Although the temporal resolution of the measurement results in figure 1.4
is acceptably high with 6.5s, only 3 data points define the peak of the
tirst pass. Thus, it cannot be assured that the peak value could be acquired.
Additionally, as mentioned above, this peak is even shorter for small animals,
and, as a consequence, a large vessel is needed in the field of view to
determine the AIF.

These problems can be addressed in different ways. The temporal resolution
can be increased at the expense of resolution and/or SNR; however, in many
cases this is not acceptable. Approaches without decreasing the resolution
are to use population-based averaged arterial input functions [89—94] or
model-based AlFs [95]. But an obvious drawback of these methods is that
inter-individual variations between subjects cannot be covered. A different
approach is to measure the contrast agent concentration in a tissue with
constant and known pharmacokinetic parameters. If the transfer constant of
the reference tissue is low enough, the course of the CA concentration can
be acquired with a significantly lower temporal resolution allowing for an
acquisition of higher resolved image data. Such models are referred to as
reference region models.

1.4.3 Reference Region Model
Several studies implemented reference region models [96—98] which were
thoroughly investigated for their reliability and repeatability [g9—101].

The basic principle of a reference region model is quite simple. Recalling
equation (1.23) of Tofts” generalized kinetic model and defining it for a refer-
ence region (RR) and for a tissue of interest (TOI) leads to equations (1.26),
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in which kep,RR and kep,TOI equal Ktrans,RR / Ue RR and Ktrans,TOI/ Ve, TOI and
Crr(t) and Cror(t) are the tissue residue functions of the reference region
and the tissue of interest, respectively.

d
ECRR(t) = Ktrans,RR . Cp(t) — kep,RR . CRR(t)

d
aCTOI(t) = K" Ol Cp(t) — kep,t01 - Cron(t)

(1.26)

Eliminating Cp(f), the contrast agent concentration in the tissue of interest
can be described by the contrast agent concentration in the reference region
according to equation (1.27).

Cro1(T) = R+ Crr(T) + R - (kep,RR — kep,TOI)

i (127)
. /CRR(t) . o KepRR . (T —t)dt 27
0

The relationship between measured Rj, the tissue’s inherent Ry and contrast
agent concentration is
Ri=Ryp+r1- [CA] (1.28)

Defining an additional constant

Ktrans,TOI

K= Ktrans,RR (1'29)

leads to the definition of the relaxation rate of the tissue of interest, R, tor(T),
according to equation (1.30).

R1,TOI(T) = K- (RI,RR(T) - R10,RR(T)) +K- [kep,RR - kep,TOI]
T

1.30
' / {( RI,RR(T) - R10,RR(T) )e_kep'TOI(T_t)dt + RIO,TOI ( ? )
0

As mentioned above, the validity of equation (1.30) strongly depends on
the reliability of the assumed pharmacokinetic parameters of the reference
region. Several studies showed that skeletal muscle is a valid reference
region with values of Ktrans,RR — 0 045 min—! and UeRR = 0.08 [102-105].
Still, it must be ensured that a constant muscle region is chosen. A region
as large as possible will also increase the SNR and thereby the reliability of
the results.

Using a reference region model allows for an analysis as shown in figure 1.5,
where the data of a reference region (figure 1.5a) is fitted to the data of
a region of interest (figure 1.5b). The resulting curve and the identified
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Figure 1.6: Tissue compartments involved in water exchange. The letters i, o, and p denote
inside the cell, outside the cell, and plasma, respectively. The quantity 7 is the lifetime
of a water molecule in the respective compartment [106, 107].

pharmacokinetic parameters are shown in figure 1.5c. In this example the
tissue of interest is an artificially created physeal lesion in a rat model and
the reference region is a skeletal muscle near to the lesion. The influence of
the SNR of the reference region signal becomes obvious since the RR data is
directly put into equation (1.30) and not modeled.

1.4.4 Transcytolemmal Water Exchange

Since MR contrast agents influence water molecules in close proximity, the
water diffusion between different compartments can potentially influence
the effect of the contrast agent. Here, four compartments have to be taken
into account, namely the intra- and extracellular compartments of the intra-
and the extravascular space, as depicted in figure 1.6. Many studies have
shown that the water lifetime within erythrocyte suspensions is rather short?
(ti ~ 10ms), which further led to the assumption that the exchange via the
cell membrane (cytolemma, thus transcytolemmal water exchange) is fast
and usually can be neglected [103, 108].

However, to evaluate the influence of water exchange, the exchange speed
must always be seen relative to the relaxation times of the involved com-
partments, which change considerably upon administration of contrast
agents [109, 110]. Landis et al. further investigated the exchange kinet-
ics in skeletal muscle [103] and the influence on the determination of the
contrast agent concentration [107]. Depending on the assumptions on the
water exchange between specific compartments, different models are ap-
plied. Additionally to the Tofts model so-called shutter speed models (S*M)

9The internal lifetime for a erythrocyte is defined as Tlfl = P- A/V where P is the the
permeability, A the surface and V the volume. Erythrocytes possess high permeability and
a small volume, thus the fast exchange.
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were proposed [111, 112]. However, the necessity of an inclusion of wa-
ter exchange effects in clinically relevant DCE-MRI acquisitions is still a
controversial issue [102, 104, 113].

The linear relationship between relaxation rate and CA concentration
Ri = Ryo+r1-[CA] (1.31)

demands an infinitely fast water exchange and is termed the fast exchange
limit (FXL). A more concrete definition of the exchange speed uses the
relaxographic NMR shutter speed'®. This definition compares the exchange
speed
1 1
-1 _ + L
T = T + z (1.32)

to the relaxographic shutter speed

vs = |Rq; — Ry (1.33)

and the FXL is defined as
1> Vs. (1.34)

A deviation from this requirement causes a non-linear relationship be-
tween relaxation rate and CA concentration (the relaxivity is partially
“quenched” [115]). This will lead to an underestimation of the transfer
constant and the EES if an infinitely fast exchange is assumed for the analy-
sis of the acquired data.

The slow exchange regime, where the water exchange will cause a strong
non-linear behaviour, is defined as

! < v, (1.35)
Additionally, a fast exchange regime (FXR) is defined as
1 > o, (1.36)

for a range in which the exchange rate is still fast compared to the shutter
speed but non-linearities are already present in the relationship between
relaxation rate and CA concentration [102, 103]. In equations (1.32)—(1.36)
the letters i and o denote inside and outside the cell, respectively and 7 is
the lifetime of a water molecule in the respective compartment.

While details can be found elsewhere [107, 111, 113], the non-linear relation-
ship between the relaxation rate and the contrast agent concentration due

°The term relaxography describes the determination of the distribution of relaxation
times and was introduced by Labadie et al. [114].
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to transcytolemmal water exchange is shown in equation (1.37).
1 1
Ry =7 |2-Ry+r1-C(t) + RIO_R1i+__

1([2 1\ fol®
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1.5 MR Properties of Biological Tissue

This thesis is dedicated to measuring and determining biomarkers for tissue
remodelling. Therefore, it is necessary to investigate the influence of tissue
properties on MR parameters respectively on the acquired MR signal.

Proton density and relaxation times are sensitive to a wide range of water
interactions such as the water content [116, 117], macromolecular concen-
tration [118], structure of macromolecules [119] or bulk organization of the
extracellular matrix [120, 121].

Many of these influences can be shown by a rather simple experiment us-
ing raw and cooked eggs and MR imaging as well as MR spectroscopy as
performed by Jayasundar et al. [122]. Assuming the short correlation-time
limit, where the rotational correlation time is much shorter than the Larmor
period 27t/ w, the dipole-dipole mechanism can be simplified to [122]

C
=B+ — :
oD ~ PTRT pr (1.38)

where B and C are constants and D is the self diffusion constant. For free
water Tg is short and D is large compared to bound water. This will lead to
a reduced T; in a cooked egg compared to a raw egg due to water molecules
being bound to macromolecules, which increases T and decreases D.

T, and tr are related by [122]

1 TR
~K—— .
T (1.39)

1+ w2t
with K being a constant. Equation (1.39) explains a shortening of T, of water
in a boiled egg compared to a raw egg. Above that, faster T, relaxation can be
observed in the egg yolk, where water protons are bound to macromolecules
causing a lengthening of 7x.
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3T 15T
Tissue To T T> Ty
(ms) (ms) (ms) (ms)

Liver 42+3 812+64 46+6 576+30
Skeletal muscle 50+t4  1412%13 44+6  1008+20
Heart 47E£11 1471%31 40=£6 1030134
Kidney 56+4  1194%27 55+3 690130
White matter 69+3 10847145 7244 884+50
Gray matter 99x7  1820+t114 958  1124%50
Optic nerve 78£5  1083%39 77£9 815+30
Spinal cord 78+2 993147 74+6 745+37
Blood 275+50 1932+85 2001+30 1441£120

Table 1.1: T, and Tj relaxation times at 3T and 1.5 T, measured at 37 °C [123].

As a result of the numerous influences on water interactions, different
biological tissues exhibit different MR parameters [123] (see table 1.1) and
tissue remodelling due to, for example, ageing or healing can be anticipated
to lead to measurable changes of these parameters.

In fact, for intracranial haemorrhage contrast changes have been reported to
be dependent on the age of the respective trauma. These contrast changes
are connected to oxidative denaturation of haemoglobin molecules [124].
This led to the classification of intracranial haemorrhages into the stages
hyperacute (<24h), acute (1—3d), early subacute (>3d), late subacute (>7d) and
chronic (>14d) connected to the presence of intracellular oxyhaemoglobin,
intracellular deoxyhaemoglobin, intracellular methaemoglobin, extracellular
methaemoglobin and extracellular haemichromes, respectively [125]. Corre-
sponding changes of T1 and T, of blood over time were shown in in vitro
studies [126—-129].

Contrast information can also be exploited for the topic of age estimation in
living persons. The age of children and adolescents can be derived from the
bone age, which can be estimated from the fusion stages of the epiphyseal
gap located between epiphysis and metaphysis of the hand bones [130-132].
In Ty-weighted MR images, these epiphyseal gaps can be identified as hy-
perintensities and can further be used for age estimation [133, 134]. Such an
estimation can also be performed automatically using regression random
forests [135, 136] or deep learning methods [137].

A well-known tissue transformation is the conversion of red to yellow
bone marrow with age [138]. The conversion process changes the ratio
of water and fat compartments, which makes the fat fraction of bones a
potential biomarker for age — visible in both MR imaging [139-143] and MR

spectroscopy [144-148].
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1.6 Aim of This Thesis

The aim of this thesis is the quantitative analysis of magnetic resonance data
to image, measure or derive biomarkers linked to tissue remodelling. The
distinguished soft tissue contrast provided by MR imaging as well as the
sensitivity of MR parameters to tissues changes form a fundamental basis
for such an analysis. Modelling the behaviour of the MR signal over time
therefore can be anticipated to provide information on tissue composition
and allow to derive biomarkers connected to formation of newly formed
structures or changes induced by remodelling of tissue.

The first approach is based on the analysis of contrast information to infer
information on haematoma resorption by using contrast information as
an estimator for the healing process. For this study artificial soft tissue
haematomas were created in 20 healthy volunteers. To estimate the age of
the haematomas, data of standard commercially available image sequences
were investigated over a time period of two weeks. Contrast changes were
determined and a model describing these changes over time for the different
sequences was created. This model was then used to estimate the age of the
haematomas.

The formation of bone bridges was documented in a longitudinal animal
study acquiring highly-resolved MR images as well as DCE data of physeal
lesions. To analyse the vascularity in the injured areas, pharmacokinetic
parameters were obtained by applying a reference region model (RRM) [97]
to the acquired DCE data. The imaging results and the change of the
pharmacokinetic parameters over time were compared to histologic and
gene expression analyses, which gave an insight into the creation process of
bone bridges.

The reproducibility of relaxometry in human lumbar vertebrae was in-
vestigated in a spectroscopy study. For this study 46 healthy volunteers
underwent three consecutive multi-Tg/multi-Tr MRS protocols. Following
spectral fitting, relaxation times T; and T, as well as the fat fraction of
lumbar vertebrae L2 and L3 were calculated from the MRS data. Ultimately,
the data was analysed for reproducibility and their correlations with age.

Finally, the potential reduction of the acquisition time for MRI-based age
estimation has been investigated in a simulation study. For 15 healthy
volunteers MR raw data was retrospectively undersampled with varying
acceleration factors. To evaluate the quality of the reconstructed images, two
radiologists as well as an automatic method performed age estimation for
original images and the images reconstructed from undersampled data. The
difference between the estimates was evaluated to determine the maximum
acceleration that can be applied to MR acquisitions while still maintaining
adequate image quality for age estimation.
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1.7 Outline of This Thesis

Chapter 1 of this thesis covers the basic theoretical principles of NMR.
The requirements for the formation of a magnetic resonance signal as well
as relaxation effects are described and thereby the origin of contrast in
MR images will be explained. The information provided by this chapter
will be sufficient for the comprehension of the topic of this thesis but it
is not exhaustive. The interested reader is provided with further reading
suggestions.

Chapter 2 includes short summaries and the final versions of the publica-
tions written in the course of this thesis.

The discussion in chapter 3 summarizes the results of this thesis. It provides
conclusions for each publication relevant for this thesis and evaluates the
scientific significance of the outcome.
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2 Studies

2.1 Age Determination of Soft Tissue
Hematomas

[149] Neumayer B., Hassler E., Petrovic A., Widek T., Ogris K., and Scheurer
E. “Age Determination of Soft Tissue Hematomas.” In: NMR Biomed. 27.11
(Sept. 2014), pp. 1397-1402. DOIL: 10.1002/nbm.3202

2.1.1 Summary

In clinical forensic medicine it is often important to determine the time of
the origin of soft tissue injuries. The age of a haematoma can define or,
at least, set limits to the period of time in which an accident or a crime
including blunt force took place. This leads to an inclusion or exclusion of
possible offenders as well as a differentiation of multiple events. The current
standard for the evaluation of haematoma age is the visual assessment of
external haematoma colour [150, 151]. However, this method is unreliable as
the results show a great inter-observer variability as well as a poor accuracy
compared to the real age of haematomas [152, 153]. Additionally, it was
shown that a reliable determination is hindered by the individually varying
colour perception of examiners [154].

Novel attempts for haematoma age estimation aiming at a greater reliability
and objectivity were proposed and mainly focused on the visible properties
of bruises [147, 155-157] investigating the spectral information of the light
reflected from a haematoma.

To estimate the age of soft tissue haematomas, MR images of artificially
created haematomas acquired with standard commercially available image
sequences were investigated over two weeks for 20 healthy volunteers.
The contrast between haematoma and muscle tissue was determined and
a model was created to describe the contrast changes over time for the
different sequences. This model was then used to estimate the age of the
haematomas to show the potential of MRI for haematoma age estimation
due to its excellent contrast in soft tissues.
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2 Studies

2.1.2 Author Contribution

In this study Bernhard Neumayer’s contribution comprised the analysis
of the available data and the development of an adequate signal model.
Furthermore, he implemented the model and tested its applicability using
cross-validation. Finally, the manuscript was mainly written by Bernhard
Neumayer.

