Aus dem Zentrum fur Medizinische Forschung
der Medizinischen Fakultat Mannheim
Direktor: Prof. Dr. med. Norbert Gretz

(Aufgeldst zum 16.04.2020)

Development of a new device to measure different aspects of

kidney function

Inauguraldissertation
zur Erlangung des akademischen Grades
Doctor scientiarum humanarum (Dr. sc. hum)
der
Medizinischen Fakultat Mannheim
der Ruprecht-Karls-Universitat
zu

Heidelberg

vorgelegt von
Mohammed Mohiuddin Yusuf
aus
Indien
2024



Dekan: Prof. Dr. med. Sergij Goerdt

Referentin: Prof. Dr. rer. nat. Karen Bieback



TABLE OF CONTENTS

ADDIeVIatioNS .......covi 6
a1 geTo 18 Tox i o] o AP 7
1.1 The kidney anatomy and fUNCLIONS............ccoooiriiiiiiiiiii e, 7
1.2 Kidney function estimation teChNIQUES ..............uuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiee 11
1.3 New tranSCutan@OUS TEVICE ........coevevuuuiiiiiieeeeeeeeeiiiin e e e e eeeeiina e e e e e eeeeeees 13

1.3.1 Source-detector diStanCe..........oooveeeeeee e 14
1.3.2 Device fixation, ambient light separation, and optical insulation...... 15
1.3.3 Kinetic MOAEliNg .......uuuiiiiiiii e 16
2 AIM OF the STUAY .....cooeiiie e 18

2.1 Aim 1: Re-evaluate raw data from an existing GFR-measurement device..18

2.2 Aim 2: Develop a transcutaneous device capable of measuring GFR,

reabSOrption ANd SECTELION. .......uuuiiiiiiiiiiiiiiieii e 19
2.2.1 Construction Of the deVICE .........ccoiiiiiiiiiiiiee e 19
2.2.2 To test the device by oxygenation measurements as proof-of-principle

19
2.2.3 To test and refine/optimize the device to evaluate kidney function..20

Materials and methods ... 22

3.1 Components and SOWAIE ..........ccooeeeiiii e 22

3.2 Medibeacon devices used for re-evaluation of data..............ccccceeeeeiiiiiinnnne. 23

3.3 Software used for device data transfer and signal processing .................... 26
3.3.1 Ho M e 26
3.3.2 N {0 011 s o TP PPPPPPPPP 27

3.4  Preliminary LED-PD eXPeriMmentsS........cccooeeiiieiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 28
34.1 Test strip with slider mechanism ..........ccccooooiiiiii e, 28

3.4.2 Test strips on flexible base..........ccccooviiiiii e, 29



3.4.3 Effect of single versus dual LED............ccouuuiiiiiiiiiiiiiiiiie e 30

3.5 Design of the NEW JEVICE ........coeveiiiiiiii e 32
3.5.1 Layout developmeNt ..........coovveiiiiii e 32
3.5.2 First version of the Nnew deviCe .............ccccoiiiiiiiiiiiiiiiis 33
3.5.3 Device workflow and electronic parameters ............ccccccvveeeenennnnnnnns 35
3.54 Second version (smaller hardware)..........ccccooveeeeviiiiiiiiiiiie e, 39

3.6 Validation EXPeriMENTS .....cccceiiiiieeice e e e e e e e 40

3.7 LIght ShIeldiNg....cccooeeeeeeeeee 41
3.7.1 Temperature MeasUr€MENT.........cc.uuii i 42

3.8 Protocol for device validation experiments.............ccceevvvveviiiiii e eeeeeeeiiinn, 43

3.9 Oximeters for comparison of the prototype devices ..........cccceeveeeereviriinnnnnnn. 44

RESUILS ... 45

4.1 Re-Analysis of data from existing GFR deViCe ...........cooevvviiiiiieceeeeeeiiiin, 45
41.1 Data with rats and MICE .............uuuuuuiiiiiiiiiiiiiiiiiiieeeeeees 47

4.2 LED-photodiode Strip reSultS ...........coooviiiiiiiiiiiiiieeeeeee 51
4.2.1 Test strip with slider mechanism ............ccccoevviiiiii e, 51
4.2.2 Test strips on flexible base ... 51
4.2.3 Effect of single versus dual LED................cceeiiiiiiiiiiiiiicee e, 53

4.3 Experimental validation of device functionality ............ccccccevviiiiiiiiiiiiiiennnnn. 55
431 Results from device with frontend ..............ccccceoiiiiiiiiiiiiiiis 55
4.3.2 Penetration depth of the signal............cccciiiii i, 56
4.3.3 Comparison with other deVviCes .........ccovevviiiiiiiiiiiie e, 58
4.3.4 Light ShIelding........coveeiiiiiieee e 60
4.3.5 Temperature MeasUr€MENT........ccc.uuii i 64
4.3.6 Results from Second VErSION .............cccccuuiiiiiiiiiiiiiiiiiiiiiiiniiiiinnes 65

4.4  Animal EXPEriMENTS ......uuiiiiiiii e e 68

4.5 Software for kidney function estimation...........cccooeveeeiiiieiiiiiine e, 71



oI B [S1e1 V1S3 (o] o TR 76

5.1 DesSign CONSIAEIAtIONS .....uiieeiiiieiiiiiiiee e e ettt e e e e e e e eaeenn s 78
5.2  Fixation and light Shielding ..o 79
5.3 Requirements for kidney function testing .........cccoeeeeeivriiiiiiiiiin e, 81
B SUIMIMIAIY ...ttt e et e e e e e e et e e e e eenns 83
7 BIblOGraphy.......oi i 85
S AN o] 1= o | QPPN 90
O CUITCUIUM VITAE ...eiieicee e 96

10 Acknowledgements ........c.ouiiiiiii i 98



ABBREVIATIONS

ADC

AKI

BW

CKD

FITC-S

GFR

LED

MRI

NIR

PD

USB

Analog to Digital Converter

Acute Kidney Injury

Body Weight

Chronic Kidney Disease

Fluorescein Isothiocyanate Sinistrin

Glomerular Filtration Rate

Infra-Red

Light Emitting Diode

Magnetic Resonance Imaging

Near Infra-Red

Photodiode

Universal Serial Bus



Introduction -7-

1 INTRODUCTION

Kidneys play a crucial role in balancing the homeostasis of the body by filtering blood
and regulating various electrolytes. Glomerular Filtration Rate (GFR), secretion, and
reabsorption are key parameters that reflect the kidney's functional status . Particu-
larly GFR is a crucial indicator of renal function, representing the rate at which plasma
is filtered by the glomeruli in the kidneys. Measuring GFR accurately is essential for
diagnosing and monitoring various kidney disorders, such as CKD (Chronic Kidney

Disease) and AKI (Acute Kidney Injury).

Conventional GFR assessment methods are accurate but invasive and extensively
time consuming 2. Researchers have explored various non-invasive transcutaneous
methods for kidney function measurement (see section 1.2). This thesis proposes the
design and the functionality of a novel transcutaneous device to measure GFR, secre-
tion and reabsorption, offering a safer and comparatively more convenient approach
to assess renal function. Among the miniaturized transcutaneous devices that are
available for various physiological applications, it is observed that the reliability of the

recorded signal relies on the layout of the various light sources and detectors 2.

Such use of LEDs as light sources and a photodiode as detector is a very common
design choice for over the skin sensors, for instance in oximeters as they detect the
haemoglobin in the blood by illuminating it eventually detecting the reflected light after
absorption “. In case of GFR estimation, the biomarker absorbs the LED illuminations
and emits light which the sensor detects. Similarly, in oximeters the haemoglobin ab-
sorbs a percentage of light depending on the oxygen content, and the remaining light
is detected by the photodiode. Hence, the principle of sensing and detection is essen-

tially the same for such devices.

1.1 The kidney anatomy and functions

The kidneys are the two vital organs (shaped like ‘beans’) located in the back of the

abdomen % 6. They are crucial in filtering waste and maintaining homeostasis in the
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body. The kidneys are responsible for filtering the blood to remove toxins and waste
products from the body, controlling the body's balance of electrolytes, regulating blood
pressure, and producing hormones that help maintain the production of blood. A large
quantity of blood is filtered by the kidneys which has been calculated to constitute
around 20% of the total cardiac output ‘. Kidney dysfunction can lead to a variety of
health problems, including electrolyte imbalances, hypertension, fluid overload, and

eventual organ failure.

As shown in Figure 1, each kidney contains an outer layer called the renal cortex, and
an inner renal medulla °. The renal cortex is composed of glomeruli, which are small
clusters of capillaries that filter blood, and tubules, which are tiny tubes that help regu-

late the body's water balance and excrete waste products.

Renal vein

Renal artery —— Renal pyramid

Medulla (
Ureter ———— U

Figure 1: Parts of a kidney

Renal pelvis

Renal cortex

(modification of figure from course ‘Biology’ at OpenStax ®)

The renal medulla is composed of pyramid-shaped regions called renal pyramids,
which are made up of tubules and blood vessels that help filter and reabsorb sub-
stances from the blood. Since the filtration of the blood happens in the kidneys, the
kidney comprises of a complex arrangement of arteries and veins which are responsi-

ble for transport of blood to and from the kidneys. The kidneys ensure that the body
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can rid itself of toxins and waste, regulate water balance and electrolytes, and produce

hormones that help control blood pressure and other body vitals °.

Nephrons are the functional units of the kidney 0 1, Each nephron consists of a filter-
ing unit that cleanses the blood and reabsorbs useful substances, and a tubule that
produces urine. Nephrons are highly specialized structures that filter the blood and
regulate the body’s water balance, electrolyte balance, and acid-base balance. They
are also responsible for removing toxins, drugs, and other potentially harmful sub-
stances. It is comprised of a renal corpuscle, tubule, and collecting duct (Figure 2)
(modification of figure from course ‘Biology’ at OpenStax 8). Typically, a mouse kidney

consists of nephrons on the order of 12 to 16 thousand 2.

