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- Ultrasound interaction in
LMU | 5| | matter

* As US waves travel through tissues, they are partly transmitted to deeper
structures, partly reflected back to the transducer as echoes, partly
scattered, and partly transformed to heat

* For imaging purposes, we are mostly interested in the echoes reflected
back to the transducer

*  The amount of echo returned after hitting a tissue interface is determined
by the acoustic impedance

* The intensity of a reflected echo is proportional to the difference (or

mismatch) in acoustic impedances between two mediums. If two tissues
have identical acoustic impedance, no echo is generated
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Lupwic: Visualization methods
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Depending on the requirements, different visualization possibilities:
@Mode, B-Mode, 1D B-Mode, 2D-realtime, M-Mode

A-Mode-Scan (A refers to amplitude modulation) :
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~Amplitude” Mode:
The reflected echos are
displayed in one time axis
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B-Mode
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»Brightness” mode:
1) Echo signal amplitudes plotted as gray scale pixel in a line
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1) Echo signal amplitudes plotted as
gray scale pixel in a line

Schallkopf [/

Rechter Ventrikel {4

#

Echointensitat

{ Linkes |

Linker Ventrikel
Atrium | A-Mode | Graustufen

A-Bild

®-0 0 e o+ 0 e

Zeit & cm

B-Bild



LUDWIG- B_Sca n

MAXIMILIANS-

LMU UNIVERSITAT
MONCHEN

»Brightness” mode:

1) Echo signal amplitudes plotted as gray scale pixel in a line
2) Combination of an array of adjacent lines to an 2D- image

Compound scan
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Example of an old B-mode image,
clearly showing the white stripes
between the different lines

Modern scanners work after the
same principle, but the sampling is
performed via the US transducer
(mechanically or electrically)
Nowdays the trend is to scan at once

the whole zone / image (real-time,
i.e. 15-60 frames per s)




Th e PZT slab vibrates most strongly at the frequency for which its thickness is half a
wavelength, giving rise to the term ‘half-wave resonance’

Thickness A/2 Grnd. _| PZT Matching Tissue

layer (or lens)
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EI . Slgnal Fig. 3.4 Quarter-wave matching layer. Reverberations
within the plate produce multiple transmissions into
the patient that reinforce each other to give a large-

| ‘ amplitude resultant pulse. The resultant of the multiple

reflections back into the PZT cancel out the original

Backina (top) reflection back into the backing layer.

Piezo —

Matching \/(ZPT.ZT)?

Efficiency and bandwidth are critical parameters of the transducer
Short pulse (large bandwidth) gives precise time resolution (hence distance
resolution) and echoes contain information at a wide range of frequencies

Sektorscanner Linearscanner Konvexscanner



wowie. Focused US-Field
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Fokussierlinse

ased Array Element
s e sy~ > Y

Fokus

Reflektor
»

hezoki'amik

KRem‘lek\‘or

Zylindrischer Schallwandler mit Phased Array
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- Mechanical Sectorscanner,
LMU| [z Rotorscanner

Early US scanners used single, fixed focus piezoelectric elements, requiring
mechanical linear or circular motion for real-time imaging

* Rotor with e.g. 3 mono-crystals, 120° separation
« Advantage: compact, small ,acoustic window’
* Large field of view in depth

14a
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Current technology uses separate transducer elements in a row or
plane. All units have their own electrodes for independent firing

Elevation (y)

Azimuthal (x)

e o
¢ Elevation focus

1;:.11nuluu1 (Slice thickness)
Jlements \ B

Axial (z)

Azimuth focus

Palmeri Ultrasound Beamforming and Image formation, RSNA 2007
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s e Transducer Array
LMU

Typically weak
Elevation focusing in
plane focus elevation plane
from lens, while
electronic focusing
X in scan plane

focus

The rectangular beam aperture of an array
transducer produces a beam with non-circular cross-
sections. In this example, the focal beam width in the
vertical (elevation) direction is wider and at a greater
range than that in the horizontal (scan) plane.
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Transducer Array

Linear

Transducer Array

Phased

Palmeri Ultrasound Beamforming and Image formation, RSNA 2007
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Linear Array

FIGURE 1-14. Beam steer-
ing. A, Linear array. In a linear
array transducer, individual ele-
ments or groups of elements are
fired in sequence. This generates a
series of parallel ultrasound beams,
each perpendicular to the trans-
ducer face. As these beams move
across the transducer face, they
generate the lines of sight that
combine to form the final image.
Depending on the number of
transducer elements and the
sequence in which they are fired,
focusing at selected depths
from the surface can be achieved.