2.1.3 Additional Relevant Publications

[158] Hassler E. M., Ogris K., Petrovic A., Neumayer B., Widek T., Yen
K., and Scheurer E. “Contrast of artificial subcutaneous hematomas in
MRI over time.” In: Int | Legal Med 129.2 (Nov. 2014), pp. 317-324. DOL
10.1007/s00414-014-1124-8

In this radiological study the signal model implemented for the primary
publication was applied to generally estimate a transition from hyperin-
tensity to hypointensity for subcutaneous hematomas compared to muscle
tissue. Furthermore, the difference between compact and diffuse hematomas
was analyzed.
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Age determination of soft tissue hematomas

Bernhard Neumayer?®, Eva Hassler®®, Andreas Petrovic®, Thomas Widek?,

Kathrin Ogris®“ and Eva Scheurer®“*

In clinical forensic medicine, the estimation of the age of injuries such as externally visible subcutaneous
hematomas is important for the reconstruction of violent events, particularly to include or exclude potential suspects.
Since the estimation of the time of origin based on external inspection is unreliable, the aim of this study was to use
contrast in MRI to develop an easy-to-use model for hematoma age estimation.

In a longitudinal study, artificially created subcutaneous hematomas were repetitively imaged using MRI over a
period of two weeks. The hemorrhages were created by injecting autologous blood into the subcutaneous tissue
of the thigh in 20 healthy volunteers. For MRI, standard commercially available sequences, namely proton-
density-weighted, T,-weighted and inversion recovery sequences, were used. The hematomas’ MRI data were
analyzed regarding their contrast behavior using the most suitable sequences to derive a model allowing an
objective estimation of the age of soft tissue hematomas.

The Michelson contrast between hematoma and muscle in the proton-density-weighted sequence showed an
exponentially decreasing behavior with a dynamic range of 0.6 and a maximum standard deviation of 0.1. The
contrast of the inversion recovery sequences showed increasing characteristics and was hypointense for T, = 200ms
and hyperintense for T =1000ms. These sequences were used to create a contrast model. The cross-validation of the
model finally yielded limits of agreement for hematoma age determination (corresponding to +1.96 SD) of +38.7h
during the first three days and 154 h for the entire investigation period.

The developed model provides lookup tables which allow for the estimation of a hematoma’s age given a single
contrast measurement applicable by a radiologist or a forensic physician. This is a first step towards an accurate and
objective dating method for subcutaneous hematomas, which will be particularly useful in child abuse. Copyright ©

2014 John Wiley & Sons, Ltd.

Keywords: hematoma; age estimation; forensic; soft tissue; subcutaneous; contrast; MRI
|

INTRODUCTION

In clinical forensic medicine, it is often important to deter-
mine the time of origin of soft tissue injuries. The age of a
hematoma can define or at least set limits on the period of
time during which an accident or a crime including blunt
force, e.g. in child abuse, took place. This leads to an
inclusion or exclusion of possible offenders, as well as a
differentiation of multiple events.

The current standard for the evaluation of hematoma age is
the visual assessment of external hematoma color (1,2).
However, this method is unreliable, as the results show great
interobserver variability as well as poor accuracy compared with
the real age of hematomas (3,4). Additionally, it was shown that a
reliable determination is hindered by the individually varying
color perception of examiners (5).

Novel attempts at hematoma age estimation, aiming at a
greater reliability and objectivity, were proposed and focused
mainly on the visible properties of bruises (6-9), investigating
the spectral information of the light reflected from the hema-
toma. However, while most authors concentrated on general
principles, only Randeberg et al. (7) attempted to estimate the
exact age of bruises in living subjects using reflectance
spectroscopy. The authors concluded that they could achieve
an accuracy of 1d for recent hematomas but the variance of
the age of the investigated hematomas did not allow for a statis-
tical analysis. Also, the method required an assumption on or the
additional determination of skin parameters. Furthermore, as a

main limitation, the subjects investigated in that study were
not healthy and took anticoagulants.

In MR images, hematomas can be identified well using an
adequate contrast and initial results showed that the contrast
of hematomas in MRI could be used to obtain objective
information on hematomas (10,11) without the determination
or assumption of additional parameters, such as skin thickness
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or scattering properties, as required by reflectance spectros-
copy methods. This approach bears the advantage that it can
be easily applied by radiologists or forensic physicians without
additional calculations, as needed for volume determinations
or relaxometry.

Temporal changes of brain hemorrhages have been
extensively investigated using MRI (12-15, and references
therein). Based on these data, the age of an intracranial
hemorrhage can be estimated. However, MR studies on
extracranial hematomas are scarce (16-19) and none have
focused on the determination of hematoma age.

The aim of this study was to model the temporal behavior of
different MRI contrast parameters in artificial subcutaneous
hemorrhages over time, in order to establish an objective
method for the estimation of the age of soft tissue hematomas.

MATERIALS AND METHODS

Subjects

In 20 healthy volunteers (11 female, 9 male, mean age
+ standard deviation [SD]: 26.84 + 3.53y) without coagulation
disorders or medication influencing blood clotting, 10ml of
venous blood was drawn from the cubital vein after an initial
basic MRI scan of the thigh. Four milliliter of the blood was
immediately injected into the subcutaneous tissue of their
thigh and 6ml blood was used for blood gas analysis (pH,
oxygen saturation [sO,], blood hematocrit [Hct], fraction of
deoxyhemoglobin [FHHb], methemoglobin fraction [MetHb],
fraction of oxyhemoglobin [FO,Hb]), hemoglobin concentration
[ctHb]). The study was approved by the local medical university
ethics committee and written informed consent was obtained
from all subjects.

MRI

The artificial hematomas of the thigh were examined repeti-
tively with MRI in oblique orientation, i.e. directly after the
injection and after 3h, 1d, 3d, Tweek and 2 weeks, on a clinical
3T scanner (TimTrio, Siemens AG, Germany) using a superficial
receive-only cloth pin coil (CPC, Noras GmbH, Germany) and
three sequences: proton-density-weighted, fat-saturated TSE
SPAIR (PDw, Tg/Te = 3400/11 ms, turbo factor [TF]=7, flip angle
[FA]=90/150, bandwidth [BW] = 223 Hz/pixel), turbo inversion
recovery (IR, Tg/Te/T;=7000/11/50, 200, 500, 1000 and 2000 ms,
TF =9, FA =180/90/180, BW = 250Hz/pixel) and multi-echo spin-
echo (Tg/r = 5000/12ms, 16 echoes, FA=90/180, BW=250Hz/pixel)
without fat suppression. The time points for the measurements
were chosen to document adequately the hyperacute (<24 h),
acute (1-3d), early subacute (>3 d), late subacute (>7 d) and
chronic (>14 d) stages, as defined by Bradley (13). Due to the
length of the entire protocol, an explicit T;-weighted sequence
was omitted and the different T;-related weightings of the IR
sequence were analyzed for their usefulness instead. For the
analysis of T,-weighted (T2w) images, echo 9 of the multi-echo
spin-echo sequence was used. The field of view for all scans
was 100 x 100 mm?, with a resolution of 192 x 192 and a slice
thickness of 1.5 mm.

For all sequences, prescan normalize and distortion correction
filters were applied. For the IR sequence, noise cancelling (image
filter medium) was used in addition.

Data analysis

Data for 12 persons (6 female, 6 male, mean age 2691
+ 3.98y) were analyzed for model creation (two persons were
excluded due to severe motion artefacts, two due to strong B,
inhomogeneities, for two volunteers venules were perforated
during injection and two were statistical outliers). After creation,
the model was also applied to the excluded statistical outliers to
account for this variability, which would also be expected to
occur in a larger human population. Signal intensities were mea-
sured in the hematoma, muscle and subcutaneous fat, respec-
tively, by placing three circular regions of interest (ROI, area
range 0.4-0.55cm?) in each of these areas and calculating the
average of the signal intensities. The ROIs were defined in the
PDw images, since they provided the best contrast of the hema-
toma versus subcutaneous fat and muscle tissue. It was ensured
that all ROIs lay well within the high signal-to-noise ratio (SNR)
range of the surface coil (60 mm). The size of the ROl was defined
for the initial measurement and then kept constant for the entire
analysis of one volunteer. To minimize contrast variations due to
unsteady degradation of a hematoma within a defined ROI,
care was taken that the regions were placed centrally in large,
homogeneous signal regions. Since the data analysis was
performed at the end of the study, this ensured that the ROIs
included hematoma tissue for all measurements. Therefore,
the contrast changes are mainly produced by the decreasing
fraction of blood in the subcutaneous fatty tissue.

The contrast between two tissues was determined using the
Michelson contrast (20), Cy = (I, — I)/(|l] +|I2), which allows for
a comparison of the contrast in different volunteers by normaliz-
ing to the sum of the signal intensities.

Model creation

Prior to the creation of the model, the data for all sequences
were analyzed and those results with a characteristic behavior
over time were identified. A model was created using the
contrast measurements between hematoma (/) and muscle (/,)
of the PDw sequence and the IR sequence for T, =200 ms and
Ty =1000 ms, respectively; the data of the T2w sequence were
not included in the model.

For each sequence, the data of all volunteers were averaged
and approximated by a monoexponential fit according to
equation [1]:

CM(T) = CoXe_T/(CT) +Cg (11

where Cy(T) is the Michelson contrast at a certain time, Cy is the
starting value of the Michelson contrast at T =0, T is the hema-
toma age in hours, Cy is the time constant for the decrease of
contrast in hours and Cg is the baseline value.

Since the hematoma is located in the subcutaneous fat, the
signal intensity of the hematoma region will return to that of
fat when completely decomposed. Therefore, the baselines of
the monoexponential fits were determined by calculating the
contrast between fat and muscle; thus, only two free parameters
remained for the fitting routines.

The resulting mathematical functions of the monoexponential
fits were then used to calculate lookup tables with a temporal
resolution of 0.1 h between 0 and 336 h (=2 weeks). For the
calculation of age estimates, the lookup table was searched for
the closest contrast value, with the corresponding value of T
being the estimated age. As the curves were only defined for a
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temporal range between 0 and 336 h, age estimates were
restricted to this range. Contrast values beyond the lookup
values therefore result in age estimates of either 0 h or 336 h,
respectively.

The age estimates of the three lookup tables for the different
sequences were averaged to provide one final result per volun-
teer and measurement. Additionally, the influence of a different
weighting of the results was investigated by evaluating the limits
of agreement as a function of the weights.

The reliability of the method was tested by cross-validation
using the leave-one-out method (LOOM), i.e. the monoex-
ponential fits were applied to the data of all but one volunteer
and the resulting lookup tables were then used to estimate the
age of the remaining volunteer’s hematoma.

This method is strongly influenced by the variation between
the volunteers and is therefore very useful in finding the weak-
nesses of an applied model. The results of the cross-validation
were analyzed using Bland-Altman plots to reveal possible
systematic errors and by evaluating the 95 % confidence interval
of the final age estimates as limits of agreement (£1.96 SD).

RESULTS

Figure 1 shows the aspect of an artificial hematoma in one
volunteer in three sequences over time. The hematoma can be
distinguished easily from the fatty tissue in the T,-weighted
images as being hypointense compared with the surrounding
subcutaneous fatty tissue. After one week the contrast between
the two tissues is strongly reduced and after two weeks the
hematoma cannot be seen any more.

The proton-density-weighted images show a steady decrease
of the hematoma’s signal intensity from the beginning to the
end of the interval investigated; however, a hyperintense area
is still slightly visible after two weeks.

In the IR images for T, =200 ms the hematoma is hypointense
compared with the subcutaneous fat. In the course of the
following two weeks, this hypointensity becomes weaker and
the hematoma becomes almost isointense. At the end of the
investigated interval, some remnants of the hematoma can still
be seen. For T, =1000ms (images not shown) the hematoma could
only be delineated for the first three days after hematoma creation.
The contrast was hyperintense compared with subcutaneous fat
and the increase was markedly steeper than that for 7, =200 ms.

0 hours 3 hours

1 day

In Figure 2, the averaged Michelson contrast values for the
hematoma versus muscle tissue of all volunteers are shown for
the three different sequences. The curves in Figure 2(b) and (c)
are the monoexponential fits defined by Equations [2].

The averaged curve of the T2w results (Fig. 2a) shows a small
dynamic range <0.1. The standard deviation between 0.031 (at
168 h) and 0.060 (directly after injection) is large compared with
this dynamic range, particularly in the first few days after the
injection of the blood.

The PDw results (Fig. 2b) show a large dynamic range of 0.615
from +0.3 to -0.315 for the averaged curve. In relation to this
range, the standard deviation between 0.056 (3 h) and 0.1 (24
h) is much smaller, while the absolute values are higher
compared with the T2w results.

The Michelson contrast for the IR sequence with two different
inversion times T, is shown in Figure 2(c). The contrast curve for
T, = 200 ms depicts a steady increase from —0.54 to -0.095 with
a minimum SD of 0.054 (168 h) and a maximum value of 0.1 for
the standard deviation after 72 h. The results for T, = 1000 ms
show a sharp increase of 0.15 within the first day and a slight
increase between day 1 and day 3. Standard deviations for this
contrast were between 0.11 (24 h) and 0.19 (directly after
injection) and after day 3 the hematomas could no longer be
outlined clearly.

Equations [2] show the results of the monoexponential fits to
the complete data:

Cm.pD 1.00xe " 7/3%6.73h _ .71
CM,IRZOO — —0.48xe /182640 _ 0 05 [2]
—0.35xe 1/8381h 4 0,75

Cwm.IR1000

in which T is the age of the hematoma in hours and Cypp, Cmir200
and Cyri1000 are the Michelson contrast coefficients for PDw, IR;q0
and IR g0, respectively. Due to the high standard deviation in the
T2w results, no curve was fitted to these data.

Figure 3(a) shows a comparison between true hematoma age
and the values estimated by the model in all volunteers and
measurements using the LOOM approach. The linear regression
yields the equation

Tiookup = 0.88x Treal + 12.41 h

with R? =0.95, where Tiookup IS the estimated hematoma age and
Treal is the true hematoma age in hours. This result shows a slight

REEVS 1 week 2 weeks

Figure 1. MRI data of an artificial subcutaneous hematoma in the oblique plane for one volunteer (f, 29y): T2w, proton-density-weighted and an in-

version recovery sequence using T, =200ms over two weeks.
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Figure 2. Averaged Michelson contrast between hematoma and muscle for all volunteers. The error bars represent the standard deviation for (a) T -
weighted, (b) PD-weighted and (c) IR data. Curves in (b) and (c) are the monoexponential fits used for calculating the lookup tables. Note the different

scalings of the plots.

underestimation (24 h after two weeks) of the hematoma age,
particularly with increasing time.

The Bland-Altman plot for the model (Fig. 3b) shows no
systematic offset of the estimated times compared with the true
hematoma age (# =-0.38 h) and the slight underestimation with
increasing time can be seen as a decrease of the average values
depicted by the dash-dotted line in this plot. For the first three
days, the limits of agreement corresponding to +1.96SD
are £38.7 h (u =8.6 h); they increase to +54.04 h for the entire
investigation period of two weeks. Figure 3(c) shows the
Bland-Altman plot for one week when the model is applied to
all data, i.e. including those volunteers that had been excluded
for model creation. This analysis yields limits of agreement of
+5291 h (u = 6.27 h).

Figure 4 shows the influence of a weighting of the results on
the age estimates. The weighting is shown for PDw and IR,q
data, since these data exist for the entire measurement period
of two weeks. The optimum weighting is defined by the mini-
mum of the limits of agreement, which occurs for a ratio of
PDW/IR,00 = 0.62/0.38 (Fig. 4a), corresponding approximately to
the ratio of the dynamic ranges of these data. Using the opti-
mum weighting, the limits of agreement can be decreased by
1.65 h compared with averaging the results. Figure 4(b) shows
the Bland-Altman plot for optimum weighting, for which the
95% confidence interval is higher than an average of the results
of the three lookup tables. Using all lookup tables, an optimum
weighting decreases the limits of agreement by 3.12 h for the

first three days (PDW/IRy00/IR1000 =0.54/0.08/0.38) and by 0.33 h
for the entire two weeks (only PDw and IR,q, data).