Proximal _ Distal convoluted
convoluted tubule \ tubule

Afferent arteriole —_ %% Glomerulu
Efferent arteriole — \

Bowman's capsule

Collecting tube

Loop of Henle

Figure 2: Typical structure of a nephron

(modification of figure from course ‘Biology’ at OpenStax ®)

The renal corpuscle is a combination of a glomerulus, a collection of capillaries, and a
Bowman's capsule, a cup-shaped structure that encases the glomerulus. The glomer-
ulus filters the blood and forms the primary urine, which is then captured by the Bow-

man's capsule. This is where the glomerular filtration process starts.
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Glomerular Filtration Rate:

The glomerular filtration is a process by which fluid and solutes are filtered from the
bloodstream and then passed into the urinary system. It is arguably the primary func-
tion that determines the overall health of a kidney '3 14, The glomerular filtration pro-
cess begins with the glomerulus, which is a network of capillaries in the kidneys. Blood
is pumped into the glomerulus and then filtered. The filtration process involves a semi
permeable membrane which allows small molecules and fluids to be passed through
while larger molecules and cells are retained. This is a passive process where the
fluids and solutes are passed through by the hydrostatic pressure without requirement
of any energy *°. The filtered fluid is then passed into the renal tubes where it is further
processed and then finally passed into the urinary system. Glomerular filtration is an
important process that helps to maintain a balance of fluids in the body. It also helps
to remove toxins and waste products from the blood stream and prevent them from
damaging other organs. Additionally, the glomerular filtration process plays an im-
portant role in maintaining the correct levels of electrolytes and other important sub-
stances in the body.

The parameter to assess kidney functionality is to determine/estimate the glomerular
filtration rate. The GFR is considered as a primary indicator of kidney health and is
used to grade the progression of chronic kidney disease (CKD) as well as for dosing

strategies in treatment procedures 6 17,

Reabsorption:

Reabsorption is the process in which substances such as water, glucose, amino acids,
and ions are removed from the filtrate in the renal tubules and returned to the blood.
This process is vital for maintaining the body’s homeostasis or a state of balance. Dur-
ing reabsorption water and small molecules are moved from the filtrate into the sur-
rounding cells of the tubules. This is done by active transport which requires energy
from the cells. Reabsorption is important for maintaining the body’s fluid an electrolyte
balance by regulating the amount of water and ions that are lost in the urine. The prox-
imal convoluted tubule has the most absorptive capability, and it absorbs the glucose,

amino acids, vitamins, water, and urea 18 19,

Tubular Secretion:



Introduction -11 -

Secretion may be seen as the reverse process of reabsorption where substances are
secreted from the capillaries into the renal tubules. Clearing of drugs from the body is
one of the major processes in tubular secretion. Along with medications, many other
toxins and waste substances are secreted from the capillaries. This secretary clear-
ance is crucial for excreting substances that cannot be filtered, such as uremic toxins

which cause muscular and cardiac problems 20 21,

In summary, the nephron is responsible for filtering the blood, collecting the primary
urine, reabsorbing essential substances, and concentrating the urine. The nephron is

essential for maintaining homeostasis in the body.

1.2 Kidney function estimation techniques

Early detection of functional abnormalities in kidneys is crucial for the treatment of
acute kidney injury (AKI). The most common methodologies to assess the kidney
health are through blood sampling. Here, urea and creatinine levels are quantified,
however as indirect estimations of renal function ?2. Most used indicator of GFR is the
serum creatinine which has a drawback that it takes significant influence from biologi-
cal parameters like race, age, body composition and mass 2. The direct measurement
of GFR requires an exogenous biomarker which is filtered by the kidney without un-
dergoing tubular secretion or reabsorption 2. In rodents, infusion-based measurement
of elimination of inulin is the gold standard for GFR estimation 2> 26, However, the
measurement of renal functions based on blood and urine analyses are known to be

time consuming and causes strain to the subject 27: 28,

Non-invasive techniques have been researched upon extensively over the past includ-
ing various imaging techniques like X-ray, MRI, and optical imaging based on dynamic
and continuous methodologies 2°34. While the dynamic method involves intermittent
collection of samples, the continuous method measures the specific function in real-
time over a defined duration 3°. For continuous monitoring, a biomarkers clearance is

estimated over time with the help of sensors 2.

Following the administration of an optimal glomerular filtration rate (GFR) marker, its

concentration in the plasma peaks and subsequently undergoes exponential decay as
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it diffuses from the plasma into the extracellular space. As the marker diffuses into the
extracellular space, equilibrium is established between the extra- and intravascular
fluid, while the kidneys are already filtering the marker. Subsequently, as the GFR
marker is filtered and excreted by the kidneys, there is a net diffusion from the extra-
vascular space to the intravascular space 3¢ 37, The clearance of the ideal GFR marker
can be determined by evaluating its rate of disappearance from the plasma through
compartmental pharmacokinetic analysis 2. The distribution of the marker in various
physiological compartments impacts its disappearance curve, and only the selection
of an appropriate pharmacokinetic model can offer an accurate mathematical repre-
sentation of the data for estimating the GFR based on the plasma clearance of the
tracer. Administration of marker is primarily based on bolus injection in most GFR es-
timation procedures. Another popular approach involves infusion until a steady state
of marker concentration is attained in the distribution volume. Intermittent dosage infu-
sion is performed to reach such a steady state with the use of a feedback mechanism?.
This setup requires a connection to a PC and repeated infusions. There are devices

with varied degrees of ease-of-use based on their size and electronic modules.

The transcutaneous use of electronic sensors has been gaining popularity in being
able to estimate in real-time the rate at which marker molecules are removed from the
body 4°. Many of these devices use a photodiode or photomultiplier as the sensing
component, which detects the emission from the marker when excited by light sources
such as LEDs or lasers. Other types of detectors, such as radioactive and current de-
tectors, have also been documented to measure marker concentration 3’. All such de-
vices may differ in the type of dye used and the signal processing involved. Some are
designed with a flexible sensor that can be placed on the skin, while others have been
miniaturized for improved usability. The primary advantage of transcutaneous meas-
urement of GFR is that it avoids cumbersome blood/urine analysis, thus, many such

transcutaneous devices have been developed over the years 39 4144,

Among the various devices designed for detecting marker concentration, the small-
size transcutaneous devices for measuring GFR have been gaining popularity in re-
search set ups due to their ease of use and measurement methodologies. These de-
vices do not have long probes or parts that are attached to a larger hardware hindering
the overall experience of GFR measurement. Inulin, the standard for measuring GFR,

is costly to extract. To address this, FITC-inulin was developed, but it poses solubility
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issues. Sinistrin, a water-soluble alternative, offers similar activity to inulin. Fluorescein
Isothiocyanate Sinistrin (FITC-S) is a widely used GFR marker, cleared by renal filtra-
tion without tubular cell involvement. Despite its efficacy, Sinistrin's high cost and lim-
ited availability persist as challenges. One of the transcutaneous devices developed,
uses FITC-S dye as a marker %L, This device consists of two LEDs and a single photo-
diode in between them. The LED sources have an emission peak of 470nm which is
in accordance with the absorption spectrum of the marker. In the recent times, near
infrared dyes have gained prominence as they bring the benefit of not being suscepti-
ble to absorption by many biological molecules 3’. A miniature device which is used
with a dye ‘ABZWCY-HPBCD’ which lies in the near infrared region providing deeper
penetration depth as compared to FITC-S has also been used in research groups 4>
46, One such device developed by MediBeacon GmbH (later called MediBeacon de-

vice) is a small transcutaneous device, also made of two LEDs and one photodiode.**.

It is known that the signal generated by the device after illumination and detection of
the fluorescent marker takes influence from several physiological and electronic pa-
rameters. Based on existing GFR device data in our research group, it is seen from a
large dataset of raw signals from the MediBeacon device that the signal magnitude is
often compromised (too low or too high). This makes the detection of the GFR unreli-
able. The main reason for this is when the dye injected into the body is not optimally
titrated in terms of the quantity or concentration. Even though the dye injection is in
accordance with a standardized dosage (BW dependent), this still cannot guarantee a
good resultant signal due to several physiological factors, for instance, the functioning
of the kidneys. These issues and the frequency of their occurrence are explained fur-
ther in sections 3.2 and 4.1.

1.3 New transcutaneous device

The new device is aimed at measuring GFR, reabsorption and tubular secretion with
one device. To do so, three different biomarkers (dyes) that will be injected will need
to be detected, quantified, and extrapolated to examine kidney function. This calls for
the need of three light sources of different wavelengths for exciting the biomarkers
based on their respective absorption spectrum. Thus, we chose three LEDs — red,

infrared, and green as the three sources of illumination. The red LED corresponds to
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the detection of the reabsorption marker, while the infrared and green correspond to
the GFR and tubular secretion, respectively. The specific markers are developed and

described by a fellow researcher from the same project.

For three kidney
functions

I
Red InfraRed

Reabsorption GFR Tubular secretion

The need for a device which is capable of targeting deeper compartments along with
considering the issues related to the photodiode signal strength will be considered

while designing the new device.

1.3.1 Source-detector distance

The primary design consideration in this thesis will be to have multiple rows of LEDs
that serve to facilitate different distances with the sensor (photodiode). We will discuss
the effect of such a setup on the signal strength of the device which will eventually
provide a method of solving issues encountered in the use of previously available de-
vices. Such a setup where distance between photodiode and light source is larger,
comes with the advantage of deeper penetration depth #7.

Though the absolute penetration depth of any light source would be the same irrespec-
tive of where it is kept on the skin if we neglect the differences in scattering and ab-
sorption irregularities, however, keeping the detector close to the source would mean
that only the penetrated light, which is shallow is picked up. To be able to catch the
light, which has travelled into the deeper regions of the skin tissue, the detector must
be placed a little further from the light source. The larger the distance between the
source and the detector, the deeper is the region from which the light is detected 47 42,

When we increase the distance, it can be said that only the light, which has penetrated
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deeper is being picked up by the photodiode. Since our aim is to target the deeper
compartments like muscles, tissues, and organs, it seems more favorable to not keep
the two optical components very close to each other. The strength of the signal reduces
as the distance increases, but the point of interest is targeting deeper into the tissue.
Hence, there will be a trade-off when one intends to decide the optimum distance be-
tween the source and the detector. Near infrared spectroscopy and its applications
have also described the effect of distance between source and detector. Over-the-skin
oxygenation measurements, which also contain LEDs and photodiodes are designed
based on the specific application; for peripheral tissues, it is performed by placing the
detector closer to the source, while deeper tissues are targeted by increasing the dis-
tance 4°. Based on these considerations, we aim to develop a new device with light

sources and sensor placed at various distances from each other.

1.3.2 Device fixation, ambient light separation, and optical insulation

The fixation of the device on the skin is crucial for any sensor based transcutaneous
measurement. In addition to the primary function of stable fixation and ambient light
separation, such a patch also serves the function towards insulating the optical com-
ponents from each other %°. This is especially important as the photodiode is meant to
receive the light from the LED that has penetrated the skin surface and not the direct
light, which may incident on the photodiode without entering the skin. Such direct light
hitting the photodiode will result in a signal which may be too high and potentially sat-
urate. This will in turn cause a burden on the electronic capability of the device to ma-
nipulate the gain and the current driving the light intensity. Figure 3 shows how the
presence of a proper fixation patch reduces the ambient light separation and insulates
the optical components from each other.