Luowic Linear Array
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One lead to common 128 leads from 128
front electrode rear electrodes

Linear scanners typically consist

\
of 64 to 128 piezoelements, which
CWD\ are linearly arranged one next to

the other, producing a typical
rectangular image

mmmmmmm ——128 elements— —

Common front electrode  Matching layer Cylmdr\ca\ lens
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Anregung von Elementgruppen Leber mit rechter Niere
S Linear Array
LMU| sz
In order to interrogate a particular scan P
line, an ,,active group” of adjacent
transducer elements, centered on the AR AR RRCR RO AR
required scan line, is used Acie Goup

Next active group
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Diagnostic Ultrasound Imaging

[ \

Bradley Treeby (UCL) — Modelling Biomedical Ultrasound 21

- Scan plane focusing in
LMU| e transmission
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In order to form a large-amplitude pulse at the focus, pulses
from all elements must arrive there at the same time

|

Earlier H Extra path length
transmission H Large pulse at focus

e N /
Ey—
[

[
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. Scan plane focusing in
LU i reception
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Focusing in reception means that, for each scan line, the
scanner is made particularly sensitive to echoes generated
at a specific depth. Proper electronic delays are introduced
before summing up the signals together.

Large- Signals (S)flgr;ialz eout
summed Signal In phase El i P H Different path lengths
signal ~ summer | stronic l ﬂ and arrival times
delays ’, S
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L e '\N\"
- W\F(—kt NV Echo source
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» Elements arranged on a arc

» Emission always perpendicular to the elements

» Same kind of excitation as for linear array

» Disadvantage: divergent image in depth

» Advantage: large contact area, good image close to the probe, far view

13a
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Phased Array

B, Phased array. A phased array
transducer produces a sector field
of view by firing multiple trans-
ducer elements in precise sequence
to generate interference of acous-
tic wavefronts. The ultrasound
beam that results generates a series
of lines of sight at varying angles
from one side of the transducer
to the other, producing a sector
image format.
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Lowe: Phased Array transducer

» The scan lines emanate in a fan-like formation form a point in the center of

the transducer face

« Unlike the linear array, all elements are used to form the transmit and
receive beams for each scan line

17a

Leber mit rechter Niere
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fo cach oment Similar principle as for

linear arrays, but all units
Transmission focus f| r| n g

Transmission

beam Scan line

Transducer array
Difterent path lengths

A= /.

K A~ Z
e YN

i

Lo H} Fs
R

Transmission signals
at different times

Transmission focus

Fig. 3.21 Creating a transmission focus for a phased-
array transducer. The principle is the same as for alinear-
array transducer, except that the focus lies on ascan line
thatis generally oblique.

Effective
aperture

* Similar principle as for linear P
arrays, but all units receiving v

» Better imaging performances
in the center of field of view

Fig. 3.23 The beam from a phased array transducer
becomes wider as the angle of deflection increases.
This is because the angular width of the transducer, as

_/U\L,\_ — - seen from the focus, becomes less (@' < @).

Echo source
at receive focus

|

g
-

Other receive foci
selected in turn
along scan line

Signal Delay lines
summer

Fig.3.22 Creating a receive focus for a phased-array transducer. The principle is the same as for a linear-array trans-
ducer, except that the receive foci lie along a scan line that is generally oblique. I
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Luowic: 2D matrix-array transducer
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C-scan

plane ~

Orthogonal B-scan
planes___

2D matrix array Volume rates u p to
transducer
20 Hz

Fig. 3.29 The 2D matrix-array transducer has a square
array of elements, e.g. 50 x 50. It uses beam-steering
technigues to sweep a 2D sector scan through a 3D vol-
ume or interrogate orthogonal B-scan planes. Volume
datacan be displayed as a series of B-scan planes oras a
Gscan. 3D display modes are also widely used.

wow- Special transducers
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There are many types of transducers, which have been
developed and optimised for special organs