Investigating the strong variability of the T2w data, a weak
correlation (R* = 0.27) of the average signal intensity of each
measurement with the pH value of the respective fresh venous
blood sample was found (not shown).

DISCUSSION

In order to estimate the age of subcutaneous hematomas, which
is important in clinical forensic medicine, e.g. in child abuse, the
contrast of such hematomas in MRI was investigated over a
period of two weeks and a model that describes the contrast
behavior in proton-density-weighted and inversion recovery
data over time was created.

The model is based on standard commercially available
sequences and allows for an estimation of hematoma age with
limits of agreement of +38.7 h within the first three days and
+54.04 h during the entire investigation period of two weeks
since its origin, which according to our practical experience
corresponds to the approximate interval during which subcuta-
neous hematomas are usually visible.

The small dynamic range and large variation of the averaged
T2w curves were surprising, since a notable change in T, and
with it a change in the contrast behavior was expected from
the literature (13,21). These characteristics suggest that
subcutaneous hematomas behave differently from intracranial
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Figure 3. (a) Estimated results versus true hematoma age. The squares and crosses show the hematoma age estimates for those volunteers who were
excluded from the model creation and the linear regression. (b) Bland-Altman plot of the results of model age estimation. (c) Bland-Altman plot for one
week, including results for those volunteers excluded for model creation.
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hematomas and that in vitro results cannot simply be adopted
for in vivo settings. One reason could be that the T, - weighted
contrast of soft tissue hematomas is influenced by the pH of
the extravasated blood.

This assumption, however, is based only on the weak relation-
ship that could be seen between the average signal intensity and
the pH value of the fresh venous blood. As this parameter is usu-
ally not known and, in addition, appears to show great interindi-
vidual variation, the use of T2w data - at this moment - does not
seem to be suitable for the age determination of subcutaneous
hematomas.

The fat-saturated proton-density-weighted sequence has
been shown to be suited for the imaging of soft tissue hemato-
mas, providing high contrast for new bruises and a maximum
change over time up to two weeks. The exponential decrease
could be the result of an increasing hematocrit proportion
and a decreasing water content in the hematoma with ongoing
resorption (22).

The Michelson contrast curves of the inversion recovery
sequence are the result of the declining proton density and a
steady decrease of hematoma T;. Especially at the beginning of
the investigation period, this decrease was much faster than
expected from intracranial hematomas (13) and from in vitro
results (21), which both indicate that T; remains constant in
the beginning and does not decline during the first three days.
The strong increase of Cy, during the first days for T, = 1000 ms
bears additional information, especially for new bruises, that
led to the incorporation of this contrast into the model.

The different dynamic ranges of the acquired data suggested
an investigation of a possible enhancement of the age estima-
tion using a certain weighting of the individual results. In fact,
when using only PDw and IR, as input, the optimum weighting
of these data accords approximately with the ratio of the dy-
namic ranges of the two curves. However, the simple averaging
of all three curves provides better overall results than the opti-
mum weighting of PDw and IR, data. When investigating the
optimum weighting of all three curves, only small improvements
can be achieved. The optimum weighting for the first 72 h
suggested that PDw and IR;qg0 are sufficient to describe the
behaviour of recent hematomas.

However, since the improvement provided by the weighting is
small and a reliable determination of the optimum weights
needs more data, averaging was chosen over weighting.

The underlying degradation processes of the hematomas
were assumed to be exponential. The small bias in the Bland-
Altman plot supports this assumption for a period of up to two
weeks. However, the linear regression of the estimated results,
which could serve as a simple calibration of the model, shows
a slight overestimation for recent hematomas and an underesti-
mation in the later period of the two weeks.

As the valid temporal range of the model is currently lim-
ited to the period between 0 and 336 h, lookup tables were
chosen to avoid truncation of the results to this range when
using inverted functions. Additionally, the use of lookup
tables has the advantage that contrast results can be
compared directly with the plotted lookup table in the same
diagram, giving quick feedback on how well the results corre-
late with the model.

Due to different study designs, our results cannot easily be
compared with those published by Randeberg et al. (7). The
authors concluded that they could achieve a 1 d accuracy for
bruises less than 10d old. However, most of the measured
hematomas were less than 4 d old and the authors admitted
that the significance for older hematomas still needed to be
investigated.

An advantage of the model described in this work is that no
additional parameters are needed, while the method of
reflectance spectroscopy requires volume fractions of the
chromophores, blood oxygenation, scattering properties and
skin thickness, which must be measured or derived from
mathematical models.

The most important limitation of this study is the difference of
blood injections in contrast to real bruises, as they do not include
a contusional component. However, the setting used has the ad-
vantage that it allowed for a highly reproducible creation of
hematomas. The model equations must be verified using data
for real bruises created by blunt force. It is expected that the
constitution of the surrounding tissue will also influence the
signal characteristics. This is underlined by the observation
that the two statistical outliers excluded in model creation
were both high-performance athletes with markedly reduced
fatty tissue (thickness of the subcutaneous fat layer was
reduced by a factor of up to 5) compared with the remaining
volunteers of the same sex.

It was, however, shown that the created model is also applicable
to these volunteers for a hematoma age of up to 1 week. For
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further investigation of the connection between athleticism and
hematoma healing, more data are needed.

The aim of this study was the implementation of a simple
model that can be easily adopted and applied and is, thus,
completely based on contrast information of standard
commercially available MRI sequences. However, a more com-
plex model incorporating additional information such as e.g.
relaxometric parameters may enhance accuracy additionally.

Another simple approach, such as a volume determination as is
done for intracranial hemorrhage, did not allow for a reliable quan-
titative analysis, due to the diffuse borders of the blood volumes.

This also is a notable difference between intra- and extracra-
nial hematomas.

The created model allows for an objective estimation of
hematoma age, underlining the importance of radiologic
methods in forensic medicine. An important advantage of the
implemented approach compared with existing methods is
the complete independence in relation to color information and
hence skin color or skin thickness. Therefore, this method shows
the potential to overcome the still unsolved problem of hematoma
age determination in forensics.
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2.2.1 Summary

When utilizing contrast agents (CA) to increase the signal-to-noise (SNR)
respectively contrast-to-noise ratio (CNR) or to investigate vascular char-
acteristics, MR techniques do not require radio-active markers which are
necessary for other tomographic techniques like positron emission tomogra-
phy (PET) or single-photon emission computed tomography. MRI is also
sensitive to small-vessel functions for dynamic measurements, which pro-
vide information on the condition and functionality of organs, while PET is
dominated by large-vessel structures [75]. This makes magnetic resonance a
tool to characterize angiogenesis and microvasculature and is therefore used
to gain information on tumour microvessel structure and function [75-77,
and references therein].

Although it is a main field of application, the analysis of angiogenesis is
not limited to tumor research. It can also, for example, be applied to the
investigation of healing physeal lesions, where strongly increased vascular-
ity (hypervascularity) is one hypothesized underlying mechanism of the
formation of bone bridges.

The formation of bone bridges is reportedly initiated by physeal lesions in-
duced either by trauma or — as a consequence of treatment — intraoperatively
by implants advanced through the growth plate in order to stabilize frac-
tures [159]. Bone bridges, usually reversible, can precipitate full or partial
premature physeal closure due to incomplete decomposition and therefore
lead to full or partial growth arrest [160] causing bone length discrepancy;,
axis deviation or joint deformity [161]. A severe problem of bone bridges is
their concealed formation, which means they are not apparent before the
perception of implications, i.e. a disruption of the continued growth of the
limb.

The underlying mechanisms involved in the formation of these structures
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still remain unclear. However, as blood vessels and vascular invasion are
fundamental for the development of bone tissue, strongly increased vascu-
larity may be connected to the synthesis of bone bridges. An early detection
of bone bridge formation would allow to enhance healing processes and
help avoiding potential complications. Of course, a minimally invasive
imaging method like dynamic contrast-enhanced MRI (DCE-MRI) would be
preferred in these cases.

The formation of bone bridges was documented in a longitudinal animal
study acquiring highly-resolved MR images as well as DCE data of physeal
lesions. To analyse the vascularity in the injured areas the pharmacokinetic
parameters K" and v, were obtained by applying a reference region
model (RRM) [97] to the acquired DCE data. The imaging results and the
change of the pharmacokinetic parameters over time were compared to
histologic and gene expression analyses.

2.2.2 Author Contribution

Bernhard Neumayer was involved in MR data collection and responsible
for data analysis. He implemented, tested and applied the pharmacokinetic
model and performed pre-processing for quantification. The manuscript
was mainly written by Bernhard Neumayer.

2.2.3 Additional Relevant Publications

[162] Fischerauer E., Heidari N., Neumayer B., Deutsch A., and Weinberg
A. M. “The spatial and temporal expression of VEGF and its receptors 1 and
2 in post-traumatic bone bridge formation of the growth plate.” In: Journal
of Molecular Histology 42.6 (Sept. 2011), pp. 513—522. DOI: 10.1007/s10735-
011-9359-x

This study used imaging results of the primary publication to show the
alleged closing of the physeal lesion followed by a new rupture. These
results were compared to histological findings and results of qRT-PCR data.

[163] Baron K., Neumayer B., Amerstorfer E., Scheurer E., Diwoky C., Stoll-
berger R., Sprenger H., and Weinberg A. M. “Time-Dependent Changes
in T1 during Fracture Healing in Juvenile Rats: A Quantitative MR Ap-
proach.” In: PLOS ONE 11.11 (Nov. 2016). Ed. by Wallace J. M., e0164284.
DOI: 10.1371/journal.pone.0164284

This study investigated the ageing of fractures using quantitative relaxome-
try data derived from the DCE data acquired for the primary publication.
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Abstract

Objectives Bone bridge formation occurs after physeal
lesions and can lead to growth arrest if not reversed. Pre-
vious investigations on the underlying mechanisms of this
formation used histological methods. Therefore, this study
aimed to apply a minimally invasive method using dynamic
contrast-enhanced MRI (DCE-MRI).

Materials and methods Changes in functional parameters
related to the microvessel system were assessed in a lon-
gitudinal study of a cohort of an animal model applying
a reference region model. The development of morphol-
ogy of the injured physis was investigated with 3D high-
resolution MRI. To acquire complementary information for
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MRI-related findings qRT-PCR and immunohistochemi-
cal data were acquired for a second cohort of the animal
model.

Results The evaluation of the pharmacokinetic parameters
showed a first rise of the transfer coefficient 7 days post-
lesion and a maximum 42 days after operation. The analy-
sis of the complementary data showed a connection of the
first rise to microvessel proliferation while the maximum
value was linked to bone remodeling.

Conclusion The pharmacokinetic analysis of DCE-MRI
provides information on a proliferation of microvessels
during the healing process as a sign for bone bridge forma-
tion. Thereby, DCE-MRI could identify details, which up
to now required analyses of highly invasive methods.

Keywords Contrast agents - Animal model - Physis

Abbreviations

Krans Transfer coefficient

Ve Extravascular extracellular volume
AIF Arterial input function

CA Contrast agent

DCE Dynamic contrast enhanced

FA Flip angle

FLASH Fast low angle shot

FOV Field of view

Hifla Hypoxia-inducible factor 1a

PD Proton density

RARE  Rapid acquisition with relaxation enhancement
RNA Ribonucleic acid

RR(M) Reference region (model)

SNR Signal-to-noise ratio

TOI Tissue of interest
VEGFa Vascular endothelial growth factor a
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Introduction

Premature physeal bone bridge formation can be induced
by a variety of physeal insults including trauma, infec-
tion, radiation, ischemia, thermal injury, Blount disease,
steroid use, as well as, iatrogenic and unknown etiologies
[1]. Trauma in general including iatrogenic trauma from
metal implantation is considered as the leading cause for
formation of a physeal bone bridge [2, 3]. Bone bridges
may be reversible when they are small, but can also trigger
full or partial premature physeal closure due to incomplete
decomposition and therefore may lead to full or partial
growth arrest causing bone length discrepancy, axis devia-
tion or joint deformity [4-7]. Clinically, they are detected
by X-ray examinations, which are either routinely con-
ducted to document fracture healing or initiated in patients
with posttraumatic bone length alterations or deformities.
MRI is then used to document the full size of the bridge
and help in defining further management [1, 4, 8, 9].

A severe physeal bone bridge alters normal longitudi-
nal bone growth and requires either surgical resection and
filling up the lesion with autologous fat tissue as remedial
measure or it is managed by contralateral epiphysiodesis
or corrective osteotomy [1, 5, 6, 9]. Furthermore, stem cell
therapy [10] and autogenous cultured physeal chondrocyte
transplantation [11] have been recently investigated experi-
mentally as novel therapeutic option. In contrast, minor
bone bridges usually remain concealed and disappear dur-
ing further growth, without impairing normal longitudi-
nal growth [6, 7, 12]. Physeal bone bridge formation has
been documented histologically [13—18] and by MRI [15,
16, 18] in various experimental animal models. Vasculari-
zation of the physeal lesion has been reported to precede
physeal bone bridge formation [15, 19]. Along with invad-
ing vessels from surrounding epiphyseal and metaphyseal
bone, mesenchymal osteoprogenitor cells emerge into the
physeal lesion site and are attributed to deposit bone which
eventually leads to bone bridge formation [15, 19]. The
hypothesis that increased blood supply at the injury site is
connected to the creation of physeal bone bridges as blood
vessels and vascular invasion are fundamental for the devel-
opment of bone tissue was further recently supported by the
detection of increased angiogenic factor expression within
the physeal injury site prior to bone bridge development
[13, 20]. However, the underlying pathomechanism induc-
ing angiogenesis followed by formation of a physeal bone
bridge remains unexplored. The detection of an increase
in blood supply in a physeal lesion could therefore allow
an early identification of bone bridge formation and while
the determination of angiogenic expression factors requires
tissue samples, magnetic resonance imaging is potentially
capable of providing this information non-invasively.

@ Springer

Dynamic contrast enhanced MRI (DCE-MRI) is sensi-
tive to functional parameters of the microvessel system.
It is therefore a tool to characterize angiogenesis and
microvasculature and is widely used for the analysis of
tumors [21-23]. The identification of pharmacokinetic
parameters should therefore allow following the time
course of microvessel-related functional changes during
tissue remodeling on an injured physis.

Typical models for the identification of pharmacoki-
netic parameters [24] require information on the time
course of tissue contrast agent (CA) concentration and on
the CA concentration within a feeding artery—the arte-
rial input function (AIF). The simultaneous acquisition
of both characteristics, i.e. the coverage of the AIF and,
in this case, the physeal lesion in the same field of view
(FOV), is very challenging and determines the limits for
signal-to-noise ratio (SNR), contrast behavior and tempo-
ral or spatial resolution [25-27].

For investigations where no adequate arterial input
function is available in the field of view population-
based averaged AIFs [28-30] or model-based arterial
input functions [31] can be applied to avoid a decrease
in SNR or temporal resolution by modifying the FOV.
A drawback of these methods is, however, that inter-
individual variations between subjects or variations of
the AIF due to manual CA administration cannot be
covered. A different approach is to determine the CA
dynamics of a reference tissue with known pharmacoki-
netic behaviour within the field of view. These dynamic
data can then be used to apply a reference region model
(RRM) which allows for the quantification of the phar-
macokinetic parameters of a tissue of interest without
the direct measurement of or assumptions on the AIF
[32, 33].