Ambient
/ light Fixation/ light-shielding patch

Direct light [
o« W pretosose 150 <IN » photocioe
\\—_jj\\l’enetrated \\__J)Penetrated
light

light
(a) (b)
Figure 3: Device on skin with and without patch. (a) device without patch where the LED
and PD are directly touching the skin. Ambient light and direct light from LED hits the PD in
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addition to the penetrated light. (b) device with patch where only the penetrated light is allowed
to incident on the PD. All other ambient lights are blocked. Such an insulation also creates a

safe gap between the optical components and the skin surface.

In Figure 3a, we see that the optical components are directly sitting on the surface of
the skin. Such a design could cause harm to the skin at the point where the LED is,
due to heat generated at the time of illumination. Further, the photodiode has a high
tendency to catch both the ambient light of the surrounding as well as the direct light
from the LED. Upon adding a fixation patch with optimum thickness, the ambient light
will get blocked, and this will also provide insulation between adjacent optical compo-
nents (shown in Figure 3b). The thickness of the patch highly impacts the strength of

the signal (see section 4.3.4).

1.3.3 Kinetic modeling

Pharmacokinetic modeling describes how markers are distributed and excreted within
the body with the help of the concept of compartments like plasma, interstitial space,
tissues etc. The clearance is calculated by taking a ratio of the dosage and area under
the plasma concentration vs time curve 3 51, Various compartment models have been
described for the estimation of GFR markers. According to the single compartment-
model, it is modelled such that the GFR marker is eliminated directly from the plasma.
Such a model can be expressed using a single exponential equation. For two compart-
ment modeling, where the vascular and extravascular spaces are considered, the
equation is depicted as a combination of two exponential functions 3.

The terminal exponential function in a two-compartment model is generally considered
to be closely associated to the amount of extra-cellular fluid (ECV) filtered by the glo-
meruli over a given period of time.

A one compartment model is widely used in clinical setups as they are less cumber-
some in terms of the number of blood samples required. However, a one compartment
model leads to an overestimation of GFR due to the fact the elimination of the entire
decay curve is not considered. The area under the curve for a one compartment model
will eventually be smaller than the actual curve 37- 2, Transcutaneous measurement of
GFR have also been developed incorporating various compartment models in the past.

In most cases, however, a semi-empirical formula is used to convert the half-life of the
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marker into GFR values. Such a formula is animal specific and based on assumptions
with respect to the ECV based on bodyweight. Hence, it is arguable that the evaluation
of GFR based on the half-life only is a safe approach as it becomes free from body-
weight dependent assumptions 2.

Such estimations of GFR have been widely studied based on various markers and
kinetic models, while not much work has been done in terms of assessing secretion
and reabsorption. Due to various drawbacks and absence of a gold standard meas-
urement technique for assessing tubular clearance, this area seems to be a relevant
topic which needs extensive research to eventually be able to individually assess the
three components of renal clearance °3. The development of specific tracers to mark
the secretion and reabsorption is the primary step to address this concern. The calcu-
lation of clearance based on the elimination of the tracer for GFR has its own limitations
and assumptions regarding the ECV and bodyweight, but much work has been done
to assess various models and equations to closely estimate the clearance. Similarly,
the equations described for theoretically estimating secretory clearance are based on
assumptions of an equilibrium state of concentration in the plasma over time . The
scope in optimizing the models to distinctively measure secretary clearance after ex-
tensive in-vitro and in-vivo studies is vast. The transcutaneous evaluation of these ad-
ditional clearances (secretion and reabsorption) needs to be determined in the future
with the use of specific biomarkers. This aspect of studying the kinetic models for all
the three renal clearances was not possible to be completed in this work, however, a
device with the potential to be used for this purpose has been developed and its func-

tionality is validated by oxygenation experiments.
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2 AIM OF THE STUDY

The eventual goal of this research is to develop a transcutaneous device that has the
potential to measure different renal functions in an experimental animal model. The
device is aimed to have the functionality to detect the change in a biomarker concen-
tration to estimate the desired kidney function. The extension of the developed novel
device may find its applications as a diagnostic device in humans. However, this re-
quires extensive trials on animal models before being tested on humans while consid-

ering the regulatory framework for medical devices.

This thesis describes the development of a device which is aimed to find its applica-
tions in two areas- 1. kidney function measurement and 2. oxygenation measurement
over the skin. This thesis primarily seeks to address the limitations in the existing
transcutaneous devices for GFR measurement while extending the functionality of the
device thereby contributing towards developing a reliable sensor which aims to meas-

ure kidney functions more accurately.

However, due to the onset of COVID pandemic, we faced limitations in terms of work
flexibility and availability of resources along with delays in animal permissions, hence,
the developed device versions could not be tested for kidney function measurements.
To overcome this problem, it was decided to test and validate the device by performing

oxygenation measurements in human volunteers along with some animal experiments.

The aims of this work can be broadly classified into the following aspects:

2.1 Aim 1: Re-evaluate raw data from an existing GFR-measure-

ment device.

There are devices that have been developed previously which aim at measuring the
glomerular filtration rate. The results from one of these devices were studied and one
major drawback related to the dosage (concentration) of the biomarker was detected
and analyzed. The already available transcutaneous device for GFR estimation is re-
evaluated and the results are analyzed based on the usability of the raw data obtained.
To give us an idea on the frequency of instances where the signal obtained is not

reliable for GFR estimation, we count the events where the signal from the device
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(Medibeacon’s transcutaneous device) is either too high or too low. This analysis will
give us an idea on the frequency of instances where the signal obtained is not reliable

for GFR estimation.

2.2 Aim 2: Develop atranscutaneous device capable of measuring

GFR, reabsorption and secretion.

The new device will implement dynamic signal processing techniques along with layout
changes to minimize the drawbacks found in previous devices while extending the

functionality to three kidney functions. The overall aims of this work are:
2.2.1 Construction of the device

Based on the results from aim 1, we will optimize the device such that the user will
have a flexibility in choosing different combination of LEDs and photodiode to be able
to fetch a resultant signal which is suitable for estimating different kidney functions.
The outline of the device construction is as follows:

e Study the effect of the source-detector separation on the signal magnitude
which is the output of the photodiode.

e Incorporate a triple LED setup in a single housing which will be placed in rows
having different separation from the photodiode.

e Test the layout on a rigid and flexible base (frontends — part of the device with
LEDs and photodiode) in combination with a hardware board (Part of the device
which has the drivers, microcontroller, amplifier, etc.). (Version 1 of the device).

e Update the layout of the device to reduce the size of the overall device by com-
bining the frontend along with the different hardware parts in a single body.

(Version 2 of the device).

2.2.2 To test the device by oxygenation measurements as proof-of-principle

Oxygenation measurements serve the basis for establishing the functioning of the de-
veloped device. The measurements of oxygenation were performed on human fore-

arms and animal models (pigs under the influence of ongoing surgery).
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For transcutaneous GFR measurements, as the marker concentration in the body is
measured over time for estimation of GFR, similarly the amount of oxygenated and
deoxygenated blood in the body can act as markers to study the oxygen saturation in
the body. The oxygenated blood (oxyhemoglobin) and the deoxygenated blood (deox-
yhemoglobin) have different absorption spectra. As a result of this, lights of different
wavelengths get absorbed differently based on the concentration of oxy/deoxy hemo-

globin.

The two wavelengths for the LEDs which are commonly used for oxygen saturation
measurements lie in the red and infrared region >* %5, The absorption spectra for both

wavelength regions are shown in Figure 4.
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Figure 4: Absorption spectra of Hb and HbO2 ¢

2.2.3 To test and refine/optimize the device to evaluate kidney function

Prerequisites for evaluating the novel device are:

1. the development of respective dyes capable of reflecting the respective kidney func-
tion, GFR, reabsorption and secretion and

2. animal experiments to evaluate the device on healthy and diseased mice.
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For both, intense collaboration with the two other PhD students within the
RenalToolBox network working on these parts was essential. Unfortunately, progress
in these aspects was hampered by the corona pandemic and the serious iliness of the
first supervisor, Professor Dr. Norbert Gretz. Subsequently the device development

was validated with oxygenation measurements only serving the proof of concept.
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3 MATERIALS AND METHODS

3.1 Components and Software

Table 1: Components and Software used.

Components and Software Manufacturer
Arduino IDE Arduino
Benchtop Multimeter Keithley
Double sided patches Lohmann

Hterm

LED infrared

LED red

MATLAB

NIR kidney device
Photodiode 1
Photodiode 2

Power source

Power supply device
Skin imitation polymer
Spyder (Python software)
Thermal sensor

Triple LED

Der-hammer (Tobias Hammer)

Kingbright — APT2012SF4C-PRV

Lite ON — LTST-C190CKT

Mathworks

Medibeacon

Vishay — VEMD8080

Vishay — VBP104S

BaseTech BT-153

BaseTech BT-153

URGO

Anaconda

Pico TC-08

OSRAM chip SFH 7016
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3.2 Medibeacon devices used for re-evaluation of data

The experimental data for this analysis (Aim 1) was taken from previous researchers
in the group. The devices were designed to be used with two dyes: FITC-Sinistrin 5257
and ABZWCY-HPBCD, respectively %6. The device and the dyes that were used by the

researchers are presented below in Figure 5 and Table 2.

Figure 5: Miniaturized devices for GFR measurement. The device 1R013’ on the left-hand
side has two infrared LEDs with one photodiode in the center. This device will be used in
combination with the ABZWCY-HBCD dye. On the right-hand side is the UD112 device which
has two green LEDs. This device is used in combination with the FITC-S dye **.