* Intraoperative transducers

* Biopsy- and pucture transducers
* Intra-vaginal transducer

* Endorectal transducer

* Transesophageal transducer

* Intraluminal transducer

* 3D transducer

B




Transducer

Transmit Transmit
beam Power
former Control

Post-
processing

Receive /
digitize Amplitude

processing Image Cine
Receive (pre- formation memory
beam processing)

former

Beam position and direction information

» Echo signals generated at the transducer elements are generally too small
in amplitude to be manipulated and displayed directly

— Amplification

* Amplifying the returning echoes rather then increasing the transmitted
power is desirable for reduction of biological hazard

* Increasing the overall gain cannot lift the signal above the noise level as
the noise will be amplified with the signal

» A global amplification does not account for the problem of attenuation, for
which echoes generated at larger depth are more strongly attenuated than
echoes generated at similar interfaces closer to the transducer

— Time-gain compensation

16



wowic Time gain control
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« Amplification (gain) which compensates A
the rate of attenuation of ultrasound in Shial i
depth (making assumption on frequency  Verstérker-Eingang

. Aal A t
and type of tissue) o
o fng g Signalbeeinflussung
Additional adjustments can pe gdded e <y Y
manually to compensate deviations of
actual attenuation from assumption Verstarkung

N a A

A
Elektronischer
Tiefenausgleich
Set of slide A
controls which ;
affect the gain A
at a different TGC slide
depth controls Echo-Schwelle
wowie. Time gain control
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FIGURE 1-10. Time gain compensation
(TGC). Without TGC, tissue attenuation causes
gradual loss of display of deeper tissues (4). In this
example, tissue attenuation of 1 dB/em-MHz is
) simulated for a transducer of 10 MHz. At a depth
+0 +5+10+ 15+ 20 of 2 cm, the intensity is =20 dB (1% of initial value).
By applying increasing amplification or gain to
Gain (dB) (hle backscalttered'signall to compensate for d}is attenu-

ation, a uniform intensity is restored to the tissue at all

depths (B).

uindB = 20log(2 )=10log(%)
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Demodulation, Envelope
detection

» The envelope of the signal is described by a pair of curves passing through
the peaks above and below the baseline

» The strength of reflection at interfaces determines the heigth or the
amplitude of the envelope of the pulse (after TGC) => info for B mode display
» One half of this envelope or amplitude signal is extracted from the high

frequency signal by a process called amplitude demodulation
» The signal is first rectified (b) so
that all half cycles are aligned on m m
the same side of the baseline (\U U(\Un /\

» The rectified signal is then

smoothed by passing it through a @ ) ©
|OW-paSS filter, which removes the The echo signal is demodulated to
hlgh frequency oscillations and remove the variations at the transmit frequency (the

retains the slowly varying envelope

radio frequency) and leave just the echo amplitude
information. (a) Radio frequency pulse, (b) rectification
and (c) low-pass filter.
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Envelope detection

RF-Image

Envelope

Envelope
Detected
Signal

Signal with Came;'l
Frequency

Palmeri Ultrasound Beamforming and Image formation, RSNA 2007
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o Dynamic range and
LMU| e Compression
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* High dynamic range in envelope detected signals, as echoes due to
reflections at interfaces are larger than due to scattering within tissues

» Large range of possible amplitudes of diagnostically relevant echoes

1V—T 0dB soft tissue—air -
00mV—T —20dB liver—fat
~ Large interfaces
10mV—+ —40dB liver-muscle
blood-brain J
1mV— —60dB liver -
100uvV-—T —80dB | Scattering
within tissues
10uV—+-—100d8  Plood ]
LMU e Compression
UNIVERSITAT
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» Bright targets drown out low signals of important structures
+ Compression (via non-linear amplifier) and gray scale image mapping

to reduce dynamic range

FIGURE 1-11. Dynamic
range. The ultrasound receiver
must compress the wide range of
amplitudes returning to the trans-
ducer into a range that can be
displayed to the user. Here, com-
pression and remapping of the
data to display dynamic ranges of
35, 40, 50, and 60 dB are shown.
The widest dynamic range shown
(60 dB) permits the best differen-
tation of subtle differences in
echo intensity and is preferred for
most imaging applications. The
narrower ranges increase conspi-
cuity of larger echo differences.

19



Beam size o« A (see last lecture for disk case)

Linear array

/me target

(a) (b) Beam positions Image lines

Fig. 5.1 Echoes are registered in the image at each
beam position where the beam overlaps the target.
The resulting lateral spread of the image depends on
the beam width at the target depth.