The aim of this study was to investigate pharma-
cokinetic parameters of the microvessel system of a
physeal lesion in correlation to bone bridge formation.
These parameters are typically increased in tissues with
enhanced metabolism and related to permeability surface
product, blood flow and also blood volume. The investi-
gation of these parameters should support the hypothesis
that changes of the microvessel system are basic mecha-
nisms associated with bone bridge formation and can
provide quantitative measures for an early identification
of this development.

The investigation of physeal lesions in a rat model using
DCE-MRI required a very high spatial resolution and the
application of a reference region model. As a complemen-
tary independent measure the results of the MRI analy-
ses were compared to histologic findings and expression
rates of genes related to vascular growth and oxygenation
provided by quantitative real-time reverse transcription
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polymerase chain reaction data (QRT-PCR), which were
acquired for a second cohort of animals.

Materials and methods
Animals

All animal experiments were conducted under animal ethi-
cal respect and were authorized by the Austrian Ministry of
Science and Research. Seventy-seven male Sprague—Daw-
ley rats with a weight of approximately 100 g and an age
of one month were subjected to unilateral physeal lesion
in general anesthesia using a standardized drill procedure
[13, 14, 17, 34]. A longitudinal transepiphyseal lesion of
1.2 mm diameter was drilled through the proximal tibial
physis, advanced from proximal by a median incision of
the patella tendon.

For qRT-PCR analyses six animals were euthanized on
days 0, 1, 3, 7, 14, 28 and 82 post-operation for sample dis-
section. For histological investigations five animals were
sacrificed on days 1, 3, 7, 14, 28, 42 and 82; for the five
animals designated for euthanasia on day 82 MR measure-
ments were performed under anesthesia on the same seven
time-points.

The investigation time-points were set in short intervals
during the first month post-injury in order to closely fol-
low bone bridge formation and changes in the microvessel
system. The long-term time-points of 42 and 82 days were

Fig. 1 Arrangement of the
surface coils for all MR meas-
urements. Left: bottom view,
right: arrangement of coils in
the animal bed

determined to follow further growth, physeal remodeling
and to detect a potential disappearance of the bone bridge.

MR measurements

Magnetic resonance imaging of the morphology and
DCE-MRI were performed on a clinical 3 T scanner with
38 mT/m gradient strength (Tim Trio, Siemens AG, Erlan-
gen, Germany). For enhanced image quality, especially
suited surface received coils with a diameter of 18 mm
(Rapid Biomedical, Rimpar, Germany) were used. Using
an arrangement as shown in Fig. 1 a minimum distance to
the rat knees and thereby a maximized SNR could be main-
tained for the complete duration of the study. Animals were
placed in prone position with their knees in the center of
the coils. This arrangement was positioned in a semicircu-
lar animal bed (Rapid Biomedical) providing a stable and
reproducible assembly. As mentioned above, the measure-
ments were performed on days 1, 3, 7, 14, 28, 42 and 82.
Morphological changes of the investigated area were
imaged with a high-resolution 3D FLASH sequence
(Tg = 7 ms, Ty = 100 ms, FA = 15, scanning matrix
256 x 256, FOV = 50 mm, THK = 0.72 mm) and cor-
onal slice orientation related to the scanner’s refer-
ence system. Image quality was documented calculating
SNR = ftsignal/Ocorr, in Which fisignal 1 the average image
intensity in a region of interest and oo is the standard
deviation of a background region corrected for Rayleigh
distribution. The corrected standard deviation is calculated
Ocorr = ORayleigh/0.655 with oRrayleign being the standard
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deviation measured in the image background region.
Regions of interest for SNR determination were skeletal
muscle and the physis.

The scans for DCE-MRI analysis comprised a single PD-
weighted 3D FLASH reference sequence (T = 2.95 ms,
T = 100 ms, FA = 5) scan and a T}-weighted dynamic 3D
FLASH sequence (T = 2.95 ms, Ty = 8.09 ms, FA = 30)
with a temporal resolution of At = 13.32 s. This combi-
nation follows the basic idea of the approach proposed by
Hittmair et al. for 2D FLASH acquisitions [35]. Postopera-
tively a double-dose injection (0.2 mmol/kg) of Gadovist
(Schering AG, Berlin, Germany) was manually admin-
istered intravenously in the tail vein for DCE-MRI. The
administration started after the acquisition of three base-
line images for the calculation of pre-contrast longitudinal
relaxation time T'; the entire protocol comprised 40 acqui-
sitions. All scans for DCE-MRI were acquired in coronal
orientation and featured a 205 x 256 matrix, a field of view
of 50 mm and a slice thickness of 0.72 mm.

Reference region model

Due to the absence of an adequate vessel providing an arte-
rial input function in the FOV, blood supply related prop-
erties of the lesioned tissue were investigated by applying
a reference region model [33] to the acquired DCE data.
Maps of the longitudinal relaxation time 7} were generated
as proposed by Merwa et al. [36] according to Eq. (1)

TR DCE
In ( SREF Sin(OpcE) —SDCE (7) sin(OREF) ) ’ (D

Ti() =—

SREF sin(épcg) —Spck (¢) sin(6reF) cos(6pcE)

where S is the signal intensity in the image, 6 is the flip
angle and the subscripts REF and DCE denote reference
scan and dynamic scan, respectively. According to Yan-
keelov et al. [33] and using the notation suggested by Tofts
et al. [24], the relaxation rate R| = 1/T of a tissue of inter-
est (TOI) is related to the reference region by

Riol(T) = R- (Rirr(:) — Ri0RR) + R - [K"*™ KR /e rr
T
— K" TOl . ror] x { (RiRrR — RI0RR) (2)

e(_Ktmm'TOI/Ve,TOI)(T_t) d[ + RIO oL

In Eq. (2) K™ is the transfer coefficient, v is
the extravascular extracellular volume, R equals
KtransTOL/gtrans.RR o s the native relaxation rate in
absence of a contrast agent and TOI and RR denote the tis-
sue of interest and the reference region, respectively.

The reference region for all investigations was skeletal
muscle close to the area of the physeal lesion, i.e. the tis-
sue of interest, and the pharmacokinetic parameters of
skeletal muscle were set to K™RR — (0,045 min~! and

@ Springer

veRR = 0.08 [37-39]. For all measurements, the subjects’
knees were located as close as possible to the center of the
3D slab to avoid different biases for the estimates of R; for
RR and TOI due to B; inhomogeneities. The least mean
squares routine for the parameter identification of KansTOI
and vetor was realized in MarLaB (TheMathWorks Inc.,
Natick, MA, USA).

Histology

To obtain information on vascularisation complementary to
the results of the analysis of the pharmacokinetic param-
eters, immunohistochemical analysis was performed for
samples of the proximal epiphysis, physis and metaphysis
of the tibial bone on the same days for a second cohort of
animals.

Histological samples were fixed in methanol (100%) for
24 h and subsequently subjected to decalcification using
Ethylenediamine Tetraacetic Acid (pH 7.0) for two weeks.
Following a further fixation step in methanol (100%) for
12 h the samples were washed in PBS-sucrose 5% solution,
covered with tissue freezing medium (Tissue Tek O.C.T.
Compound, Sakura Finetek Europe B.V., The Netherlands)
and cut into slices of 7 mm thickness.

To visualize angiogenesis of the physeal defect a colla-
gen IV staining was used, as collagen IV represents a pro-
tein of the basal membrane of vessels, staining vasculature
in a red/brown colour.

Quantitative real-time reverse transcription polymerase
chain reaction

Additionally to MR measurements and histological analy-
sis, factors related to vascular growth and oxygenation
were determined using quantitative real-time reverse tran-
scription polymerase chain reaction analyses. The qRT-
PCR analyses were performed for vascular endothelial
growth factor a (VEGFa), which is a key parameter of angi-
ogenesis [40] and hypoxia-inducible factor 1a (Hifla) as a
reporter for hypoxia.

For the analysis, physeal samples were dissected from
the epiphysis and metaphysis under the microscope before
storage in liquid nitrogen. The samples were homogenized
using a tissue homogenizer and RNA was extracted using
TRIZOL (Gibco BRL). Total RNA samples (2.5 mg) were
reverse transcribed at 42 °C for 15 min using random hex-
amer priming. To establish quantitative expression profiles
for VEGFa and Hifla, commercially available, pre-opti-
mized real time-PCR assays (Assay On Demand, Applied
Biosystems) were used. Three reference genes (internal
controls) were used for relative quantification. Normfinder
[41] software was used to identify the optimal reference
gene for internal normalization from a set of house-keeping
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genes. Triplicates were averaged and data was normalized
to the house keeping gene B-actin of day O.

Statistical analysis

Statistical analysis was performed in SPSS 22 (SPSS Chi-
cago, IL). Differences between results were tested for sig-
nificance applying a post hoc Bonferroni test and a p value
threshold of 0.05 for statistical significance; a p-value
below 0.01 was considered highly significant.

Results

Figure 2 shows the high resolution and the excellent con-
trast of the morphological images acquired with the set-
ting described above. The scans show the changes of the
lesioned area of the physis (marked by arrows) of one rep-
resentative animal for all 7 time points of the study and
document the formation of bone bridges: On days 1 and
3 after the drill procedure, the drill mark causing physeal
interruption is clearly visible. On day 7 the physeal inter-
ruption caused by the drill mark disappears leaving a
homogenous high signal physis. A first low-signal bone
bridge can be seen as early as on day 14 and progressively
becomes more defined as a larger low-signal interruption
within a high signal physis. These interruptions did not
dissolve until the end of the study. SNR values showed
an observable decrease after two weeks: skeletal muscle
exhibited an average SNR of 82 in the first 14 days and 76

afterwards. For the physis, the SNR dropped from 72 to 36
on average.

The analysis of the reference regions of all days and
subjects yielded a relaxation rate of 0.82 + 0.17 s~'. The
results for the transfer coefficient and the extravascu-
lar extracellular volume provided by the reference region
model are shown in Fig. 3: on day 1 post-operation K" is
at a minimum and v is notably high; however, with strong
variations. On day 3 a non-significant increase of the trans-
fer coefficient accompanied by a decrease in ve is evident.
The value of K" on day 7 is significantly increased com-
pared to day 1 and reaches its maximum on day 42 post-
operation (highly significant different from day 14) with
a concomitant increase of the extravascular extracellular
space. Between the results of days 7, 14 and 28 no statisti-
cally significant differences exist. The value for the transfer
coefficient decreased significantly from day 42 to day 82
accompanied by a decrease of ve. For the entire study the
results for ve did not show significant differences between
measurement days.

Concerning factors of vascular growth, a first visible
but non-significant increase occurs on day 1 for VEGFa as
an immediate reaction to the operation (Fig. 4). The only
significant difference for VEGFa can be observed on day 7
post-lesion which shows increased values compared to
the baseline (day 0) and days 14 and 82. The expression
of Hifla increases from day 1 on with maximum values on
day 3 yielding a highly significant increase compared to
days 0, 14 and 82.

Fig. 2 High resolution, non-contrast-enhanced MR Images of the
lesioned area (arrow) in the tibial physis of one subject on daysa 1, b
3,¢7,d 14, e 28, f 42 and g 82 post-lesion (images were brightened

for a better view of the anatomy). The formerly disrupted area looks
closed on day 7 but on day 28 it is clearly disrupted again
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Fig. 3 Results for a K™ and a
b v, (n =5 for each day). Hori-
zontal bars indicate the median,
the 25th and 75th percentiles.
The values for the transfer
coefficient start to increase after
3 days and reach their maxi- 0.3
mum on day 42 post-operation.
The volume of the extravascular 02 é
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Finally, histological investigations additionally showed
the development of microvasculature in the physeal defect.
Figure 5 shows collagen IV-stained histologic slices of
days 1, 3, 7, 14, 28, 42 and 82 of the physeal lesion. On
day 1 the staining showed no vascularisation. On days 3
and 7 post-operation the staining clearly displays the pres-
ence of capillaries (marked by arrowheads). After two
weeks, first bony trabeculae (collagen IV-negative and
marked by arrows) are observed within the physeal defect
site. At this time-point collagen IV-positive vessels appear
to be more structured compared to days 3 and 7. On day 42
the defective area is filled with lamellar bone fragments,
which are surrounded by vessels. On day 82 post-operation
the number of collagen I'V-positive vessels appear reduced
compared to day 42.

Discussion
In order to detect bone bridge formation at an early stage
using a minimally invasive method a reference region

model was applied to DCE-MRI data of injured physes
to analyze the changes of the microvessel system of this
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tissue. Furthermore, the changes of the pharmacokinetic
parameter K" over time were compared to qRT-PCR
data and results of immunohistochemical analyses and the
development of bone bridges was observed using high-res-
olution MRIL.

The performed MRI studies show significant and clear
time dependent changes of the assessed model parameter
K™ This supports the hypothesis that changes of the
blood supply are a potential mechanism associated with
bone bridge formation of injured physes and permits a
detection of the formation even before it becomes visible in
MR imaging data.

Although this study was performed on a whole-body
system, high quality morphological images could be
obtained by using a dedicated receiver coil and by opti-
mizing the parameters of the 3D gradient echo sequence.
The used setting provided images with a voxel size of
0.19 mm x 0.19 mm x 0.72 mm, which allowed for an
identification of the relevant image details. For the sec-
ond half of the study the image quality was noticeably
decreased. This is owed to the growth of the animals caus-
ing an increase in the distance between the surface coils
and the region of interest, which consequently lead to a
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decrease of the SNR of the acquired data. However, the
sharp decrease for the SNR of the physis after 2 weeks is
also caused by a diminished signal intensity of the region
of interest due to the animals’ age. This is also reflected
by the much less pronounced decrease in SNR for skeletal
muscle. The images did not suffer from susceptibility arti-
facts; however, for higher field strengths this may be the
case, as reported by Taha et al. [42], who found a RARE
approach to be superior to FLASH at 9.4 T.

The high quality of the morphological scans provided a
good insight into physeal bone bridge formations through-
out the whole study. As was to be expected, the lesioned
area can be clearly identified shortly after the application of
the drilling procedure and the refillment of the injury was
largely completed on day 7 post-operation. By only inves-
tigating image data for this day, this refillment could be
accredited to healing processes closing the physeal lesion.
While a remaining damage of the tibia was still visible, the
formerly lesioned area of the physis was homogeneously
closed and the isointensity of the filled lesion compared to
the surrounding physis suggests a refillment with cartilagi-
nous tissue.

First changes in the investigated area become slightly
visible in the MR images on day 14 but without additional
information these changes cannot be positively assigned
to a bone bridge formation. However, the discontinuity of
the physeal area on day 28 is a strong indication for bony
activity. This new interruption of the physis occurred in all
examined subjects indicating a strong connection between
injuries across the physis and bone bridge-induced defec-
tive healing, as suggested in the literature [13, 15, 17, 34].
The onset of bone bridge formation is in good accordance
with findings of a recent study investigating the efficacy
of MRI for the detection of changes in bone morphology
[42].