Table 2: Dyes used with the Medibeacon Device

Dye Developer Dosage

FITC-S

A-excitation= 475nm 5mg/100mg of bodyweight
o Fresenius Kabi AG J J yWels

A-emission= 530nm (Stock: 40mg/ml)

ABZWCY-HBCD

o 15mg/100mg of  body
A-excitation= 700nm

Cyanagen, Italy weight (Stock solution:
160mg/ml)

A-emission= 780nm

The raw data sets taken from the devices were plotted using MATLAB software on a
graph with x-axis corresponding to the time and y-axis showing arbitrary signal magni-
tude. Ideally, the magnitude shoots up. Initially to get a peak which depicts the injection
of the marker. The dye then starts to distribute into the body while the elimination pro-
cess also starts simultaneously (depicted by the signal decay phase after the peak).
The peak of the signal is noted and analyzed to check if it is high or low causing signal
magnitude issues. The issues can thus be classified into two events: Over-dosing (high

concentration) and Under-dosing (low concentration). The high concentration signals
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tend to go into a saturation phase and the signal peaks are lost (Figure 6 and Figure
7). The curves represent the decay of the biomarker concentration over time. The sud-
den rise of the signal soon after timepoint O depicts the event of injection administra-
tion. The two figures show examples where the shoot in the signal magnitude either is
‘cutoff’ due to “overshoot” or diminished due to weak signal strength.
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Figure 6: Examples showing events of high signal peaks
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Figure 7: Examples showing events of low signal peaks.

Based on the examples shown, we clearly recognize two issues based on the concen-

tration of dye injected. The issues and their effect have been divided as follows:
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High dosage (concentration) Low dosage (concentration)

" Either the concentration or the = Either the concentration or the

amount of dye is high with respect
to the BW of the animal

amount of dye is low with re-

spect to the BW of the animal

" High signal causing signal peak = Low signal causing weak peaks

losses

Such events need to be addressed if their frequency is high which may lead to exper-
iments being unreliable creating the need for rework. In the results section, further

analysis of how frequent these events arise is documented.

3.3 Software used for device data transfer and signal processing

These two software applications are used along with the developed device versions 1
and 2 (described in results sections). The H-term is used to communicate with the

computer while the Arduino is used to alter the device parameters via a computer.
3.3.1 H-term

This is a terminal software available for windows which we use to read and save the
data coming from the USB of the device. First, we load a configuration file made in
accordance with our device after we connect the data and power USB cable of the
device, respectively. The data cable must be connected first into a USB slot of the
computer. Once this is done the correct COM port has to be selected in the top menu
bar of the h-term window. Once the COM port is selected, we press the connect button
and then insert the power cable into another USB port of the computer. The Baud rate
in the top menu of the software must be set to 1152000 to set the rate of transfer of
data from device to PC. Once we finish the device measurements, we can disconnect
and save the data in the computer hard drive. This data is further used for analysis. A

screenshot of the software is shown below in figure 8.
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o HTerm 0.8.5

File Options View Help

Connect Port ~| R Baud| 115200 | Data 8 v Stop 1 ~ Parity None  [_JCTSFlow control
: ; - : : y Show newline
; Rx 0 Reset LS 0 Reset : Count 0 0 Reset : Newline at None [} characters
i " : P ™ = : m i - Newline every - — : Newline after.. ms |
: Clear received : B Asci (JHex [JDec (JBin : Save output : [JClearat 0 < . characters 0 = @ Autoscroll ] Show errors H receive pouse p=oin]
Sequence Overview X | Received Data
1 5 10 15 20 25 30 35 40 45 50 S5 60 €5 70 75 80 85

Selection (-)

Input control x
Clear transmitted @ Ascii [JHex (JDec [JBin Send on enter None

Type ASC ~ | |

Transmitted data X

1 5 10 15 20 25 30 35 40 45 S0 55 &0 €5 70 75 a0

History -/0/10 Not connected

Figure 8: Terminal software which provides transfer of raw data from device to PC.

3.3.2 Arduino

This is the software that we use for changing device parameters like LED intensity,

gain etc. Figure 9 shows a screenshot of the Arduino window.

@ sketch_aug15a | Arduino 1.8.13
File Edit Sketch Tools Help
oo : Auto Format Ctrl+T
Archive Sketch
sketeh_aug15] Fix Encoding & Reload
tinclude <dig| Manage Libraries... Ctrl+Shift+|
Serial Monitor Ctrl+Shift+ M
void setup()
/f put your Serial Plotter Ctrl+Shift+L
1 WIFi101 / WiFiNINA Firmware Updater
void lospi) | Board: "Arduine Ung" >
/f put your Port >
Get Board Info
1
Programmer: "AVRISP mkll" >
Burn Bootloader

e

Arduing Uno

Figure 9: Arduino software window. Software used for optimization of parameters into

the device.

Here we select Tools from the top menu and select “Serial Monitor.” This opens an-

other window where we can input our commands to change the various parameters of
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the device. The commands along with the specific changes that can be made are dis-

cussed in section 4.3.4.

3.4 Preliminary LED-PD experiments

We postulated that the problems with signal strength from the previously available de-
vice could be managed using a new design where the distance of LED to photodiode
is variable to increase/decrease measurement sensitivity. We considered placing mul-

tiple LEDs in rows which could be driven according to the respective need.

3.4.1 Test strip with slider mechanism

Accordingly, we created first a measurement set-up with one detector — the photodiode
- and one source —LED of which the distance could be adjusted. The specific aim was
to study the changes in the photodiode current based on the varying distances between
the source and the detector. The setup consisted of a rectangular plate with saw-teeth
on both sides to fix an LED and a photodiode at different places across the length of
the plate (Figure 10). This facilitates the provision of having different distances be-
tween the LED and photodiode, which can be measured. The rationale behind such a
set-up was to make use of the change in signal magnitude at different distances to
solve the issues encountered in the previous devices. In an event where the signal
magnitude is high, an LED-PD pair which is placed at a farther distance can be used

for measurements.
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Current through LED

Photodiode LED e

Current from PD

Figure 10: Preliminary set up using one LED and photodiode with interchangeable dis-
tances. Shows the mechanism which facilitates change in distance between LED and PD.
The distance is depicted by ‘dx’.

3.4.2 Test strips on flexible base

The slider mechanism discussed in the previous section was updated by mounting the
LEDs and photodiodes onto a flexible base with printed circuit lines (Figure 12). Two
of such strips were made, one with an IR LED and the second one with a red LED.
Each strip has seven photodiodes placed at incremental distances of 5mm. This pro-
vides a range of 5 to 35 mm separation between the source and the LED.

In these experiments, we used a skin imitation polymer (developed by URGO GmbH),

upon which the test strip was placed during current measurements (Figure 11).
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Figure 11: Measurement set-up with flexible base LED strip. The strip containing PDs
and LED is kept on the skin imitation polymer. Probes are connected to give power to the
LED and record current generated by the PD by using a circuit breadboard.

+ Red LED (660nm)
* Photodiode
(Vishay VEM8080)

* IR LED (880nm)
* Photodiode
(Vishay VBP104s)

Figure 12: LED strip with one LED and seven photodiodes on flexible base. Two test
strips are shown which consist of seven PDs and one LED each. The distance between LED

and each of the PD is in multiples of 5mm.
3.4.3 Effect of single versus dual LED

We speculated that multiple rows of LEDs may solve the problem of dosing. Accord-
ingly, we performed an experiment to measure the intensity of light through a skin im-
itation tissue with single or dual LED illumination. This setup shows the significant ef-

fect of single versus dual LED on the signal received.
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Measurement components- (Figure 13 and Figure 14):

1. ‘Newport’ power meter to measure the light intensity
2. NIR LEDs
3. Skin imitation polymer

Figure 13: Skin imitation polymer with NIR device and power meter

Figure 14: Signal power using single vs dual LED. The device containing LEDs is placed

above the skin polymer while the power meter sensor is placed underneath
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3.5 Design of the new device

With the idea of having different width of separation between the sensor and the light
source, we came up with a layout with one large spectrum photodiode and multiple
rows of LEDs. Initially we decided to have a triple LED combo to be used to measure

the three different kidney functions that we aim to analyze.
3.5.1 Layout development

The first layout consisted of two rows of LEDs (Figure 15). Each row consists of the
three LEDs to measure three different kidney functions. In addition, it has three photo-

diodes along the length of the device.

1.

Figure 15: Layout of the components on the new device. Three photodiodes shown as

Il

‘grey rectangles’ and two rows of triple LED-combo (red, IR and green) on each side of one

photodiode.

For simplification in terms of electronic processing and design, we change the design

to have multiple rows of LEDs and one single photodiode as shown in Figure 16.

ki

Figure 16: Modified layout of the components on the new device. Three rows of triple

LED-combo and one single photodiode.

Figure 17 shows the evolution of the device versions. Each of these versions have

been discussed in detail in the following sections. The first version of the device along
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with its subsequent flexible version were used in combination with an external hard-
ware board which consists of electronic components like drivers, microcontroller, am-
plifier etc. The second version of the device was stand alone with all the hardware
components attached to it in a reduced overall size.

Frontends - Version 1 Version 1 (flexible) Version 2

I

"I”Wll‘
th

I

— .

Hardware board

Figure 17: Device versions evolution

3.5.2 First version of the new device

The first version of the developed device is as shown in Figure 18. The novel design
consists of a single large photodiode along with three rows of LEDs. Each row of LED
consists of a combination of three LEDs — red, infrared, and green. The distance be-
tween each of the LED combos is 0.5 cm which is the same as the distance between
the photodiode and the first LED combo. Another version of the front end was also
made which had a larger distance between LED and photodiode- where the closest
LED is 1.5 cm away, followed by 3 cm and the last LED at 4.5 cm. Figure 19 shows
the layout of the LED combo which is manufactured by OSRAM.
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Figure 18: "Frontend" containing LEDs and photodiode. LED-Combo placed in three
rows after a single photodiode. The distance between any two adjacent components is 0.5

cm.

Figure 19: Triple LED combo from OSRAM. A single housing containing three LEDs- red,

infrared, and green (picture taken from amd-osram web portal).

Further, the frontend of the device was developed on a flexible base to enable a better
fixation on the skin surface as opposed to the rigid base frontend. The figure below

shows the new version of the frontend.

Figure 20: Flexible version of the frontend. LEDs and PD mounted on a flexible base.



Materials and methods -35-

3.5.2.1 Hardware Set-up

The complete hardware currently consists of a “frontend” (which consists of the LEDs
and photodiode) and a separate circuit board comprising of microcontroller, LED-driv-
ers, analog-digital converters, and the data interface. The frontend is the only part of
the set-up which is attached to the surface of the skin from which the signal goes to
the circuit board for further processing before it is transferred on to a PC via the data

interface (Figure 21).

Data interface Power supply

9-channel LED-driver

Microcontroller
Analog-Digital-

Converter
Front-end

Figure 21: Frontend along with the hardware board used as first version of the new de-
vice. Complete hardware along with a connected frontend part. The board is placed on a ta-
ble while the front end (connected to a long cable) is placed on the skin.