Fig. 5.4 The pulse has to 'go and return’ from ;
one interface to the next. Hence, the brightness Pulso} ﬁ Y/'""m“z
profiles from targets along the beam axis begin to
merge when their spacing is less than half the pulse fomS——————

length.

W .
_ (b) - I
ce
V- S

M Easily resolved
(@) ° °

.
Brightness profile Point target

/\/\ separation = beam width
(b) ° °
() /\/\ Just resolved
° °
() /:\/.\ Not resolved

Fig. 5.2 The brightness profiles from laterally spaced
targets begin to merge when their spacing is less than
the beam width. The targets are just resolved in the
image when the spacing is about half the beam width.

L

\ Interface 1

[
1
1
1
1

|
' 1
Echo 1 H
1
1

|~
(a)

L2
— —

()
Fig. 5.4 The pulse has to ‘go and return’ from
one interface to the next. Hence, the brightness
profiles from targets along the beam axis begin to
merge when their spacing is less than half the pulse
length.
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Spatial resolution

Axial resolution

Lateral resolution

Es”

LMU
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Dynamic Beamforming

With active ,,beam forming” several focuses can
be selected (drawback: reduced image rate)
Elevation plane: focusing with lenses (,slice
thickness”)

Transm. Aperture .. 17 Elementes)

Danke an K.V. Jenderka

21
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Lwowi- Spatial resolution
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Dependence of resolution with frequency

Aus: M.KachelrieB: Ultrasound Imaging, http://www.imp.uni-erlangen.de/lehre/Ultrasound%20Imaging.pdf

LMU

wwe | Penetration depth / frequency
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Dependence of penetration depth with frequency

Ag(min)

22


http://www.imp.uni-erlangen.de/lehre/Ultrasound Imaging.pdf
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Freq =6 MHz

Freq =9 MHz Freq =11 MHz Freq =12 MHz

LIMU | s | Penetration depth / frequency

MONCHEN

10.0 MHz

Palmeri Ultrasound Beamforming and Image formation, RSNA 2007
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Typical frequency range H |

U
Fundamental Harmonic Penetration Organs
(MHz) (MHz) (cm)
2-3 1.6-2.8 30 Deep abdomen
4-5 3.6-4.6 20 Adult heart
67 4.2-6.6 10 Superficial abdomen
Peripheral vessels
8-10 5.6-9.4 4 Paediatric heart
Endosonographic
Skin
Eye
Mammae
12-15 10-14 3 .
Thyroid
Intravascular
Endosonographic
Skin
20-50 — 1
Fye
Postema: Fundamentals of medical ultrasound
- Image contrast: £l
LVIU| [ Depth compensation

subkostaler Schragschnitt der Leber

Without depth compensation ~ With depth compensation

» Both regions poor and reach in echoes are no longer visible with
inappropriate depth compensation

24



o Image contrast:
LMU | |iveesimi Echo threshold
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Without echo threshold With echo threshold:
The weak echoes are
no longer displayed

wowic. Image noise: speckle
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Speckes are random fluctuations in brightness
in the displayed image

Speckle results from the constructive and
destructive interaction of the acoustic
fields generated by the scattering of
ultrasound from small tissue reflectors

The typical speckle pattern is generated by
random scattering centers smaller than the
system resolution

They reduce contrast and make the
identification of subtle features more difficult.

—> Spatial and Frequency compounding




wowi Speckle, Compounding
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Spatial compounding averages multiple images
of the same target in order to reduce the noise

« Each image must contain uncorrelated speckle patterns
- Different ways to obtain uncorrelated speckle patterns:

 Divide the transducer in sub-apertures
« Change the steering angle of the beam
» Physically translate the transducer

Frequency compounding uses multiple transmit / receive frequencies

P Speckle, spatial compoundi
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FIGURE 1-20. Spatial com-
pounding. A, Conventional
image, and B, compound image,
of the thyroid. Note the reduced
speckle as well as better definition
of superficial tissue (blue arrow) as
well as small cysts (yellow arrows)
and calcifications (white arrow).
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MU Image artifacts wll
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When forming a B-mode image, the imaging system makes a number of
assumptions about US propagation in tissue:

+ the speed of sound is constant
* the beam axis is straight
+ the attenuation in tissue is constant

* the pulse travels only to targets that are on the beam axis and back
to the transducer