The specific requirements of this animal study lead to
a moderate temporal resolution of the dynamic scan. This
and the lack of a feeding artery in the investigated area
required the application of an RRM to acquire pharmacoki-
netic parameters. The reference region was skeletal mus-
cle and the average relaxation rate of the reference regions
of all days and subjects is in good agreement with litera-
ture values [43, 44]. The analysis of the pharmacokinetic
parameter K'™ revealed changes in the investigated area,
which were not visible in imaging data. These changes
can be attributed to the underlying mechanisms of the for-
mation of bone bridges, which did not become visible in
the morphological images before day 14 and could not be
clearly identified before day 28 post-operation. On days 1
and 3 post operation the lesion is mostly filled with blood,
thus K™ cannot be reasonably determined. Especially on
the first measurement day the development of blood vessels
is expected to be still very low, which hinders a meaningful

parameter identification. This, for instance, is reflected in
the quite strong variance of the values for v.. However,
from day 3 onwards the fitting routines provide robust,
i.e. less scattering, results and the increase of K" sug-
gests a proliferation of microvessels.

While it is not completely clear whether such an estab-
lishment of a microvessel structure triggers a defective
healing and thereby hinders a restitutio ad integrum, it
can be considered as a first sign for the formation of bone
bridges. This is a remarkable finding, since prior to this
study date neither histologic analysis nor MR image data
could unambiguously detect newly formed bone tissue.
Histology could confirm the presence of bone fragments
in the lesioned area [13] but it is still disputed if these
bone fragments within a fracture site lead to the forma-
tion of bone bridges, as according to Xian et al. [17], an
irrigation of the drill track had no measurable effect on the
development of osseous matter. Therefore, the determina-
tion of K1 allows for an earlier detection of bone bridge
formation.

After day 3 post-operation the transfer coefficient indi-
cates a steady increase. The maximum value of K" on
day 42 reflects the blood supply of bone bridges, which
could be clearly detected in the morphological images at
that time.

The volume of the extravascular extracellular space did
not provide additional information. The decrease at the
beginning of the study could be interpreted as a sign for
increased blood supply; however, it was reported that the
RR estimate of ve and the estimate produced by the stand-
ard method with known AIF are not correlated [45]. There-
fore, and since the changes of this parameter were only sta-
tistically non-significant the course of this quantity was not
investigated further.

The analysis of collagen IV-stained histology data con-
firmed the presence of vascularity from day 3 onwards,
which coincided with an increase of K", After two weeks
the stained vessels appear less scattered but greater in size
and first formations of bone bridges can be detected. This
is followed by another increase of K until day 42 fol-
lowed by a decrease between days 42 and 82, which coin-
cides with a seemingly reduced staining. The voxel based
integrative parameter K™" show a smoother development
with less variation in comparison to parameter from histo-
logical samples.

The increased expression of VEGFa on day 7 is pre-
ceded by a rise in the expression of Hifla with its maxi-
mum on day 3. VEGF expression has been reported to be
induced by hypoxia [46]. Furthermore, the heterodimeric
basic helix-loop-helix protein Hifl has been attributed
to directly activate VEGF transcription in hypoxic cells,
implicating Hifla to play a pivotal role within this cascade
[47, 48]. Although, VEGF and Hifla were not measured
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Fig. 5 Immunohistochemical expression pattern of collagen IV dem-
onstrating vascular ingrowth preceding bone bridge formation at the
physeal lesion site. “Physeal lesion” shows an overview of the phy-
seal lesion (filled star lesion, P physis, E epiphysis, M metaphysis of
the tibial head). In the remaining images collagen IV-positive vas-
cularization, stained red/brown, is highlighted by arrowheads (filled
pointer), while arrows (white arrow) mark bone fragments which
eventually form a bone bridge. The physeal lesion is postoperatively
filled by hematoma without obvious vascular demarcation (day 1).
Day 3 shows first capillaries ingrowing from surrounding hematoma
into the physeal lesion site (indicated by arrowheads). The maximum
number of capillaries pervading the physeal lesion are seen on day 7.
Day 14 shows bony trabeculae traversing the physeal defect, matur-
ing to a bone bridge connecting the epiphysis with the metaphysis by
day 28 (marked by arrows). By day 42 the bone bridge consists of
lamellar bone and is accompanied by distinct vessels, which decline
with further maturation of the bridge (day 82)

on protein levels in our study, we suspect that, based on
our qRT-PCR results, the changes of the microvessel sys-
tem and the increased values of K" occurring on day 7
were most probably triggered by hypoxia within the phy-
seal lesion site. The scattered VEGFa expression observed
primarily on day 7 is presumably associated with the rela-
tive small sample size, where a short increase of expression
towards the randomly selected day 7 may be hard to detect
exactly. The statistical outlier of day 7, however, may be
due to a contaminated sample by surrounding tissue.

Comparing the results of MR imaging and the phar-
macokinetic analyses to the complementary data it can be
stated that the increase in K™ corresponds to a filling of
the physeal injury with vasculature. The data also shows
that the non-significant increase of K" between days 7
and 14 coincides with a return of VEGFa expression to
its initial value on day 14. However, it is also notable that
gRT-PCR results reveal a rather pronounced variance in the
data while the pharmacokinetic analysis provides a clearly
identifiable trend. The results suggest that the combination
of high-resolution MRI with a pharmacokinetic analysis
allows to identify bone bridge formation at an early stage,
while being only minimally invasive.

Currently, Gadolinium-based contrast agents are not
generally used for the detection of physeal bone bridges;
however, contrast-enhanced measurements are already
applied for different disorders, such as the Legg—Calvé—
Perthes disease [49]. Therefore, we expect our method to
be generally applicable to children, which would provide
a quantitative measure for changes in the micro-vessel
system associated with the formation of bone bridges at
an early stage. The detection of changes in K™ was at
least 7 days earlier than the detection of first morphologi-
cal signs for bone bridges. This time period may translate
from the specific animal model to a duration between 6
and 19 months for humans [50, 51], which can be par-
ticularly important in cases with concealed physeal

bridging. Clinically, many physeal bone bridges may not
become evident until months or years have passed and
growth disturbances have developed [1]. This highlights
the necessity for early recognition of physeal bone bridge
formation, which subsequently aids surgical management
in order to restore potential growth to the bone.

Conclusion

In this study, we used DCE-MRI on a clinical system to
assess parameters related to blood supply in an animal
model in order to investigate the possibility to detect
the formation of bone bridges using a minimally inva-
sive method. We conclude that a transphyseal lesion is
associated with increased values for K™ which could
be observed from day 3 onwards using DCE-MRI. The
increase of the transfer coefficient coincides with a pres-
ence of vascularity, which appears to trigger the consecu-
tive bone bridge formation and thereby may hinder a res-
titutio ad integrum of the physeal defect.

MR measurements did not only document the forma-
tion of bone bridges but additionally provided quantita-
tive information on tissue development and microvessel
proliferation in the lesioned area. The analysis of the
DCE data enabled an indirect detection prior to visibil-
ity in morphology images, which may help in preventing
growth disturbances in children by allowing therapeutic
intervention early in course. This finding, however, still
needs verification in a human study.
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ity of Relaxometry of Human Lumbar Vertebrae at 3 Tesla Using 'H MR
Spectroscopy.” In: Journal of Magnetic Resonance Imaging (Dec. 2017). DOIL:
10.1002/jmri.25912

2.3.1 Summary

The NMR spectrum of normal bone marrow mainly consists of fat and water
signal which relate to its fatty (yellow) and hematopoietic (red) components.
The ratio of these components depends on age due to a well-established
conversion of red to yellow bone marrow [138]. This age-related change
was shown for various body regions using MR imaging [139—143] and for
human lumbar vertebrae using MR spectroscopy (MRS) [145, 146, 148, 165].
Furthermore, the percentage fat fraction (FF) was shown to be connected
to bone mineral density [166], osteoporosis [167], and abdominal adipose
tissue [168].

The fat component of a 'H NMR spectrum of a lumbar vertebra consists of
various peaks. Therefore, a simple analysis of peak values of the water peak
and the main fat peak may be error prone causing either an underestimation
of the complete fat component, or — if only the main fat peak is of interest —
an overestimation due to peak overlaps [165].

It was shown that T, of the water compartment (T, ) is significantly shorter
than that of fat in lumbar vertebrae [169], and therefore it is important to
note that a correction of the influence of T, was either omitted or performed
using average values in the above-mentioned MRS-based studies. Besides
the difference between the two compartments, T, is very short in general.
Therefore, the minimum achievable echo time T for clinical MR scanners
can also influence the accuracy of the determination of the fat fraction. The
need for T; correction of MR spectra of human lumbar vertebrae has been
shown recently [59].

The relaxation times in both fat and water compartments as well as the fat
fraction corrected for relaxation decay were determined for vertebrae L2 and
L3 at 3 Tesla using MR spectroscopy. The results derived from repeated mea-
surements were analysed for intra-individual variability. Furthermore, the
error introduced by omitting the correction for relaxation was determined.
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Reproducibility of Relaxometry of Human
Lumbar Vertebrae at 3 Tesla Using '"H MR
Spectroscopy

Bernhard Neumayer, MSc 2% Thomas Widek, MSc,"? Rudolf Stollberger, PhD,?3
and Eva Scheurer, MD, MSc?

Background: MR spectroscopy is widely used for fat fraction quantification of human lumbar vertebrae. However, the
measurements need to be corrected for relaxation effects.
Purpose: The aim of this study was to determine the reproducibility of relaxometry in human lumbar vertebrae required
for the correction of fat fraction measurements using magnetic resonance spectroscopy at 3 Tesla. Such information
provides error estimates and guidance regarding reliability for future studies.
Study Type: Prospective.
Subjects: Forty-six healthy volunteers (22 female [f], 24 male [m]) participated in this study.
Field Strength: All subjects underwent three consecutive multi-Tg/multi-Tr MR spectroscopy measurements at 3 Tesla.
Assessment: A total of 2580 spectra of lumbar vertebrae L2 and L3 of 43 subjects (21f, 22m) were quantified using
JMRUI software. Data were exported and mono-exponential fits were applied to the signals of water and fat compart-
ments to derive relaxation times and calculate the fat fraction corrected for relaxation effects. Finally, relaxation times
and fat fraction results of repeated measurements were analyzed for reproducibility.
Statistical Tests: Reproducibility was evaluated by calculating the coefficient of variation (CV). Influences of volunteer
age and sex were tested by analysis of covariance.
Results: The CV for all calculated parameters ranged between 1.22% (T, of the fat compartment) and 3.02% (T4 of the
fat compartment). Relaxation times and fat fraction were statistically different for female and male volunteers (P <0.01)
and relaxation times of the water compartment showed significant (P < 0.01) correlation with the fat fraction.
Data Conclusion: Based on repeated acquisitions using the measurement parameters applied in this study, magnetic
resonance spectroscopy allowed a reproducible calculation of the fat fraction corrected for relaxation effects. T1 of the
water compartment showed high reproducibility and correlation with the fat fraction. It, therefore, might be considered
as a parameter linked to the composition of the water compartment and patient health.
Level of Evidence: 1
Technical Efficacy: Stage 1
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he NMR spectrum of normal bone marrow mainly con-

sists of fat and water signals which relate to its fatty
(vellow) and hematopoietic (red) components. The ratio of
these components depends on age due to a well-established
conversion of red to yellow bone marrow over the years.'
This age-related change has previously been shown for vari-
ous anatomical regions using MR imaging”® and for
human  lumbar vertebrae using MR  spectroscopy

(MRS).”™'° Furthermore, fat fraction (FF) has been shown

. L1112 1
to be connected to bone mineral density, osteoporosis,
and abdominal adipose tissue.'*

The dependence of the fat fraction on gender is yet to

7,8,16

be fully determined."® Several authors reported a signif-

icant difference between female and male subjects using

17-20

MRS. However, some imaging studies confirm as well

421,22
as refute

gender-related differences. A plausible expla-
nation for these differences may be offered by the differ-

. . 2
ences in the applied measurement methods. 3
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The fat component of a 'H NMR spectrum of a lumbar
vertebra consists of various peaks. Therefore, a simple analysis
of signal amplitudes of the water peak and the main fat peak
may be error prone causing either an underestimation of the
complete fat component, or, if only the main fat peak is of
interest, an overestimation due to overlapping peaks.”

Considering this, the data of existing work cannot easily be
compared: Schellinger et al (8) mainly examined patients with
back pain and determined the lipid water ratio using both signal
amplitude and area values by charting the water area and sub-
tracting it from the total area to determine the fat part. Kugel
et al” examined healthy volunteers and determined the signal
intensity in a spectrum by plain integration and correcting all
results for T, decay using an average T) for all patients. Griffith
et al'® examined healthy subjects and focused on an older age
range that was not covered by Kugel et al; however, the fat frac-
tion was calculated using signal amplitudes and was not cor-
rected for signal decay. The findings of this study showed an
inverse behavior compared with previous work: the fat fraction
in women was significantly higher than that in men.

Considering that the T, of the water compartment
(T,.) is much shorter than that of fat (T, ¢) in lumbar verte-
brae,* it is noteworthy that a correction of the influence of
T, was either omitted or performed using average values in
the above-mentioned MRS-based studies. Additionally, T, ,
is very short in general, which means that limitations of the
minimum achievable echo time Tg for clinical MR scanners
can also influence the accuracy of the determination of the fat
fraction. The need for T, correction of MR spectra of human
lumbar vertebrae has also been shown in a recent study.”

The correction of T, effects depends on the accuracy
and reproducibility of the method used to determine the
respective relaxation times of the water and the fat compart-
ments. The reproducibility of fat content quantification of
bone marrow based on repeated MRS acquisitions at 3 Tesla
has already been investigated9’26; however, the correction for
relaxation effects and the determination of the relaxation-
corrected fat fraction has not been examined.

The main aim of this study was to investigate the
relaxation times in both fat and water compartments of ver-
tebrae L2 and L3, and to consequently determine the repro-
ducibility of fat fraction calculations when correcting for
relaxation decay at 3 Tesla. The intra-individual variability
of relaxation times and fat fraction values resulting from
repeated measurements as well as the error introduced by
omitting the correction for relaxation were analyzed.

Materials and Methods
Study Design

The study was performed in accordance with the Declaration of
Helsinki and was approved by the ethical committee of the local
medical university. All eligible volunteering participants provided

written informed consent.

Subjects

Forty-six healthy volunteers (22 female [f], age: 27.08 +5.32
years; 24 male [m], age: 31.08 = 5.67 years) participated in this
study. All subjects had no history of bone disease or vertebral
abnormalities and had not received any drugs reported to alter or
affect the bone marrow.

MR Measurements

All subjects were examined in supine position on a clinical 3T MR
scanner (Trio [30 volunteers: 8f, 22m / Prisma [16 volunteers: 14f,
2m], Siemens Healthineers, Erlangen, Germany) using the spine
coil and a surface coil. Before spectroscopy, scout images were
acquired in sagittal, coronal, and transverse plane. The volume of
interest for spectroscopy was positioned in the center of vertebral
bodies L2 and L3 subsequently for "H-MRS using STEAM (stimu-
lated echo acquisition mode) sequences with the following parame-
ters: voxel size 20X 20 X 20mm® (reduced if necessary); Tg/
Tr = 20, 40, 60, 80, 100/5000 ms for T, determination and T/
Tr = 20/600, 1000, 2000, 3000, 10000 ms for T determination;
band width = 2000 Hz; averages = 10; Ty = 10 ms to minimize ]
coupling effects; no water suppression; no regional saturation
bands.

Each examination included patient positioning, measurement
and removal from scanner. This procedure was performed three
times in total for each subject. All three measurements and patient
positioning took approximately 1h and 45 min. All data of each

volunteer were acquired on the same MR system.