3.5.3 Device workflow and electronic parameters

The electronics workflow of the developed device versions will be able to process the
signal with suitable gain at various stages. The LED drivers illuminate the LED combos
sequentially by applying current in amperes as specified by the user using software as
described in section 3.5.1. The workflow of the device is depicted in Figure 22. Upon
illumination, the photodiode also detects the light at the same interval of time as the
LED illumination. This happens for each of the LEDs that are present inside the triple
combo structure. The current produced by the photodiode as result of light is then am-

plified and converted into voltage by a transimpedance amplifier which also has the
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capability to give an appropriate gain to the signal. Analog to digital conversion (ADC

is performed before the data is logged and transferred to the PC via software.

LED Current Transimpedance ADC
amplifier
Photodiode
 —

Figure 22: Workflow of the device

Data logging

For the experiments with device version 1 shown in section 4.4.3, manipulation of the
signal data can be performed based on several parameters within the device- LED
intensities, transimpedance amplifier gain, ADC gain and light shielding. Figure 23
shows the different parameters that can be changed. The LED intensity can be
changed by changing the current in the range of 0 to 25 mA. The transimpedance
amplifier’s resistor values can be changed to give three different effective resistances
which result in three different possibilities of gains. The ADC converter also has a pro-
grammable gain which can further increase the strength of the signal if required. Lastly
the thickness of the light shielding used between the skin and the frontend also affects

the signal strength significantly.

LED Intensities Analog to Digital converter
(Programmable gain amplifier)
0—-25mA
e
Transimpedance amplifier Light Shielding
(Resistance values)

None
34.7k Ohm 1.01mm
248k Ohm 2.04mm

1M Ohm

Figure 23: Different parameters that can be changed in the device. Four stages of modi-
fiable parameters to manipulate the photodiode signal.
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3.5.3.1 LED Current

The intensity of the LED can be manipulated by changing the current given through
the LED drivers. The value can be set for each LED individually. The values that are
to be set for different LED intensities (current) are shown in the table below. These
values are set before the measurement using the Arduino software to communicate

with microcontroller.

Table 3: LED parameter settings. The current given to the LED can be fluctuated between 0
mMA to 25 mA. The higher the current value, the higher the intensity of the LED light.

LED Current Control parameter

0 mA 0

25 mA 255

N mA N/25*255 (rounded off)

3.5.3.2 Analog-to-Digital converter

Here, the analog voltage coming from the transimpedance amplifier is converted into
a digital signal. In the converter, a programmable gain amplifier (PGA) is built-in which
gives the scope of further increasing the PGA factor and increase the range of the

measurable input signal (Table 4).

3.5.3.3 Transimpedance amplifier

A transimpedance amplifier is a current to voltage converter implemented using an
operational amplifier and a combination of feedback resistors for a suitable overall gain
in the output voltage (amplification). Such amplifiers are suitable drivers for the signal
being fed into an analog to digital converters. The effective resistance of the circuit
gives us the amount of gain which is applied. Each LED chip can be given a different
gain. In the Arduino software, it is possible to select 4 different values of resistances

which correspond to four levels of gain (Table 5).
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Table 4: ADC parameter settings

Input voltage range

Amplification Control parameter (min/max)

1 32 +/-5V

2 33 +/-2.5V

4 34 +/-1.25V

8 35 +/-625mV

16 36 +/-312.5mV

32 37 +/-156.25mV

64 38 +/-78.125mV
Table 5: Gain parameter settings (transimpedance amplifier)

Resistance Control parameter Amplification

3.00 M Ohm 0 1V = 0.333 pA

2.02 M Ohm 1 1V =0.495 pA

1.01 M Ohm 2 1V =1.000 pA

0.86 M Ohm 3 1V =1.161 pA
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3.5.4 Second version (smaller hardware)

This version has been fairly reduced in size in terms of the hardware attached to the
frontend. There are 8 LEDs in total and one photodiode. The distance between any
two components is 1 cm. The arrangement of LEDs and photodiode is as shown in
Figure 24.

Figure 24: New device — version 2

This device is also fixated on the skin using a light shielding patch developed by
Lohmann GmbH (Figure 25). We use such fixation patches to facilitate device fixation
on to the skin. The purpose of such a patch is two-fold; first is to provide an even
fixation on the surface of the skin ensuring a homogenous attachment along the device
dimensions, second is to provide insulation from ambient light as well as keeping the
LEDs and PD insulated from each other. Different patches were used for different ver-
sions of the device during the development process which are shown in the results

section.

This device is incorporated with automatic gain settings along with sample averaging
which is performed at about 9.5 seconds. There is a periodic sampling of ambient light
after each LED pair sampling, which is further subtracted from the final signal for am-
bient compensation. The device is connected via two USB-ports; one for data commu-
nication and the other one for power supply. The data is extracted via the h-term soft-

ware in the laptop.
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Figure 25: Lohmann patches for version two device

3.6 Validation experiments

Since the main idea is to track the changes of a marker inside the body, we performed
analogical experiments to measure oxygenation using a human arm of a voluntary
healthy person, in place of kidney function measurements. We used a blood pressure
cuff on the arm to restrict the circulation blood, thus reducing the oxygenation in the
forearm.

The oxygenated hemoglobin (HbOz2) in the blood absorbs more infrared light while the
deoxygenated hemoglobin (Hb) absorbs more red light. Thus, we used the red and
infrared LED sources present on the device and recorded the signals coming from the
device. The blood-pressure cuff was used to stop the blood flow by applying pressure
on the arm for about two minutes and then the pressure is released. This cycle is re-
peated to record the change in the signal coming from the device as result of red and
infrared illumination. A ratio of these signals was also calculated to estimate the oxygen
saturation. Finally, the results were compared with two other commercially available
devices.

The first step was the fixation of the frontend on the surface of the skin. For this pur-
pose, we used double-sided adhesive patches developed by Lohmann. This patch has
cut-outs for exposing the LEDs and photodiode and helps in fixation while blocking the
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ambient light. This patch also provides insulation between the LED and photodiode so

that the light does not directly go to the photodiode before skin penetration.

In the next step, we connected the data and power cable from the hardware board to
a computer. Once the device was connected, we use the H-term software for reading
and saving the data. In order to change the device parameters (see 3.5.3), we used

the Arduino IDE to change the parameters in the microcontroller.

3.7 Light Shielding

It is crucial to ensure that the frontend of the device is well fixated on the surface of the
skin to avoid ambient light affecting the measurements. During our initial measure-
ments we used an adhesive to wrap the frontend on the skin surface. We observed
that a minor change in the pressure with which the adhesive was wrapped around
affected the signal amplitude as well as its behaviour to a great extent. Hence it is
necessary to have a proper adhesive patch that sits between the frontend and the skin
which ensures a proper fixation. This also helps in reducing the ambient light from the

room to hit the surface of the photodiode.

Figure 26 shows the front end on the forearm without a fixation patch. We have shown
the results of signal from different LEDS positions without and with use of an adhesive
patch in 4.3.4.

MRS ; N\

Figure 26: Fixation of device without a light shielding patch. Unstable device fixation on

skin due to the size and rigidness of the device.
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3.7.1 Temperature measurement

Temperature increase due to LED illumination may potentially be a hazard to the skin
depending on the maximum temperature the device reaches during its application time.
According to the international standard IEC 60601-1, the maximum permissible tem-
perature limit for active medical devices which are in contact with the skin is 41° Celsius
58, We used a probe attached to a thermal data logger (Pico TC-08) and placed it be-
tween the skin and the sensor and measured for over 25 minutes continuously. Signals
were read over time to study the maximum temperature with and without the active

device on the skin surface.
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3.8 Protocol for device validation experiments

'd

1. Fixation patch from Lohmann GmbH (as described in the results section) is first pasted
on to the device frontend (described in the results section).

2. The device front-end is placed on the human forearm, as the fixation patch has
adhesive material on both sides.

3. A blood pressure cuff is tied on the same arm. No pressure is induced at this stage.

~

" 4. For the front-end based version of the device(described in results section), the front- |
end is connected to the hardware board. (This step is ignored for the second version as
this has the hardware attached as a single smaller device) ‘

5. There are two USB cables for all the dev?ce versions. One is for power which is first
connected to the PC. The second USB cabel for data aquisition is then connected to the
PC.

6. H-term software application is run on the PC, the correct COM port is selected and
the "connect" icon is clicked. This starts the measurements.

~

7. For the front-end based version of the device, the parameters of the device can be
changed using ARDUINO software by specific commands for each parameter as
described in the results section.

[ 8. The pressure is then induced for a few minutes before being released. Such cycles are
repeated to reduce the oxygenation in the forearm. This dip and rise in oxygenation is
tracked by the device.

9. The tracked results are obtained from H-term and saved as a csv file format. This data
is then analysed using MATLAB.

Figure 27: Protocol for oxygenation measurements: This describes the procedure fol-
lowed for the experiments for device validation which have been explained in the results sec-

tion.
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3.9 Oximeters for comparison of the prototype devices

O2C device: This is a diagnostic device used for non-invasive measurement of oxy-
genation of perfused tissues. This device uses white light spectroscopy to measure the
oxygen saturation of the hemoglobin. It has a small sensor which is placed on the skin.
This sensor is attached to a display system via cable where the oxygenation values
are displayed and recorded as raw data. This file containing the data can be extracted

via a memory stick.

MOXY: This is a small wearable monitoring device used in the sports industry to meas-
ure the tissue oxygenation in athletes. It uses infrared light to monitor oxygen satura-
tion continuously in a non-invasive fashion. This patch is placed on the skin with the
help of an adhesive tape. The MOXY device is connected to the computer wirelessly
using the company provided software application. The data is fed into the system and

can be extracted via the software as needed.

Both the devices mentioned above are commercially available. We used these two
devices in combination with our newly developed device to compare the oxygenation
changes and trends. The Moxy device was also used in animal experiments that we
performed on pigs. The pigs were scheduled for surgery to test an external circulation
machine by the surgeon at the University Hospital, Heidelberg. Since the change in
circulation in the body would cause drastic changes in the oxygenation, we tapped

these changes using the developed new devices along with MOXY device.
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4 RESULTS

4.1 Re-Analysis of data from existing GFR device

The currently available device to measure GFR has issues with over- and underdosing
of the fluorescent tracers. We addressed these drawbacks by analyzing more than
1300 datasets to quantify the frequency of occurrences of the two events described in
section 3.2. The data were fed into MATLAB, plotted, and then sorted into different
ranges of <500 to >2000 of signal magnitude. The signal magnitude is in arbitrary units
which depicts the strength of the light detected by the photodiode upon presence of
fluorescent marker. This signal which we receive from the photodiode is directly pro-
portional to the amount of light which hits the diode. It is seen that the number of times
the signal is higher than the desired value comes close to 16% when the FITC-S dye
is injected, while it is 13% when the signal is lower than desired. In the case of AB-
ZWCY-HBCD dye, the events of high signal strength are low ~1%.