Significant variations from these conditions in the target tissues are
likely to give rise to visible image artefacts, mostly grouped into

» Speed-of-sound artefacts (cf. previous lecture)

» Attenuation artefacts (shadowing and enhancement)
* Reflection artefacts (reverberation)

+ Refraction artefacts (cf. previous lecture)

i Image artifacts S

MAXIMILIANS- 2 i ¥
UNIVERSITAT (O
MONCHEN N

Enhancement artefact

A 7 dB lower attenuation of the cyst with respect to normal tissue, together
with the usage of the standard TCG, results in over-amplifications of the
signals deep to the cyst with consequent enhancement of these tissues

; N Echobild
US-Wandler S

|

|
schwach
dampfendes
Gebiet

Cc
—20 + 20 dB
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Image artifacts

FIGURE 1-24. Reverberation arti-
fact. Reverberation artifacts arise when the
ultrasound signal reflects repeatedly between
highly reflective interfaces near the trans-
ducer, resulting in delayed echo return to the
transducer. This appears in the image as a
series of regularly spaced echoes at increasing
depth. The echo at depth [ is produced by
simple reflection from a strong interface.
Echoes at levels 2, 3, and 4 are produced by
multiple reflections between this interface
and the surface (simulated image).
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Doppler Sonography

Doppler effect:

Sound reflected from moving reflectors/scatterers is shifted in frequency

Detected Doppler shift frequency

fo=2-1, -%-cos(a)

Stationary source

Moving source

With a angle between the axis of flow
and incident ultrasound beam

28



wowt Doppler Ultraschall
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B-mode imaging displays grey values proportional to the amplitude of the
returning echoes

In Doppler imaging additional parameters such as frequency shift and
known Doppler angle (cos a slowly varying for a < 60°) can provide
measurement of blood flow velocity in vessels

6=90"
cos 6=0.0

Scatterers in blood vessels are
erythrocytes @ = 8um

> Rayleigh-Scattering

> backscattered power ~ aé /A4

wowe. Doppler Ultrasound
LMU| e
CWD PWD HPRF PWD High pulse
. . repetition
frequency

PW-Doppler

CW-Doppler (fixed depth) Pulse Wave Doppler

Postema: Fundamentals of medical ultrasound

29



wowe: Color Doppler
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- Visualization of blood flow with colour coding of the average blood velocity

» Flow direction: red - to transducer
blue = from transducer

* Velocity: brighter colour for larger velocity

breast lesion
stenosis of the carotid

s Power Doppler Imaging

MAXIMILIANS-
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- Blood flow imaging, vascular structure




» US contrast agents have to be

Easily introducible in the vascular system

Stable for the duration of the diagnostic examination

- Low toxic and modifiers of measurable acoustic properties of tissue

* They are typically encapsulated bubbles of gas smaller than red blood cells
* Intravenous application, typically resulting in:

- Increased backscattering

- Enhanced Doppler signal

- Harmonic Imaging (Non linear response)
- Stimulated acoustic emission (SAE)

Sono Vue® micro bubbles (white arrows) compared to
red blood cells (black arrows).

Emilio iuaia, Contrast media in uItrasonoiraihi:

31
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US contrast agen
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Gas filled micro bubbles = contrast enhancement
B-mode, Doppler mode, harmonic imaging

Native color Doppler color Doppler with CM

LUDWIG- Micro bUbbleS
LMU| e behaviour

pressure acoustic response behaviour of bubble clinical application
amplitude /

MI-value
- M, e
1 3 destruction, stmulated e
\/V\/\/V\/VWV‘ fragmentation '
P

high transient harmonic echoes Perfusion imaging
Harmonic Imaging,
0.7 - ,\/\/\/\/\/ " Contrast Harmonic
- non-linear Imaging,
medium - W D 1.5 Harmonic Imaging
Tissue Harmonic
harmonic backscattering Imaging
low
01 - ANV
D linear
SSERVAVAVAVAVA
backscattering, echo enhancement
5 - _stat[c
none 0 diffusion

Kollermann EJR 2007
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D

need of contrast agents

LB TTH GEN DIV RM-3 ©5-2 AbdiGeneral 122915 pm [Fr #235 147cm

Gl TTHGEN DIV RM-3 CSUPulselnv 124653 pm |Fr #202 15.0cm | B TTHGEN DIV RM-3 C5-2GICSUPulseIny (124749 om [Fr#5  150em