Spectral Fitting and Data Analysis

Spectra were analyzed in the time-frequency domain using j]MRUI
software’” and the AMARES algorithm.”® Five resonances were
identified in the acquired spectra: CHj (0.9 ppm), CH, (1.3 ppm),
CH,CH=CH (2.0 ppm), (4.7 ppm), and CH=CH
(5.3 ppm). These five peaks were included in the AMARES algo-
rithm. Peak fitting for the resonances of water and CH, was

water

achieved by combination of Gaussian and Lorentzian lines to
account for the non-Lorentzian shape of the peaks; the resonance
frequencies and weightings of the individual lines of these combi-
nations were fixed relative to each other to avoid a fit to neighbor-
ing resonances. For the remaining resonances, line widths and
resonance frequencies were constrained relative to either the water
or CH, peak; amplitude estimation remained unconstrained.

The spectral fits were exported to MATLAB (R2014b, The
MathWorks Inc., Natick, MA) for the correction of T; and T,
effects. The fat component Iy, was calculated as the sum of all res-
onances except the water component I, The results for fat and

water were then separately fit to the signal equation

_Tg

_IR Ty
I=1, - (l—e Tl)e T (1)

to calculate relaxation times, T and T, as well as the respective
proton density-related value Iy. The influence of J coupling on the
fat signal was neglected.”” The fat fraction was then calculated by

FF= IO,fat
IOA,water + IOfat

)
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FIGURE 1: Complete data set acquired for one vertebra. (a) Spectra acquired with 5 different values of Tg. (b) Spectra acquired
with 5 different values of Ti. (c) Spectrum acquired with Tg/Tg = 20 ms/5000 ms and corresponding data fit and fit residuals.

to derive a fat fraction value corrected for T; and T, decay (see
Fig. 2 for a graphical depiction of the fitting procedure and the
calculation of the fat fraction).

Additionally, relaxation time estimates for individual fat
components were calculated by applying Eq. [1] to averaged data.
The averaging was performed by normalizing the data of each mea-
surement using the last data point (Tg/Tg =20 ms/10000 ms) and
calculating the median of all measurements for each component to

reduce the influence of outliers.

Statistical Analysis

Reproducibility of relaxometry was determined by comparing the
results of the three repeated measurements of one vertebra to
their respective mean value. Data were normalized by subtraction
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of the corresponding mean value to produce a distribution
around zero for all measurements. The standard deviation ¢ of
this quantity served as a measure for reproducibility and was cal-
culated absolutely (o,,,) and relatively. For the relative measure,
the coefficient of variation (CV) was calculated by dividing o,
by the respective mean value. This analysis was applied to relaxa-
tion times T and T, of the water (T, T,,) and the fat com-
partment (T T,¢). Additionally, the fat fraction (FF) and an
uncorrected Tp-weighted fat fraction (FF,,con), which was calcu-
lated using only spectra acquired with the shortest available echo
tme (Tg/Tr =20/5000 ms) and applying Eq. [2], were also
compared to evaluate the error introduced by omitting relaxation
correction (see Fig. 2). This comparison provided a distribution

around a nonzero mean value, which is a measure for the error
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FIGURE 2: a-d: Exemplary fits of relaxation times (a,b) and comparison of corrected (FF) and uncorrected (FF,ncor) fat fraction
(c,d). (a) and (b) show data points for the water and fat compartments derived from the data set shown in Figure 1 and the corre-
sponding data fits. Additionally, data points used for the calculations of FF and FF,,cor and their respective results are shown. (c)
Absolute deviations of FF,, . values from the corresponding mean of FF. (d) Relative deviations compared with the correspond-

ing mean value.
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TABLE 1. Reproducibility of Relaxometry and Fat Fraction Determination

Tl,w T2,w Tl,f T2,f FF F Funcorr FF corr/uncorr
ube 20 ms 0.7 ms 11 ms 0.7 ms 0.7% 0.7% 2.9% (= 12.92%)
CvV 2.0% 3.0% 3.0% 1.2% 1.9% 1.4% 4.3% (1= 26.65%)

introduced by omitting the correction of relaxation effects for fat
fraction analysis.

Correlations between fat fraction and relaxation times were
analyzed by performing linear regression and calculating the Pear-
son correlation coefficient (Pearson’s 7). Potential influences related
to volunteer age and sex were analyzed applying analysis of covari-
ance (ANCOVA) with separate lines. Significance was assumed for
a P-value of <0.05. Reproducibility values were determined using
the data of both vertebrae of all volunteers. Correlations between
calculated parameters were determined using mean values of three
associated measurements to avoid an influence of increased number

of data points on the statistics.

Results

Data of one female and two male volunteers were excluded
due to distorted spectra leading to age distributions of
27.32 +5.32 and 30.84 = 5.87 years for female and male
subjects, respectively. This resulted in 43 volunteers and
2580 MR spectra, which could be analyzed in this study.

Figure 1 shows a complete set of spectra acquired for
one vertebra. Figure la shows spectra acquired for the 5 dif-
ferent echo times and Figure 1b the spectra for the five dif-
ferent repetition times as described in the Materials and
Methods section above. Figure 1lc shows a data fit for a
spectrum acquired with Tg/Tr =20 ms/5000 ms.

An exemplary fit of relaxation curves and the compari-
son of FF and FF ... are presented in Figure 2; Table 1
lists all results in detail. The comparison of corrected and
uncorrected fat fraction values yields a CV of 4.3%. The
average error of absolute fat fraction determination without
correction for relaxation was 12.9%, which corresponds to a
relative error of 26.7% when compared with the respective

mean value of the corrected fat fraction.

TABLE 2. Pearson’s r for Correlations Between Cor-
rected Fat Fraction and Relaxation Times?®

Tl,w
All L2 L3

T2,w
All L2 L3

FEai  —0.53 —0.51 —0.53 —0.47 —0.46 —0.48
FFremge —0.40 —0.36 —0.43 —0.49 —0.51 —0.46
FFyme —0.72 —0.68 —0.76 —0.37 —0.33 —0.41

*All correlations significant with 2 < 0.01.

Table 2 shows the correlation between fat fraction and
relaxation times T, and T,,. The relaxation times of the
water compartment show strong correlation with the fat
fraction. ANCOVA showed significant differences between
female and male volunteers (2 < 0.001) and confirmed sig-
nificantly different slopes for T, (2 < 0.05). T, showed a
weak correlation only for male volunteers and T did not
show any significant relationship with the fat fraction; there-
fore, these values are not listed in Table 2.

Detailed results for relaxation times and fat fraction
are shown in Table 3 and relaxation time changes with vol-
unteer age are presented in Figure 3. Relaxation times T} ,,
Tyw and To¢ (P<0.001) and fat fractions (P < 0.05) were
significantly different between female and male volunteers.
Significant age-related changes were observed for the T,
compartments in male volunteers and the correlation lines
in Figure 3 show a decrease of 1.6 ms and 2.6 ms per
decade for T, and T, 4 respectively. However, ANCOVA
only confirmed significantly different slopes for T,y
(P<0.05).

The longest T; values in a cohort are of interest to
estimate the maximum T;-weighting that may influence fat
fraction calculations. Largest T; values occurred for the
water compartment and were 1389 ms and 1100 ms for
female and male volunteers, respectively. Assuming mono-
exponential longitudinal relaxation and a repetition time of
Tr=3000 ms, the amplitude of the water compartment
signal is reduced by 7.4% and 4.6% for female and male
subjects, respectively, when assuming the average T; values
reported in Table 3. For the maximum T; value in female
subjects, the reduction of the water signal rises to 11.5%
(6.5% for male subjects), potentially leading to an overesti-
mation of the fat fraction in female volunteers. For a repeti-
tion time of Tr = 5000 ms, the longest T leads to a signal
decrease of 2.7%.

Relaxation times for individual fat components were
T,/T; =75 ms/355 ms for CH,, T,/T; =63 ms/601 ms
for CH3, T,/T; =34 ms/377 ms for CH,CH=CH and
T,/T; =66 ms/515 ms for CH=CH.

Discussion

The presented results demonstrate the high reproducibility
of relaxometry in human lumbar vertebrae, which is impor-

tant for the calculation of the fat fraction corrected for
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TABLE 3. Mean Values and SDs for Determined
Relaxation Times and Corrected Fat Fractions
1 - 15 Toe Ta FF
(ms) (ms) (ms)  (ms) (%)
Hall 1061 23 368 58 36.4
OAll 113 3.1 12 3.1 10.0
Hfermale 1154 25 370 60 33.6
Ofomale 82 2.4 12 2.0 7.9
Hmale 973 21 367 57 39.1
Omale 50 1.7 13 33 11.0

relaxation times. For the applied measurement parameters,
the maximum CV was 3.02%, which occurred for T; of the
fat component, T; g the maximum absolute error was 20
ms, which occurred for T; of the water compartment, T} ,,
and is tantamount to a CV of 1.97% due to the long T,
values of lumbar vertebrae.

The high reproducibility of relaxometry is also
reflected in the high agreement of the results of fat fraction
determination. The values of ¢,,; demonstrate no determin-
able differences between reproducibility for the corrected fat
fraction, FF, and for the uncorrected fat fraction, FF o

The CV of 1.91% for the reproducibility of FF is
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comparable to that reported by Li et al” for vertebrae 12
and L3 (1.9% and 2.0%, respectively), who did not correct
for relaxation effects, and the value for FF,,,. is even
smaller. This difference can mainly be explained by the long
Tg of 37 ms Li et al applied, using a point resolved spec-
troscopy (PRESS) sequence. The short T, of the water com-
partment will lead to a strongly decreased water signal for
this echo time value and signal noise will have considerable
effect on the calculated fat fraction. Ultimately, the observed
differences between FF and FF, .o (e.g., high values corre-
sponding to average error and CV) emphasize the need for
relaxation correction, a fact also recently highlighted in Die-
ckmeyer et al.?

We were able to reproduce a negative association
between T, and the fat fraction as reported by Die-
ckmeyer et al®® for women; however, we also observed the
same findings in men and additionally identified a correla-
tion between T ,, and FE The negative association between
T, and FF thereby is comparable to that reported for
brown adipose tissue.”” It is noteworthy that for female sub-
jects T, shows higher correlation while for male volunteers
T, exhibits a stronger negative trend with increasing fat
fraction. Dieckmeyer et al suggested T,, to be a useful
parameter linked to the water compartment composition.
Considering the higher reproducibility of T;,, compared
with T,,, T, may be better suited for the assessment of
the state of the water compartment.

20 25 30 35 40 45
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FIGURE 3: a-d: Changes in relaxation times Ty, (a), T1,w (b), T2+ (c), and T4+ (d) with volunteer age. Correlation lines are only

shown for statistically significant changes.
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The relaxation times reported in this work identify dif-
ferences between female and male volunteers and indicate
changes associated with age. Such information can conse-
quently be used to avoid potential problems in studies on
lumbar vertebrae. Changes in T, ,, and T, with volunteer
age for male subjects once more emphasize the need for T,
correction for these kinds of studies. Furthermore, the
smallest echo time of Ty =20 ms was adequate for repro-
ducible T, fits. Nevertheless, even shorter echo times may
enable a more accurate parameter identification. Concerning
T4, a repetition time of 5000 ms as used in this study can
sufficiently avoid T;-weighting of the measurements. It was
shown that for the T values determined in this study, a Ty
of 3000 ms would have a notable effect on fat fraction cal-
culations as the amplitude of the water compartment signal
is reduced. This T;-weighting in combination with long
relaxation times reported for lumbar vertebrae at 1.5T°'
and the stronger decrease of T, with age compared with
T,, may even explain the reversal of the sex difference
reported by Griffith et al.'® However, the correlation of T,
with age needs to be verified with additional data of older
volunteers.

The pronounced variation in T;,, especially in
women, suggests, that using average values for correcting
relaxation effects may be inadequate for this parameter. For
transverse relaxation times, the variation is smaller; however,
because T, ,, is particularly short and additionally appears to
be decreasing with age, a correction using average values is
potentially error prone and unadvisable.

A limitation of this study is the assumption of com-
mon relaxation times for all fat peaks of a volunteer. The
fitting of individual relaxation times is in principle possible
as we did not constrain peaks to certain ratios of other
peaks but the assumption of a common relaxation time was
necessary to maintain a stable fitting. A fitting of individual
relaxation times leads to high variations in the results espe-
cially for small peaks and a coupling to the main peak for
calculations is expected to provide a more accurate result
instead. Generally, different relaxation times can be expected
for individual fat peaks, which was also suggested by esti-
mates provided in this study; however, for STEAM sequen-
ces it was shown that the difference between using the sum
of all peaks for T, correction and T, correction of individ-
ual peaks is negligible for fat fraction calculations.”” Con-
cerning T+, the minimum Ty used in this study may be too
long to reliably identify differences in T; g which most
probably explains the small variation of T;¢ over all
volunteers.

Furthermore, analysis of reproducibility requires
changing conditions between measurements. For this study
this was achieved by removing the subjects from the scanner
after the acquisition of an entire protocol and a new regis-
tration for the following measurements; a more generalized

6

approach could also include acquisitions on different scan-
ners. In addition, this study only included healthy volun-
teers. We expect our method to be applicable to clinical
patients; however, a considerable T, shortening due to a
medical condition could require shorter echo times.

Besides these limitations, the number of female and
male volunteers was almost identical and the covered age
range is comparable for both groups, so that we expect the
differences between these groups to be representative and
reproducible for larger numbers of volunteers.

In conclusion, the high reproducibility of relaxometry
of human lumbar vertebrae presented in this study enabled
a stable correction of the fat fraction to derive a value not
weighted by either T, or T;. At 3 Tesla, the minimum echo
time of a multi-Ty MRS measurement should be 20 ms or
shorter to allow reliable determination of the short T, of
the water compartment. To avoid a Ti-weighting of the
measurements, a Tr of at least 5000 ms is recommended
due to the long T of the water compartment. Furthermore,
T, shows high reproducibility and correlation with the fat
fraction, indicating it may serve as a parameter linked to

patient health in the future.
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2.4.1 Summary

The topic of age estimation in the living is important for clinical applica-
tions [171-173] as well as legal or forensic investigations [174-177]. Current
recommendations suggest X-ray-based imaging modalities for age estima-
tion [178]; however, to avoid the application of ionizing radiation, MRI has
recently experienced increased interest [175, 179-184]. Further, while for
X-ray-based methods a substantial variance of the estimation error was
reported when using only a single biological characteristic [185], a recently
developed fully automatic method based only on MR images of the left
hand and wrist provided promising results in an objective and repeatable
manner [133].

A general drawback of MRI is the requirement of considerably longer mea-
surement times compared to radiographs or computed tomography leading
to increased examination costs and reduced patient comfort. A reduction
of scanning time of MR acquisitions can be achieved with undersampling
strategies and to recover artefact-free images from undersampled data, i.e. a
reduced amount of data, advanced reconstruction methods have been devel-
oped [16—21]. The aim of this study was to investigate the reproducibility of
age estimation based on undersampled MR data.

For 15 healthy volunteers MR raw data of the left hand was retrospectively
undersampled applying the CAIPIRINHA (Controlled Aliasing In Paral-
lel Imaging Results IN Higher Acceleration) undersampling strategy with
varying acceleration factors; image reconstruction was performed using
TGV (total generalized variation) [186, 187]. Two radiologists randomly
assessed the original images and two sets of images reconstructed from un-
dersampled data applying the method proposed by Greulich and Pyle [130].
Additionally, a neural network-based age estimation method [133] analysed
four sets of further undersampled images.