Table 6: Percentage occurrences in different ranges with FITC-S. Eight users were rec-
orded to have used FITC-S dye for GFR measurements using the transcutaneous device. The
peak value of the signal curve from the device was recorded and counted for the range in

which the value falls.

Range User 1 User 2 User3 User4 User5 User6 User 7

<500 163% 21.3% 29% 4.5 % 0.3% 1.0% 44.4 %

500-750 140% 138% 4.1% 223% 03% 6.0 % 44.4 %

750-1750 50.3% 50.0% 80.2% ©69.0% 641% 555% 11.1%

1750-
2000

8.8 % 113% 7.1% 2.1% 16.3% 9.0% 0%

>2000 103% 3.8% 5.3% 1.9% 188% 282% 0%
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Table 7. Percentage occurrences in different ranges with ABZWCY-HBCD. Two users
were recorded to have used ABZWCY-HBCD dye for GFR measurements using the transcuta-

neous device. The peak value of the signal curve from the device was recorded and counted

for the range in which the value falls.

Range User 8 User 6
<500 9.72 % 4.4 %
500-750 43.33 % 19.2 %
750-1750 46.94 % 74.7 %
1750-2000 0.00 % 1.2 %
>2000 0.00 % 0.4 %
0.0 Percentage of occurrences based on dye used
' FITC-S m ABZWCY-HBCD
60.0
50.0
240.0
©
£
[}
©30.0
&
20.0
10.0
0.0

<500 500-750

750-1750  1750-2000 >2000

Range of signal magnitude

Figure 28: Percentage of occurrences based on the dye. Bar graph representation to de-

pict the frequency at which the signal falls into the respective magnitude ranges.
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4.1.1 Data with rats and mice

The experiments performed by all the users were conducted on either a rat or a mouse.
Based on the animal used, the counts of different events are shown in the next sec-
tions. Table 9 and Figure 29 depict the results of when the experiments were performed
on rats. Table 10 and Figure 30 depict the results of when the experiments were per-
formed on mice. In both the cases, the results are further classified based on the dye
that was injected into the animal.

We note that in the case of higher signals with FITC-S, the percentage is quite high in
rat experiments (25%) while in mice it stands at 9%. Values that are close to 2000 units
of signal strength (>1750) loose the signal strength due to quenching -where high con-
centration of dye attenuates the signal peaks- and hence the overall occurrence rate

of the event of high signal further increases 5% 0.

Table 8: Percentage occurrences with FITC-S in rats. Four users were recorded to have
used FITC-S dye for GFR measurements using the transcutaneous device on rats. The peak

value of the signal curve from the device was recorded and counted for the range in which the

value falls.

Range User 1 User 4 User 5 User 6
<500 16.3 % 4.5 % 0.3% 1.0 %
500-750 14.1% 22.3 % 0.3% 6.1 %
750-1750 50.4 % 69.1 % 64.2 % 55.6 %
1750-2000 8.9 % 22 % 16.4 % 9.1%

>2000 10.4 % 2.0% 18.9 % 28.3 %
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Table 9: Percentage occurrences with ABZWCY-HBCD in rats. Two users were recorded
to have used ABZWCY-HBCD dye for GFR measurements using the transcutaneous device

on rats. The peak value was counted for the range in which the value comes.

Range User 8 User 6
<500 9.7 % 4.4 %
500-750 43.3 % 19.3 %
750-1750 46.9 % 74.7 %
1750-2000 0.0 % 1.2 %
>2000 0.0 % 0.4 %

Percentage of occurences with rats based on
dye used FITC-S ABZWCY-HBCD

70.0

60.0

50.0

o
o

Pe rce ntgge
o
o

20.0
10.0

0.0
<500 500-750 750-1750 1750-2000 >2000
Range of signal magnitude
Figure 29: Percentage of occurrences in rats based on dye. Bar graph representation to
depict the frequency at which the signal falls into the respective magnitude ranges for experi-

ments performed on rats.
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Table 10: Percentage occurrences with FITC-S in mice. Three users were recorded to have
used FITC-S dye for GFR measurements using the transcutaneous device on mice. The peak

value of the signal curve from the device was recorded and counted for the range in which the

value falls.
Range User2 User3 User7
<500 21.3% 3.0 % 44.4 %
500-750 13.8 % 4.2 % 44.4 %
750-1750 50.0 % 80.2 % 11.1 %
1750-2000 11.3 % 7.2% 0.0 %
>2000 3.8 % 5.4 % 0.0 %
Percentage of occurences with mice based on
>0.0 dye used FITC-S
45.0
40.0
35.0
©30.0
I}
£25.0
£20.0
15.0
10.0
5.0
0.0
<500 500-750  750-1750  1750-2000 >2000

Range of signal magnitude

Figure 30: Percentage of occurrences with mice using FITC-S. Bar graph representation
to depict the frequency at which the signal falls into the respective magnitude ranges for ex-

periments performed on mice.
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From the above graphs we can conclude that there is a pressing need to solve the
issues that arise as a result of dosage errors. More than one in five experiments that
are performed result in a situation where the signal strength does not fall into the de-

sired window.

Our goal is to take these issues into consideration while designing the new device
which will be capable of dynamically processing the signal to be more readable facili-
tating the eventual estimation of the kidney function. In addition to the electronic pro-
cessing, the design and layout of the new device will be such that the user will have a
flexibility in choosing different combination of LEDs and photodiode to be able to fetch

a resultant signal which is suitable for estimating different kidney functions.
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4.2 LED-photodiode strip results

4.2.1 Test strip with slider mechanism

With the setup described in section 3.5, we started with a distance of 5mm between
LED and photodiode, which can be incremented in multiples of 5. The current from the
photodiode was recorded and plotted to analyze the decay rate of the signal with in-
creasing distances. Red and IR LEDs were used in two separate measurements at
increasing distances (Table 11).

Table 11: Current measurements with Red LED and IR LED. The value of the current in

milli-amperes is shown for increasing distance between red LED and PD.

Distance PD Current (Red) PD Current (IR)
5 6.2 5.1

10 0.9 2.2

15 0.51 0.66

20 0.28 0.28

25 0.22 0.18

30 0.16 0.16

35 0.1 0.07

4.2.2 Test strips on flexible base

The results from the setup with flexible LED-PD strip described in section 3.5.2 are
shown below. The curve fitting to show the exponential decay of current magnitude
with increasing distances is shown in Figure 31 and Figure 32 for red and IR respec-
tively.
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Exponential fitting with Strip 1 data (Red LED)
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Al 1) f(x) = axet™ |
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8 3) a = 35.52 .
b =-0.1997

R — square: 0.994

Current in pA

Distance in mm

Figure 31: Curve-fitting of signal data from each photodiode with red LED switched on.
Curve fitting performed on the data points plotted on current versus distance graph in

MATLAB software. The result is an exponential decay.

Exponential Curve fitting with Strip 2 data (IR LED)
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Figure 32: Curve-fitting of signal data from each photodiode with IR LED switched on.
Curve fitting performed on the data points plotted on current versus distance graph in

MATLAB software. The result is an exponential decay.
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From the above experiments, it is evident that the signal strength is greatly influenced
by the distance between the photodiode and the LED. This effect can be utilized to find
a solution for the over-dosing and under-dosing issues that were encountered previ-
ously. When the device signal overshoots, an LED-PD pair which is more distant from
each other can be considered for further evaluation as the resultant signal will have a

lesser magnitude eventually avoiding peak loss.

4.2.3 Effect of single versus dual LED

Comparison of power measurements with single and dual LED illumination in ten rep-
etitions is tabulated in Table 12. A significant difference in the light intensity was ob-

served by performing a t-test on the data measured.

Table 12: Current at single VS dual LED illumination. Power values in milli-watts using the
device with two LEDs. Experiments were performed two times- first with both LEDs switched

on and then with just one of the LED switched on

Dual LED power (mW) Single LED power (mW)
0.27 0.15
0.26 0.15
0.27 0.14
0.29 0.14
0.24 0.15
0.28 0.15
0.31 0.16
0.27 0.15
0.28 0.15

0.28 0.15
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The Student's t-test was performed to check if there was a significant difference be-

tween the two cases.

Table 13: Mean value of power with single and dual LED

LED Dual Single
Mean 0.273 0.148
p-value 1.44E-15

From the p-value (1.44*10-15), we see a significant difference of intensity through the
tissue with single and dual LEDs. Thus, having multiple rows of LEDs may solve the
problem of dosing. The concept behind such a solution is that, since overdosing results
in a very high signal from the photodiode (saturated signal), we can utilize the signal
resulting from the combination of LED-PD which are placed at larger distances, hence

giving a signal which has acceptable magnitude range.
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4.3 Experimental validation of device functionality
4.3.1 Results from device with frontend

Several different experimental trials were performed by changing the values of the de-
vice parameters as described in the previous sections. The optimum values were then
obtained (Figure 33) and measured (Figure 34). These were obtained after repeated

measurements with different parameters.

GAINS LED Intensities Light Shielding
Gain 0 = resistance 3,00M ohm LED Intensities used are:
Gain 1 = resistance 2,02M ohm
Gain 2 = resistance 1,00M ohm Light Shielding used.
Gain 3 = resistance 0,86M ohm LED1-R - 5mA Thickness : 1.1 mm
LED1-G - 15mA
LED1-R - 3 LED1-IR - 2,5mA
LEDI-G - 3
LED1-IR - 3 LED2-R - 7,5mA
LED2-IR2 - 15mA
LED2-R - 3 LED2-IR - 3mA
LED2-IR2 - 3
LED2-IR - 3 LED3-R - 25mA
LED3-IR2 - 25mA
LED3-R - 0 LED3-IR - 25mA
LED3-IR2 - 0
LED3-IR - 3

Figure 33: Device parameters during validation

We saw that the signal strengths (from both red and infrared) reduced as the distance
between the photodiode and the LED pair increased. Position 1 is closest to the pho-
todiode followed by position 2 and position 3 and thus gives the strongest raw signal
intensity, followed by Red 3. Upon pressure cuff changes, indicated by arrows in the
graph, the raw signal intensity drops to become high again — at the same level in Red
1 with a mild decrease over time. The signal intensity from Red 3 shows steeper/pro-
nounced responses. Raw values after cuff pressure use exceed the initial resting
value. The amplitude of signal change is most pronounced in Red 3, followed by red 1
and then red 2.
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Figure 34: Results of three LED positions after optimizing parameters.