Map 3 Map 3
150dBIC3
Persist Low
Fr Rate Med
2D OptCS 3

FIGURE 3-4. Need for contrast-specific imaging. A, Conventional image of liver shows a large, solid mass. B, Administration
of contrast increases the echogenicity of blood but creates Doppler artifacts due to blooming and tissue motion. C, Contrast-specific
imaging shows blood vessels not seen by Doppler. D, Initiating high-MI imaging after a pause reveals perfusion of the mass and a necrotic
area. The lesion is a hepatocellular carcinoma. (Modified from Burns PN, Wilson SR, Simpson DH. Pulse inversion imaging of liver blood
flow: improved method for characterizing focal masses with microbubble contrast. Invest Radiol 2000:35:58-71.)

wwe || Harmonic Imagin
LMU| Gzt ging

Linear backscattering properties:

Medium with absorption leads to a echo spectrum shifted to lower
frequencies, as higher frequencies are more stronlgy absorbed

Non linear backscattering properties:

For high pressures, non linear effects in tissue and especially in the
resonating contrast agents produce harmonic components in the echo
spectrum, which can be analysed in B-mode imaging (high bandwidth!)
and Doppler sonography

2 8]
_Alp | Blp) Clp
M po) 20 p 31 po

0 0
B/A: Non-linear parameter
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Harmonic imaging operates by transmitting a fundamental beam of high
pressure but relatively low frequency

Non linear propagation of US generates harmonics (i.e., multiples) of
transmitted frequency

Several techniques employed to detect harmonics and eliminate the
unwanted fundamental echoes:

Transmitted Echo from Echo from
. . . pulse linear target non-linear
- Filtration techniques target

- Cancellation techniques of —/U\/——/\/\/i
Time —
fundamental echoes

(e.g, pulse inversion)
. Residual

Sum of echoes M

wee | Harmonic Imagin [
LVIU| |eesr ging

Fundamental Harmonic Pulse inversion

FIGURE 3-8. Pulse inversion imaging. In vitro images of a vessel phantom containing stationary perfluorocarbon contrast agent
surrounded by tissue equivalent material (biogel and graphite). A, Conventional image, mechanical index (MI) = 0.2. B, Harmonic
imaging, MI = 0.2, provides improved contrast between agent and tissue. C, Pulse inversion imaging, MI = 0.2. By suppressing linear
echoes from stationary tissue, pulse inversion imaging provides better contrast between agent and tissue than both conventional and
harmonic imaging. (From Becher H, Burns PN. Handbook of contrast echocardiography. Berlin, 2000, Springer.)
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FIGURE 3-19. Molecular ultrasound imaging of receptor with targeted microbubbles. Images (40 MHz) of
MeWo subdermal tumor derived from human melanoma cells in mouse after injection of vascular endothelial growth factor receptor 2
(VEGF-R2)-targeted microbubbles. A, Circulating bubbles have left the vascular system; those imaged are adhering to the receptor target.
Microbubble-specific signal is shown as a green overlay. B, After disruption “flash,” the bubble echoes disappear. The difference in bubble
signal between these two images quantifies adhesion of the tracer to the target receptor. Scale units are millimeters. (From Rychak JJ, Graba
|, Cheung AM, et al. Microultrasound molecular imaging of vascular endothelial growth factor receptor 2 in a mouse model of tumor angiogenesis.

Mol Imaging 2007:6:289-296.)
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Physical effects of sound can be considered thermal and non-thermal

Thermal effects mainly due to absorption 6
Non-thermal effects include
- Radiation forces (pressure, torques, ...)

- Motion of fluids (streaming)

Schwachungskoeffizient u
(dB/cm)

- Acoustic cavitation

0

— }
0 2 3

t t
1 4
Frequenz /MHz

Cavitation describes action of acoustic fields within a fluid forming bubbles,
which can collapse with generation of heat and free radicals, besides
microstreaming, radiation forces and mechanical actions

Although no significant effects have been so far reported for typical
controlled operation conditions, also for US imaging ALARA principle
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Gun-turret-scanner
D. Howry, 1952

ACUSON Sequoia
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Thank you for your attention

And thanks to Dr. Jirgen Jenne from Mediri GmbH
for providing material and useful discussions
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