The age estimates derived from undersampled data were compared to
the estimates based on original images. The differences were analysed to
determine the influence introduced by undersampling and to identify the
limits of acceleration applicable to MRI data for age estimation.
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Reducing acquisition time for MRI-
based forensic age estimation
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© Radiology-based estimation of a living person’s unknown age has recently attracted increasing
Accepted: 19 January 2018 : attention due to large numbers of undocumented immigrants entering Europe. To avoid the application
Published online: 01 February 2018  : of X-ray-based imaging techniques, magnetic resonance imaging (MRI) has been suggested as an
. alternative imaging modality. Unfortunately, MRI requires prolonged acquisition times, which
potentially represents an additional stressor for young refugees. To eliminate this shortcoming, we
investigated the degree of reduction in acquisition time that still led to reliable age estimates. Two
radiologists randomly assessed original images and two sets of retrospectively undersampled data
of 15 volunteers (N = 45 data sets) applying an established radiological age estimation method to
. images of the hand and wrist. Additionally, a neural network-based age estimation method analyzed
. four sets of further undersampled images from the 15 volunteers (N =105 data sets). Furthermore,
. we compared retrospectively undersampled and acquired undersampled data for three volunteers.
To assess reliability with increasing degree of undersampling, intra-rater and inter-rater agreement
were analyzed computing signed differences and intra-class correlation. While our findings have to
be confirmed by a larger prospective study, the results from both radiological and automatic age
estimation showed that reliable age estimation was still possible for acquisition times of 15 seconds.

Age estimation in living individuals is important for clinical applications'~ as well as in legal or forensic medi-
cine investigations* and sports®~*, but it is prone to uncertainty caused by the variation of human development’.
Concerning biological age one can draw insights from comprehensive studies'®!! but the use of biological
development for estimating chronological age, as required in forensic applications, is still a topic of current
research!'?", Recently, the increased flow of individuals into and across the European Union raised interest in
forensic age estimation for children, adolescents and young adults claiming to be minors but lacking valid iden-
tification documents'.

Current multi-factorial age estimation methods are based on a radiograph of the hand, a panoramic X-ray
image of the teeth and computed tomography images of the clavicles'. To avoid exposure to ionizing radiation,
there is growing interest in magnetic resonance imaging (MRI) for forensic age estimation®'¢-%. This interest has
led to developments such as a recently proposed fully automatic machine learning based method* based on MR
images of the left hand and wrist.

Compared to acquiring radiographs or computed tomography images, MRI has the drawback of considera-
bly longer acquisition times, leading to increased examination costs and reduced patient comfort. Additionally,
longer acquisition times are more prone to errors due to motion artefacts when acquiring images of children or
adolescents. Therefore, short examination times are highly preferable.

A reduction of MR scanning time can be achieved by leaving out acquisition steps, often termed undersam-
pling. The CAIPIRINHA (Controlled Aliasing In Parallel Imaging Results IN Higher Acceleration) undersam-
pling strategy® enables optimized acceleration for 3D image acquisition and is readily available on current MR
scanners. To recover artefact-free images from a reduced amount of data, an advanced reconstruction strategy
has to be applied. For this task fotal generalized variation (TGV) regularization?*?’ has already demonstrated its
applicability in various MRI studies®*-*!. We thus anticipate applicability with a high acceleration potential for
volumetric MR data for age estimation by using CAIPIRINHA and TGV.

1Ludwig Boltzmann Institute for Clinical Forensic Imaging, Universitatsplatz 4, 8010, Graz, Austria. %Institute of
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Torig 1 226s Yes Yes
Tsimao 3.89 29s Yes Yes
Tgimis 7.49 15s Yes Yes
Tsimio 10.84 10s No Yes
Tsims 13.96 8s No Yes
Tsim7 16.86 7s No Yes
Tsime 19.58 65 No Yes
e R
Tacqas 4.07 28s No No
Tacqis 7.55 15s No No
Tacgs 13.63 8s No No

Table 1. Overview of acquisition times and acceleration factors for simulated and acquired data. p: mean, o:
standard deviation, AF: acceleration factor describing speed-up of acquisition time, tyq,: acquisition time.

We conduct this feasibility study to investigate the degree of acceleration that can be applied to hand/wrist
MRI for age estimation without significantly influencing the estimation outcome. This aims at determining limits
and applicability of the proposed method by comparing the reliability of both human and automated evaluation,
reflecting the potential of automatic methods to support radiologists in age estimation tasks.

Methods

Ethics Statement and Informed Consent.  The study was performed in accordance with the Declaration
of Helsinki and was approved by the ethical committee of the Medical University of Graz (EK 21-399 ex 09/10).
All volunteers provided written informed consent. From underage participants written consent from a legal
guardian was additionally obtained.

Subjects. For this feasibility study 18 healthy male Caucasian volunteers between 13.8 and 23.2 years
(mean =17.2y, median = 17.0y) were recruited to acquire three-dimensional MR images of the left hand and
wrist. The data of 15 volunteers were used to investigate implications of a reduction in acquisition time on result-
ing age estimates as described below. The data of the remaining three volunteers (see Table 1) were used to com-
pare retrospectively undersampled images with actually acquired undersampled images.

MR Image Acquisition. MRI exams were performed using commercially available clinical 3T MR scan-
ners (Skyra/Prisma, Siemens Healthineers, Erlangen, Germany) and a conventional 20-channel receive-only
head-neck coil (Siemens Healthineers, Erlangen, Germany). Volunteers were placed in prone position with out-
stretched left arm. The hand was weighted down using a sandbag to minimize movements.

For all 18 subjects T,-weighted 3D FLASH (Fast Low Angle SHot) VIBE (Volumetric Interpolated Breath hold
Examination) measurements (Tg/Ty/FA =4.06 ms/14 ms/15°, field-of-view =129 mm x 23 0mm, two averages,
acquisition matrix =129 x 230 and image matrix =288 x 512, 72 slices) of the left hand and wrist were acquired.
The resulting 3D volumes had an image resolution of 0.45mm X 0.45mm x 0.90 mm and required an acquisi-
tion time of ts., = 3:46 minutes. For later comparisons with undersampled data, the images from this
fully-sampled data are referred to as original images or data.

For three volunteers (see Table 1) accelerated measurements were additionally acquired using CAIPIRINHA
with 12 calibration lines and acquisition times of 28, 15 and nine seconds.

For a better understanding, an overview of the study design is given in Fig. 1.

Retrospective Undersampling of MRI Data. Undersampling MRI raw data is equivalent to not acquir-
ing part of the data, i.e. leaving out data lines during the acquisition. Therefore, retrospectively undersampling
conventionally acquired data by removing data lines from the fully-sampled data set prior to image reconstruction
is a valid reference method to determine specific acceleration potential. The retrospective undersampling of the
raw MR data was applied by simulating the commercially available CAIPIRINHA acquisition strategy with min-
imized noise amplification®2.

For 15 volunteers, the CAIPIRINHA method with 12 calibration lines was applied retrospectively to simulate
six different reduced acquisition times (t,,,) between 29 and six seconds (see Table 1) providing a total of 105
data sets. Only non-averaged data were undersampled, which additionally reduced the required acquisition time
by a factor of two, compared to the standard setting of performing two averages. In order to reduce the computa-
tional burden, the multi-channel data were reduced to a lower number of virtual coils via coil compression®. The
virtual coil sensitivities were then estimated from the calibration data with the ESPIRIT method**. Image recon-
struction was carried out for all simulated acceleration factors (AF) using the TGV method?, which considers
smooth tissue variations and uses a dedicated optimization algorithm®® adapted for parallel computing. When
comparing images reconstructed from retrospectively undersampled data to original images they will be referred
to as simulated images or data.
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Figure 1. Schematic illustration of the applied method to investigate the reliability of age estimation based on
undersampled data. Both original images and images reconstructed from undersampled data (AF: acceleration
factor describing speed-up of acquisition time) are used for age estimation applying radiological and automatic
estimation methods, respectively. Finally, the differences in the estimates are evaluated. Additionally, simulated
data is compared to actually acquired data to show the validity of using retrospectively undersampled data.

For the remaining three volunteers, the undersampling patterns were matched exactly to the pattern of
the additionally acquired accelerated measurements, simulating acquisition times of 28, 15 and eight seconds,
respectively.

The software for image reconstruction is provided online at https://github.com/IMTtugraz/ AVIONIC.

Comparison of Simulated and Acquired Data. For three volunteers (see Table 1), we compared acquired
undersampled images with the corresponding simulated images. A comparison of changes of specific image fea-
tures with increasing undersampling factor in both acquired and simulated data serves the purpose of showing
the validity of using retrospectively undersampled data for this study.

Skeletal Rating. Skeletal age was rated independently using two different methods. A radiologist with more
than five years of expertise in forensic applications (R1) and a pediatric radiologist with five years of experience
in bone age estimation (R2) independently evaluated whether the quality of the simulated images was adequate
for reproducible radiological age estimation. For MRI-based radiological age estimation, radiologists applied the
method proposed by Greulich and Pyle* (GP) to the MR images evaluated as assessable. The GP method, origi-
nally developed for age estimation based on radiographs, was verified to be applicable for age estimation from MR
images, reporting errors on the same scale as inter-rater variations®. To avoid biased age estimates the MR images
were anonymized and randomized irrespective of the acceleration factor.

To estimate general limits of radiological assessability, an initial analysis was performed after acquisitions of
the first five volunteers. The acquired MR data were undersampled according to the values in Table 1. A radi-
ological evaluation rated four out of five data sets with acquisition times below 15seconds as unusable for a
non-ambiguous radiological age estimation. Therefore, for radiological evaluation only original data and simu-
lated image stacks with acquisition times of 29 and 15 seconds - a total of 45 data sets — were presented to radiol-
ogists R1 and R2 for age estimation.

The second skeletal age rating was performed using the fully automated age estimation method proposed by
Urschler et al.** extended by improving landmark localization accuracy®® and introducing a novel deep neural
network based age estimator®. This setup was used solely as an age predictor, i.e. without using data from the
present study to further train the model or tune its parameters.

Statistical Analysis. The main focus of this study was on the reliability of age estimation with decreasing
acquisition time and not on the actual absolute results of age estimation. Therefore, we analyzed the difference
introduced into the estimated age with decreasing acquisition time to assess reliability. For this analysis the refer-
ence age for comparison was the age estimated by each observer using the original images. The difference was
then calculated by subtracting the age estimated from original data from the age estimated from simulated data

for results of radiologist R1 and R2 (AAge AAgeRZ) and the automatic age estimation (AAge ):

R autom

AAgey, = Agep, — A8 orig

AAgep, = Agep, — Ager) orig
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Figure 2. Exemplary images of a selected slice of one volunteer (14.2y) for originally acquired data, I, and
simulated images Ig;0, Igim1s and Ig;e. Differences between original and reconstructed images are additionally
displayed for selected image profiles.

AAgeom = A8 om — Ageautom,arig

The standard deviation of the signed differences (SSD) of AAge was used as a measure for the reliability of the
age estimation, the mean of signed differences (MSD) to identify potential systematic errors. Additionally, the
intra-class correlation coefficient ICC was calculated between the age estimates based on original images and the
estimates from simulated data sets.

The inter-rater reproducibility between all three observers, i.e. R1, R2 and the automatic age estimation
method (A), was determined by calculating ICC and Bland-Altman limits of agreement (LOA) between corre-
sponding age estimates. The inter-rater reproducibility between the radiological estimation and the automatic
method thereby provides a measure of conformity between the two different age estimation methods. This infor-
mation may help to evaluate the potential to combine them to a hybrid between manual and fully automatic age
estimation similar to an approach recently proposed for volumetry in oncology*.

All statistical analyses were performed using MATLAB (R2014b, The MathWorks Inc., Natick, MA, USA).

Data Availability. The acquired MRI data sets generated and/or analyzed during the current study are not
publicly available for data privacy reasons. The participants did not explicitly give their consent to freely distribute
their imaging data, albeit anonymized. However, quantitative measures derived from the imaging data will be
made available as a supplementary to this publication.

Ethical approval. All procedures performed in studies involving human participants were in accordance
with the ethical standards of the institutional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Results

Image Reconstruction and Image Quality. Figure 2 shows representative images of a central slice of
the left hand and wrist of one volunteer (14.2y) for the original data set and simulated acquisition times of 29, 15
and six seconds. Qualitatively, for an acquisition time of at least 15 seconds no severe artefacts can be identified;
however, images with an acquisition time of 15 seconds already feature image blurring, which increases with
the acceleration factor. For an acquisition time of six seconds, differences between original and simulated data
become clearly visible.

Additionally, the difference between original and simulated images is shown for an image profile line covering
bone, muscle tissue and joint cartilage. Deviations from the original image increase with the acceleration factor
and become pronounced for larger muscle regions. In general, the reduction of available data leads to blurring
and loss of morphological details in the resulting images. This blurring is observable for example as overlap of
the muscle tissue with metacarpal bones or the broadening of the joint cartilage of the fifth digit (first visible for
tacqu= 158) producing positive peaks in the difference of the profile lines.

Assessability of Simulated MR Images.  All images with acquisition times of 29 and 15 seconds were
rated as suitable for age estimation by both radiologists. The automatic age estimation provided age estimates for
all data sets.

Variability and Reliability of Rating. Figure 3 visualizes the influence of the reduction of acquisition
time on age estimation by showing the difference to the age estimates based on the original data for radiologists
R1 and R2 and the automatic method (the values for all age estimates can be found in Supplementary Table S1
online). For the radiological evaluation, standard deviations of signed differences (SSD) introduced by simulated
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Figure 3. Differences to age estimates based on original data set introduced by a reduction of the acquisition
time. Differences are shown for (a) R1, (b) R2 and (c) the automatic age estimation method as a function of the
acquisition time. Lines in (a) and (b) mark the MSD value for each acceleration factor (exact values are shown

in Table 2).
Tgimis 098 |045 0 098 | 0.44 —0.07 098 |0.34 0.18
Lsimio — — — — — — 0.98 0.37 0.21
Lsimg — — — — — — 097 |043 0.21
Lsimy — — — - — — 097 | 046 0.15
Lsime — — — — — — 096 |0.51 0.14

Table 2. Comparison between ratings of radiological and automatic age estimation: reliability of age estimates
is reported as correlation with estimates based on fully-sampled data sets. ICC: Intra-class correlation
coefficient, SSD/MSD: Standard deviation/mean of signed differences.

acceleration were 0.57y and 0.46y for acquisition times of 29 and 15 seconds, respectively, for R1 and 0.46y
and 0.44y for R2; the corresponding values for the mean deviations (MSD) were —0.10y and 0.00y for R1 and
—0.13y and —0.07y for R2. For automatic age estimation, SSD values increased with the acceleration factor and
reached a maximum of 0.51 for t,.,, =65, MSD values lay between 0.10 and 0.21 years; all SSD and MSD values
are provided in Table 2.

The values for the ICC in Table 2 show high intra-class correlation for both applied age estimation methods.
A comparison to original age estimates yields a minimum ICC of 0.96 for all evaluated data sets; the values for
inter-rater variability lay between 0.91 and 0.99. All results were highly significant with p < 0.000001 for all values.
The Bland-Altman plots in Fig. 4 show high inter-rater agreement. The mean values of the Bland-Altman analysis
lie between 0.03 and 0.33 years and suggest no systematic error in the analysis. Radiological raters R1 and R2
show the best agreement with LOA = 1.02y, testing the agreement between radiological and automatic method
yields LOA =1.5y for R1 and LOA =1.14y for R2.

The automatic method as well as both radiologists estimated the oldest volunteer (23.2y) to be over 18y for
all acceleration factors. The evaluation by the radiologists yielded 19y for all acceleration factors for this volun-
teer — the maximally assessable age — and the automatic estimation provided estimates between 18.3y and 18.9y.