4.3.2  Penetration depth of the signal

It can be seen from the previous section that as the pressure cuff is released the instant

where the red signal shoots up perfectly coincide with the sharp dip in the infrared

signal. This is better observed in positions 2 and 3. This means that there must be

some distance between the source and the detector for the light to travel through the

tissue to penetrate deep enough and catch a meaningful signal (Figure 35).

LED 3 LED 2 LED 1 PD
Loy == = —

Figure 35: Light propagation at different source-detector separation
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LED 3 (1.5cm)
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RED 3
IR3

16 - _
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Raw signal from RED and IR
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0.6 1 1 1 1 1
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Time (seconds)
Figure 36: Closer look at position 3. The signals from position three are shown. At around

270 seconds of time, the point at which the pressure is released, the red signal shoots up
while the infrared signal dips at the exact instant of time.

The results from position 3 are magnified and shown in Figure 36 to observe the de-

scribed signal changes.

The ratio of the signals (Figure 37) has been shown to further explain how the signal
peaks tend be more defined at position 3 upon comparison. At position 1 the signal
peak is diminished due to the diminished red signal at this distance. Thus, an optimum
distance between the LED and PD is crucial to get a meaningful signal.
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Figure 37: Ratio of signals at three positions

4.3.3 Comparison with other devices

To compare the results with other available oximetry devices, we use a ratio of the
signals from red and infrared (which basically is the ratio of the concentration of oxy-
genated hemoglobin over deoxygenated hemoglobin) to depict oxygenation value °*.
Since we find the best results at position 2 and 3, for comparing, we use the ratio signal
from position 3 and the signals from two other commercially available devices (O2C
and MOXY). We normalize all the signals from each device in a range of zero to hun-
dred to study the change of signal curves at different time points. Such a comparison
is shown in Figure 39. The arm with all three devices is shown in Figure 38. It can be
seen from the comparison that the rise and fall of oxygenation aligns over time with all
the three signals. The purpose of this comparison is to provide a similarity in the signal

response from the new device to other device caused due to the blood flow restriction
(pressure cuff).
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Figure 38: New device along with MOXY and O2C. The green front end on the left side of

the figure is the new device. The black rectangular device seen on the right side is the MOXY

device used for comparison. Another small sensor placed on the bottom between the two de-

Arbitrary signal magnitude

vices is the O2C device which is also a commercially available system.
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Figure 39: Comparison of device validation results with other oximeters
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Figure 40: Overlay of signal from the three devices

4.3.4 Light Shielding

Without the use of a proper fixation patch, the results were found to be very prone to
serious errors, especially at longer distances. Figure 41 shows the front end on the

forearm without a fixation patch.

Figure 41: Fixation of device without a light shielding patch. Unstable device fixation on

skin due to the size and rigidness of the device.

The results at three positions from this experiment are shown below in Figure 42. It
can be seen that the signal is noisy at position 1 and 2 (ambient light and fixation error).

The signal at position 3 is almost flat with random noise (definite fixation error).
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Figure 42: Signal from three positions without light shielding patch. Ratio(R/(R+IR)) at
three positions is shown. Since the device is not fixated firmly, the result gets more noise and

distorted as the distance increases resulting in just noise at 4.5cm.

The addition of a light shielding patch which provides better fixation, provides a much
more meaningful signal with less ambient light and better peaks as shown in Figure
44. Without the use of a proper fixation patch, the results are found to be very prone
to increased noise making the signal unreadable, especially at longer distances. The
fixation patches are shown in Figure 43. The signal from LED3 without a fixation patch
has just noise and does not follow the expected pattern showing peaks. However, upon
addition of the fixation patch, the signal follows the expected trend over time. Thus, it
is crucial to incorporate a patch between the skin and the device surface which pre-
vents the LED light directly hitting the surface of the photodiode in addition to providing
ambient light insulation. This also ensures a standardized pressure with which the de-

vice sits on the skin unlike using an elastic band or adhesive tape. A double-sided
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adhesive patch with cut-outs for LED and PD were developed for each device version

and successfully tested.

Figure 43: Light shielding patches. Fixation patches used for the front end for proper fixa-

tion on the skin surface.

We also performed experiments with two different thicknesses of the light shielding
patch (1.1 mm and 2.04 mm). It was found that the thickness also had a significant

effect on the amplitude of the signals (Figure 45).

The absolute value of the signal peak and its change in response to the light shielding
thickness was also analyzed. We see a significant decrease in the peak value of the
signal as shown in Table 14.



Results - 63 -

- Position — LED 1 (1.5cm) e Position — LED 2 (3.0cm)

» = "
—_— | Yy —_— N
E ‘ RN + I‘ \
F 057t | ", oC 044 [N
o« SRR “ "\u : - M | \\
S Y ]
‘E:-o.sa F ‘ | s L e \

L o

Oosst \e ‘ oo |
© ‘\\ o \\‘ |‘
oc 054 \ 0.38F N

al '\\ \.\

. \ 0.36 4
0.52 : . - : . 0.34 . : : - :
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (seconds)

04

06

Rlatio R/(R+IR)

0.8

=1
=)

e
'S

=1
)

o
T

o
5]

-0.8

Position — LED 3 (4.5cm)

ey ..r]_.li-fllt‘

1]1]
,
h, |
J\N |
\I|

200 300 400 500

Time (seconds)

0 100

600

Time (seconds)

Figure 44: signal from three positions with light shielding patch. Ratio signal at larger

distances shows better results with clear peaks and troughs upon the addition of the fixation

patch. The signal is now responsive to application and release of pressure as compared to

signal strength

flat noisy signal seen in figure 40.
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Figure 45: Effect of light shielding patch thickness.
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Table 14: Effect of light shielding thickness on absolute value of the signal. Reduction in
the absolute value of the signal is seen upon addition of a fixation patch. As the thickness of
the patch increases, the value further decreases. Peaks are not significant at IR illumination,

hence the peak values for IR are not given. The trend of signal decay can be observed in
peaks as well as the troughs.

No light shield 1.1mm 2.04mm
Initial signal value 3,191,123 4,198,735 750,996 781,823 282,461 309,757
Peak value 3,951,716 969,269 378,981
Trough value 1,396,770 3,251,149 342,755 620,085 140,461 257,464

4.3.5 Temperature measurement

To study the temperature changes upon application of the new device on the skin sur-
face, measurements were performed for over 25 minutes. The maximum temperature
that was recorded was ~35.2° Celsius (Figure 46) which is well below the standardized

limit. Hence, prolonged usage of such a device will not result in any temperature related
hazard to the skin.

35.2°C

w%
35°C / M = Sensor on skin with

the device
34.8°C

Sensor on skin
without the device

34.6°C

34.4°C

34.2°C

34°C

Temperature in °C >

33.8°C

33.6°C

33.4°C
33.2°C /AJ\A/
33°C
0 5 10 15 20 25

Time in minutes >

Figure 46: Temperature measurements with and without device
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4.3.6 Results from second version

Experiments were performed in an analogous way to the previous version of the device
wherein the device was placed on the forearm and measurements were performed
based on the oxygenation changes caused by application of pressure cuff. After a few
minutes of baseline measurement, we induced pressure for about two minutes after
which the pressure is released. Three such cycles were performed with a cooling time

of four minutes between every pressure release and subsequent pressure induction.

Results from two volunteer arms are shown in Figure 47 and Figure 48.
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Figure 47: Results from all LED positions in Volunteer 1. Signals from all the eight posi-
tions are shown. All signals are represented as the ratio - R/(R+IR). It is clearly seen that the

signals at all positions follow the expected change with respect to pressure cuff application.
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Figure 48: Results from all LED positions in Volunteer 2.

Figure 49 shows a closer look at the signal from one of the LED positions to clearly

see the changes in the signal as a response to the pressure cuff.

= Ratio R/(R+IR) from all LED5 of V3 Demonstrator representing oxygenation

Signal from photodiode (R/R+IR)
W W P £ 4)! (&)1 D
o (4)1 o 431 o (&)} o
I I I I I f I

N
(4)]
T

|

10 15 20 25
Time in minutes

N
o

o
(¢

Figure 49: Results from position 5
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From the above results, we can conclude that the new device is designed to penetrate
deeper into the tissue and the signals obtained are sensitive to the physiological
changes. The signal magnitudes shown in the figure have not been calibrated to depict
the actual oxygen saturation of the device. The calibration needs to be performed,
however the goal here was to verify the fluctuation of the device signal successfully

tracks the oxygenation changes in the body.
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4.4 Animal Experiments

The device functionality of oxygen measurements was evaluated in comparison with
other known devices on animals, in our case pigs, under surgery. In collaboration with
the Department of Anesthesia and Intensive Care Medicine of the University of Heidel-
berg, the devices were used to measure oxygen during the surgery performed by sur-
geons of the respective department. The goal of the surgery was to assess an external
blood volume exchanger based on the phenomenon known as extracorporeal mem-
brane oxygenation (ECMO). Animal experiments were performed under license 35-

9185.81/G-9/22 issued by the Regierungspraesidum Karlsruhe.

As part of the surgery, after few minutes of anesthesia, endotoxin was administered to
the body to induce a septic shock with subsequent intervention with ECMO to ex-
change the blood volume using the ECMO device. Two of our devices were simulta-
neously placed on the skin of the pig and comparison between the measurements was
performed. At the start of these experiments, we also tested the devices on the “picnic
region” (area near the limbs which are closer to the neck). However, as the surgeons
used surgical saw-cutter during the surgery, there were a lot of artifacts due to move-
ments and vibrations. Hence, the leg ham region of the pig was preferred for our ex-
periments. The flow of the experiments is depicted in Figure 51a.

The devices were placed on both sides of the body as seen in Figure 50.

Figure 50: Device version 2 application on the leg ham regions of the pig. a) right side;
b) left side
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The results from both sides were comparable and a similarity of the signal trends from

all LED positions was observed (figure 56b and 56c¢).
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Figure 51: Results from two devices during animal experiments. a) Signals originating
from the device placed on the right side. b) Signals from the device placed on the left side.
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4.5 Software for kidney function estimation

Any physiological entity can be described by several different systems or sub-systems
put together working in complex collaboration with each other. To study the distribution
of a biomarker or a tracer in a body, the most convenient method is to divide the system
into one or more parts which are commonly called compartments. The analysis of es-
timating marker concentration in the various compartments and the diffusion of the
marker between them is called compartment modeling.