Comparing Simulated and Acquired Data. Figure 5 compares simulated data with actually acquired
undersampled data of three volunteers (15.75, 18.85 and 21.61 years from top to bottom) showing image details
for simulated (upper rows) and acquired (lower rows) accelerated MRI and acquisition times of 29, 15 and eight
seconds. For the youngest volunteer epiphyseal gaps are still visible for an acquisition time of eight seconds and
the hyperintense structure marked by circles is blurred equally for simulated and acquired images with decreasing
acquisition time. Structures marked in the images of the remaining two volunteers become noticeably blurred for
an acquisition time of 15 seconds and disappear for further acceleration; again, this behavior can be seen in both
simulated and acquired data.

Discussion

The presented results suggest that a radiological analysis can provide reliable age estimates based on hand/wrist
MRI using an acquisition time of only 15 seconds, which corresponds to an acceleration factor of approximately
7.5 compared to the original acquisition time of 3:46 minutes. For this duration no relevant artefacts occurred in
the simulated images and all data sets were deemed assessable and yielded a maximum SSD of 0.55 years (shown
in Fig. 3). This is in the range of reported errors for the radiological examination of skeletal development*!. With
decreasing acquisition time, automatic age estimation showed an increasing deviation compared to the estimation
from the original data set. However, for a simulated duration of six seconds the standard deviation was still only
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Figure 4. Bland-Altman plots for inter-rater agreement. Agreement is shown between (a) R1 and R2, (b) R1
and the automatic method (A) and (c) R2 and the automatic method as a function of the acquisition time. g, gy,
Mri,a and g, 5, describe the mean value of the age estimates of the respective raters, A is the difference between
the respective ratings.

0.51 years (see Table 2). Both estimation methods yielded small MSD values suggesting that age estimates are not
influenced by a systematic offset.

With increasing acceleration factor, images reconstructed from undersampled data tend to appear blurry
while noise is suppressed and fine structures become less distinctive, creating an unusual image representation
for radiologists. The quality of the simulated images allowed a radiological analysis for acquisition times down to
15 seconds and age estimates for the analyzed data sets were close to identical. The automatic method provided
reliable results even for the shortest acquisition time of six seconds. This is a remarkable reduction of the acqui-
sition time as existing age estimation studies at a field strength of 3 Tesla can require acquisition times of up to
six minutes for the wrist only’. The potential acceleration is markedly higher than acceleration factors reported
in a recent study by Terada et al. reducing the acquisition time by a factor of 4 from 2:44 minutes to 41 seconds*%.
However, our results cannot easily be compared to the work of Terada et al., since they used a low-field MR
scanner at 0.3 Tesla. A lower field strength generally bears the disadvantage of lower SNR but also allows shorter
acquisition times due to shorter T, relaxation times. Above that, Terada et al. applied an optimized undersam-
pling pattern for their compressed sensing-based approach, which is not commercially available.

The comparison of standard deviations of radiological and automatic analysis methods has to be interpreted
carefully, since the minimal deviation that may occur using the GP atlas-matching scheme is 0.5 years, while
the automatic method provides a continuous age estimate. Furthermore, contrary to the modern-day reference
population of the automatic method, the GP scheme uses a different reference population consisting of Caucasian
volunteers born in the 1930’s, which may be considered outdated due to changes in multinational behavior. From
a methodological point of view, the difference between the acceptable acceleration factor for an analysis by a
radiologist and that for the automatic method could be explained by the fact that the automatic age estimation
algorithm analyses the entire 3D data set simultaneously. This avoids influences of single artefacts mimicking a
partial closure of the epiphyseal gap in a 2D representation.

The main aim of this study was to test reliability. However, the oldest volunteer (23.15 years) was included
to test whether image reconstruction may introduce misleading image features causing an estimation of under
18 years - a legally important age threshold indicating majority age in many countries. Based on the atlas, the
maximum age a radiologist can allocate is 19 years old. In the oldest volunteer this maximum age was allocated to
image stacks of all acceleration factors. Accordingly, the automatic estimation also provided estimates over 18y
for all acceleration factors, which suggests that the chosen undersampling and reconstruction strategies are robust
against misleading artefacts for the simulated acceleration factors.

The validity to use retrospectively undersampled data in this study was shown by a comparison of simu-
lated and acquired images. The simulation of an accelerated acquisition removes data lines that are not acquired
during an actual acquisition. Therefore, an agreement between simulated and acquired data can be anticipated.
Even more, retrospective undersampling represents a worst-case simulation since the reduced amount of data is
extracted from a long acquisition during which more patient movement can occur. For this reason the additional
acquisition of accelerated data sets was only performed for a small number of volunteers.

Our work is based on an undersampling scheme readily available on current MR scanners and therefore does
not require comprehensive knowledge on undersampling strategies or MR sequence programming. The same
applies to the image reconstruction algorithm, which is available to the public in an online repository. This allows
for an easy adoption of our proposed method. It is also noteworthy that the automatic method did not require
additional training and could readily be applied to undersampled data in its original state. Using the concept of
systematically increasing the undersampling of the available data, the feasibility of our approach could already be
shown for the relatively small sample size used in this study. We expect to reproduce these results with more data
sets, which are currently being acquired.

The potential decrease in acquisition time presented in this study is an important step towards establishing
MRI as standard method for age estimation. On successful transfer of this approach to MR acquisitions of third
molars and clavicular epiphyses, the application of MRI for multi-factorial age estimation could be promoted
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Figure 5. Comparison of simulated (upper rows) and acquired (lower rows) undersampled data for three
different volunteers (15.75, 18.85 and 21.61 years from top to bottom) and locations. Arrows mark structures
relevant for age estimation, while circles highlight structures changing their appearance with decreasing
acquisition time in both simulated and acquired data.

even further due to the elimination of the drawback of time consumption. Furthermore, this also translates to a
potential reduction of the cost of using this ionizing radiation-free imaging modality for age estimation.

In conclusion, we showed the reliability of image data undersampled with the CAIPIRINHA technique in
combination with TGV-based reconstruction for skeletal age estimation. A reduction of the acquisition time to
15 seconds for MR acquisitions of the hand and wrist was found to produce images interpretable using both a
radiological and an automatic age estimation method. Furthermore, the high correlation between the two meth-
ods shows the potential of automatic methods to support radiologists in age estimation investigations.
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3 Discussion

This thesis presents different approaches to measure or derive estimators
for tissue remodelling from MR data and their applicability for medical
and clinical forensic problems. Following further studies, the newly-found
estimators may eventually serve as biomarkers.

The studies conducted within the framework of this thesis emphasize the
versatility of MR techniques by addressing different levels of biomarkers
applying different techniques. The application of standard MR imaging
protocols, DCE-MRI, MR spectroscopy, undersampling strategies and neural
network-based image analysis emphasizes the importance of quantitative
MRI for diagnostic purposes and shows its versatility of applicability.

3.1 Determination of Biomarkers

Biomarkers are defined as objectively measured characteristics that are eval-
uated as indicators of biological processes [188]. More generally, a biomarker
can be “almost any measurement reflecting an interaction between a bi-
ological system and a potential hazard” [189]. Additionally, a biomarker
should show content validity, construct validity and criterion validity, which
need to be confirmed by analyses of reliability, sensitivity and predictive
power [190]. The complexity of the data analysis applied to the acquired
data, however, can be adapted to the intended application.

The estimation of the age of soft tissue haematomas was based on simple
contrast analysis. The reason for this was the intention to create a model
that can be easily adopted without further knowledge and thereby to pro-
mote an application of the proposed method. This is also the reason for the
application of standard commercially available sequences.

Signal contrast is a characteristic that can be determined easily; however, it
cannot provide detailed information on specific processes occurring during
haematoma resorption. Still, literature on contrast behaviour of intracranial
haematomas [124, 125] suggested that signal contrast information may pro-
vide evaluable information on the time of origin.

The outcome of this study is a simple model based solely on contrast infor-
mation of standard commercially available MRI sequences. The simplicity
of this model allows for an easy adoption of the method, on the one hand,
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3 Discussion

but also emphasizes the relevance of a quantitative analysis of MRI data —
even for a quantity as simple as contrast — on the other hand.

The formation of bone bridges was hypothesized to be triggered by in-
creased microvessel proliferation. Therefore, pharmacokinetic parameters
were anticipated to provide insight into formation processes due to their
sensitivity to microvessel-related functional changes.

The absence of an adequate blood vessel that could provide an arterial input
function in the field of view required the application of a reference region
model (RRM) to the acquired DCE-MRI data. An RRM-based analysis only
requires a well-defined homogeneous tissue region with known tissue pa-
rameters, which is located near the region of interest.

The course of the transfer coefficient K™ provided information on the
microvessel proliferation in a minimally invasive manner, which could
otherwise only be derived using histological analyses.

The fat fraction in bones has already been defined as a biomarker for the
conversion of red to yellow bone marrow with increasing age but so far, the
significance of relaxation times in this context has not been investigated.
However, transverse relaxation has a strong effect on the fat fraction deter-
mination due to pronounced differences between the transverse relaxation
times T, of the water and the fat compartment. Furthermore, the longitu-
dinal relaxation times T; of water and fat compartments are reported to
change with changing relative concentrations [191]. Therefore, a conversion
of the bone marrow should also be detectable as changes in T;; however,
relaxation times cannot serve as a reliable biomarker due to their response
to numerous influences, i.e. their limited specificity.

The acquisition of repeated measurements for the relaxometry study per-
formed in the course of this thesis provided estimates for the precision of
relaxometry in lumbar vertebrae. Additionally, relaxation times showed
different correlations for female and male volunteers.

For the study on undersampling of MRI data for age estimation, the T
contrast of epiphyseal gaps can be interpreted as a biomarker for age. As
described in 1.5 these gaps appear as hyperintensities, which can be used to
apply established radiological methods as well as fully automatic methods
to estimate the age of a living subject. In the case of automatic methods,
however, it cannot be entirely ruled out that the applied algorithms identify
additional age-related parameters in the data set they are trained on.

3.2 Novelty

Although contrast information is very simple to measure in MR images,
the application of contrast analysis has not been used for an assessment of
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haematoma age before. While changes over time in T;- and T,-weighted
images have been reported, up to now no model for contrast changes of
subcutaneous haematomas has been created. There are several reasons for
this. First of all, haematomas have scarcely been investigated extracranially,
which is owed to the fact that they are not clinically relevant. However,
in the field of clinical forensics subcutaneous haematomas are important
for the reconstruction of events and a method for determining the age of
haematomas is highly desired. Secondly, the creation of a model requires
data from standardized procedures to derive reliable information and the
data used for the model must be acquired in relevant phases of haematoma
resorption.

The study on soft tissue haematomas therefore was the first to address the
estimation of the age of extracranial haematomas based on standardized
measurements.

The formation of bone bridges has been investigated using contrast en-
hanced MRI before [192, 193]; however, not using DCE-MRI. Consequently,
the changes of pharmacokinetic parameters in respect to the formation of
bone bridges have not been investigated. The study on bone bridge forma-
tion showed that DCE-MRI investigations can provide microvessel-related
functional information of injured growth plates in addition to imaging data.
Furthermore, it was shown that a preclinical DCE-MRI study can be con-
ducted on a clinical scanner providing highly resolved images and dynamic
data with adequate signal-to-noise ratio. Ultimately, the course of K™ans
gave insight into the processes involved in bone bridge formation.

In the spectroscopy study on human lumbar vertebrae the reproducibility
of relaxometry has been investigated. This study provided information on
average relaxation times in this body area, on the precision of the applied
method and on the implications on the determination of the fat fraction —
a biomarker used for numerous applications [166-168, 194]. A correlation
between T, of the water compartment and the fat fraction could be shown
for male subjects, which was only reported for women before. Finally, a
correlation between fat fraction and T; of the water compartment was found,
comparable to the behaviour reported for brown adipose tissue [191].

The study on the acceleration of MR imaging for forensic age estimation is
based on state-of-the-art methods. The CAIPIRINHA pattern used for retro-
spective undersampling is available on current MR scanners and enables
optimized undersampling; image reconstruction is performed applying the
TGV algorithm.

The quality of the reconstructed images was evaluated by radiologists and a
recently published fully automatic method. The study thereby showed that
a combination of CAIPIRINHA and TGV allowed for higher undersampling
factors compared to existing studies [195]. Above that, this is the first study
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to use an automatic and objective evaluation method for the assessment of
the quality of undersampled images for age estimation.

3.3 Limitations

The simplicity of the model used for the haematoma study allows for an
easy adoption of the method; however, an incorporation of additional infor-
mation may still enhance accuracy.

The inclusion of relaxation times may provide additional information. With
adequate values for T}, a bi-exponential fit to the data could identify differ-
ent processes; however, this may not be feasible in an acceptable acquisition
time. Volume information, a typical parameter used for intracranial hemor-
rhage, cannot be included in the model since the diffuse borders of the blood
volumes did not allow for a reliable quantitative analysis, which represents
another notable difference between intra- and extracranial haematomas.
The acquisition of additional data may allow an optimization of the weight-
ing of the different parameters to enhance the accuracy of the estimation of
haematoma age. Also, the empiric assumption of an exponential contrast
behavior could be adapted.

Concerning the investigation of bone bridge formation, a limiting factor
of the study is that the results of the qRT-PCR analyses are ambiguous
and cannot be interpreted properly without additional data. Histologic
results help to interpret the results but uncertainties remain. To rule out
a possible contamination of the physeal samples by surrounding tissue,
applying microdissection should be considered for future studies.

The minimum repetition time applied for the determination of T; in the
relaxometry study was Tr = 600 ms. For the chosen remaining sequence
parameters, this was the smallest possible value but judging from the results,
this value was too long to enable a reliable identification of Ty of the fat
compartment. A potential improvement could be an additional acquisition
with reduced spectral resolution, which would allow shorter repetition
times.

Another limitation of the study is the combined analysis of all fat peaks. The
different peaks of the fat component generally exhibit different relaxation
parameters and therefore an influence on the final results can be anticipated;
however, previous studies so far only reported negligible influences [196].

The main limitation of the study on age estimation is the relatively small
number of volunteers investigated in this study. This is owed to the fact
that the raw data is not available for previous volunteers who participated
in the study. While it is expected that the results can be reproduced for a
larger cohort, additional data will also allow to investigate the influence
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of different image reconstruction algorithms or optimized undersampling
patterns.

3.4 Summary and Conclusion

In the presented work, information regarding tissues changes was derived
from standard clinical data, contrast enhanced images, spectroscopy acqui-
sitions and using automatic, neural network-based techniques. This work
thereby provides a basis for further studies, emphasizing the importance to
consider the variety of techniques that is available for MR-based studies.

Tissue remodelling is often considered in respect to age, for example, to
derive the biological age of a subject to plan surgery. This aspect is also
present in this thesis, which comprises two studies addressing age estima-
tion in the living. These two studies are based on different markers and
thereby also illustrate the different age ranges that can be described by a
specific parameter.

The remaining two studies investigate tissue remodelling as a response to
injuries. While one study investigates rather superficial injuries in form of
subcutaneous haematomas, the second study identifies specific details of
healing processes in the growth plate. This difference is also reflected in the
level of the applied acquisition strategies and analysis methods.

In conclusion, this thesis provides examples on how magnetic resonance
techniques can be applied to determine biomarkers related to tissue remod-
elling. The range of methods that were applied in the course of this thesis
shows the versatility of MR as well as its ability to address specific problems
by applying specialized methods.
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