Several types of compartment models have been described by various researchers. In
this project we use a three-compartment model to depict the elimination kinetics of the
marker used for glomerular filtration rate estimation. The dye which is used for GFR
estimation is ABZWCY-HPBCD “¢ , we use the model that has been previously de-

scribed 45 62,

To utilize the time during the limitations of Corona period, it was decided to implement
a software in advance which can later be modified based on new kinetic models and
functionalities of the final version of the device. Development of a software application
was not a part of the project initially, but this was rather taken as an opportunity to learn
programming in python as there was ample time due to the lockdown period and to
compensate the lack of progress in other areas of the project. Hence, based on the
three-compartment model, an open-source python application for windows- “Kidney-
Func” has been developed which has the functionality of adding up to three models
(one, two and three compartments). It also has the framework to add models for the

secretion and reabsorption along with the GFR estimation.

The workflow of the python application “KidneyFunc” is shown below:
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{ £.§ KIDNEY FUNCTION ESTIMATOR [s] X

Select the data file : Browse

Click to select initial points:

Select the model : 1 compartment

Kidney Fucntion :

Figure 52: Screenshot of the app’s main window. Here the user has the first option to
browse a file saved in the PC. This file contains the raw data of signal values derived from

the device’s output.

>> The selected file is :
" KT_Therapy_032021_03/D3/KT_Therapy _032021_03_1.2_D3_MD_00380_CH1.csv"|
Select the data file : Browse i i - - - R ki - -

>> Now click PLOT to select initial and end point
A, Figure 1 - o X

Click to select initial points: ‘ L 6 -) ‘*‘ Q E’: E *=1.9 y=915.

Select the start-point and the end-point with one click each

Select the model : ‘ 1 compartment

Kidney Fucntion : {

Click to fit the data: ‘

Figure 53: Application showing window pop-up for points selection. Once the file is se-
lected, the ‘PLOT’ icon plots the raw data and allows the user to use the mouse to click and

select the start-point and endpoint.
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{4 KIDNEY FUNCTION ESTIMATOR = 8 X

Select the data file : =
- e EICNES KT_Therapy_032021_03/D3/KT_Therapy_032021 _03_1.2_D3_MD_00380_CH1.csv

Click to select initial points:

Select the model : 1 compartment

1 compartment
2 compartment ’

i
3

| Ssecretion
Click to fit the data: Reabsorption

5
F
3
S
3

Figure 54: Application showing compartment model and function options. Here the app
snips the data as per the points given by the user and plots the curve. The user then selects

the compartment model and the function which is being estimated.

Ll KIDNEY FUNCTION ESTIMATOR =48 X

KT_Therapy_032021_03/D3/KT_Therapy_032021 03_1.2_D3_MD_00380_CH1.csv

Select the data file : SUCh X i
: et Sroves 3 compartment fitting of raw data

. nw
fitted

Click to select initial points: ‘
Select the model : ‘ 3 compartment

Kidney Fucntion :

Click to fit the data:

(p1+p2)*exp(p3*x)-p1*exp(p4*x)-p2*exp(p5*x)

w

Half-life 3e fit = 21.28

Time in minutes

Figure 55: Application window showing equation and curve fitted curve. The icon “FIT”

is clocked to give the final output in the display window shown on the bottom left.
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As seen in Figure 55, once the user clicks on the “FIT” icon, the data points are fitted
based on the compartment model chosen (three compartment in this case). The dis-
play window in the bottom left also displays the equation of the curve and half-life.
The GFR is generally calculated using an empirically derived conversion formula which
is calculated using enzymatic concentration measurements of the dye (marker) 41
However, the conversion formula is based on assumptions and does not take into con-
sideration the change in vital parameters of the subject- age, bodyweight, sex. 3. Thus,
we only use the half-life value obtained after the data analysis, to give an estimate of
the desired kidney function.

Using identical datasets, a comparison of the results was performed with this applica-
tion along with two other software - Medibeacon’s MBstudio2.0 (Figure 56) and another
MATLAB based software (Figure 57) developed previously at ZMF, Medical Faculty
Mannheim, UHEI. Figure 58 shows the results from the new KidneyFunc. The results
document that the new software results are comparable to the existing software. Thus,

the new software has the potential to be used in the future.

MRaw ®@Ft OCI

1073

T1/2=19.7

67
00:00:04 00:24:13 00:48:23 01:12:32 01:36:42
time

Figure 56: Result using MBstudio2.0.
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Figure 58: Results using KidneyFunc application.
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5 DISCUSSION

The switch from the routine methods to transcutaneous assessment of a GFR marker
to monitor kidney function comes with advantages of faster, non-invasive, and more
patient friendly procedures. While the most common work in this field has been in com-
bination with light of the visible spectrum, NIR has been gaining focus in the recent
times. This thesis provides a foundation for its primary aim which is to potentially meas-
ure more than one kidney function using a single device. In addition to the GFR, se-
cretion and reabsorption estimation were also the initial aims. However, these could

not be materialized due to a chain of obstacles.

This project was part of the International Training Network “RenalToolBox”. The project
was planned to come together with the work and results from other early-stage re-
searchers (ESRs). While this thesis focused on development, optimization, and vali-
dation of the device, a second PhD student worked on developing dyes corresponding
to the chosen wavelength and capable of mirroring GFR, reabsorption and secretion.
It was planned that a third ESR, experienced in animal work in the kidney, applied the
dyes plus the device to test it. Based on these data a second optimization step of dyes
and device, re-evaluation, and further optimization was planned. Unfortunately, due to
the Corona pandemic, this close-cooperation and interlocked work was not possible.
Dye development took longer than expected, animal experimentation plans were de-
layed due to delayed permission of the animal experimentation license. As a fallback
strategy we focused on oxygenation and postponed those analyses which required
input from the collaborating ESRs. In addition, the software was developed, initially not

planned as part of the thesis.

Accordingly, at the present stage, we have proven feasibility and function of the newly
developed device to be able to sensitively measure biological processes within the
body — in our case oxygen saturation in the skin upon pressure cuff changes in the
forearm. The next steps are to validate that the device is truly able to measure kidney
function, namely GFR, reabsorption and secretion. To enable this, our device is
equipped with 3 LEDs, green, red and IR, which can detect different tracers for exactly
these functions. A number of biomarkers have been developed by the partner Cy-

anagen (Italy) which are specific to the three functions intended to be measured. They
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were tested for compatibility with the device LEDs based on their emission spectra.
The three LED wavelengths that the device is incorporated with are: red (650nm), in-
frared (940nm), and green (520nm) (Figure 59). Ms. Srishti Vajpayee from Cyanagen
Italy, has worked to develop three biomarkers for the three kidney functions. Based on
the previous biological studies, ABZWCY-HBCD dye has been found to be a strong
option for GFR estimation 64, Several secretion and reabsorption markers have also
been developed as promising candidates which lie in the wide spectral range of 350 to
900nm. This could be utilized to study the possibility of simultaneous estimation as
opposed to sequential assessment of all three functions in the future. Simultaneous
infusion and measurement would be time saving but makes the fluorescence detection
complex. There are ways to filter and separate signals resulting from multiple emis-
sions, however the detection of multiple colors necessitates a complex setup involving
several detectors and precisely aligned filters. Frequency division multiplexing is a
well-known method used in microscope imaging to separate fluorescence signals us-
ing multiple detectors and filters 6°. In addition to a transimpedance amplifier which we
used in our device, a lock-in amplifier is also used in some setups where frequencies
of the LEDs are matched with the detection intervals 6. Nevertheless, our device, due
to its compact size and application, has been deployed with a single detector, which

currently will be suitable only for sequential measurements.
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Figure 59: Spectral emission of LEDs. a) Red, b) Infrared, c) Green
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Further in-vitro and in-vivo studies need to be performed to finalize the three target
dyes for GFR, secretion and reabsorption and also to determine which infusion tech-

nigue is feasible.
5.1 Design considerations

As we have analyzed and found that the frequency of the events, where the resultant
signal is either saturated or too low in magnitude, is quite high, the new device was
designed to solve this issue by design changes. The results from the analysis in section
4.1 shows that 29% of the experiments using FITC-S dye results in one of the two
undesired signal magnitude ranges. In case of ABZWCY-HBCD, the event of high sig-
nal is not very frequent while the event of low signal reaches around 7%.

The close placement of LEDs around the sensor of the old devices resulted in many
saturated signal events. Small distance between the source and detector causes the
signal to saturate due to very high magnitude 3. Consequently, we developed a design
where the distance between the LED and photodiode is adjustable. We first considered
a slider mechanism and later to rows of LEDs at increasing distances. This concept
was further reinforced with our measurements with test strips where we analyzed the
effect on the signal magnitude upon increasing distance of LED from the photodiode
(results section 4.2.1). In addition to the distance, the significant increase of signal from
the sensor upon adding an adjacent LED to the sensor was documented. The p-value
of 1.44*10-15 gives an idea of the significant change on the incident light on the pho-

todiode after passing through a skin imitation polymer.

In the process of the development of our new device, we were able to perform multiple
oxygenation measurements with different distances between the LED and photodiode.
In our experiments, the separation distances for such oxygenation estimations range
from 0.5 cm to 4.5 cm. We found that after multiple trials, when the oxygen measure-
ment was performed using the illumination from the LED which lies at 0.5 cm distance
from the photodiode, the resultant signal saturates quickly, and the peaks are lost. This
means that the current from the photodiode is too high. However, our device (first ver-
sion) had the capability of manually tweaking the LED intensity and the gain imple-
mented in the feedback loop of the transimpedance amplifier. Upon changing the driver

current for the LED to lower settings and decreasing the resistance values, we could
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derive an optimum signal strength, and using the ratio of red and infrared signals, we
were able to estimate the oxygenation. Upon further choosing the LEDs placed at
longer distances of up to 4.5 cm, the subsequent illumination intensity and gain mech-
anism were increased step-by-step, which gave us clear results with well-defined

peaks and troughs depicting the oxygen changes in the forearm.

Our approach with having larger and importantly adjustable distances, may also re-
duce another source of variability often observed in transcutaneous sensor-based
measurements which arises from the skin type (melanin content). The effect of melanin
concentration on the signal has been shown to depend on the separation distance
such that, up to a distance of 5mm, the effect on the signal increases, beyond which
there is no effect 7. This may also be due to the fact that longer separation results
mainly in the deeper emissions from the marker to reach the sensor.

Further, the advantage of source-detector distance being larger is that it results in
lesser light being incident on the photodiode from the direct source. In such cases, the
primary light that reaches the detector is from the marker emission. Larger distance
eases the necessity to perform complex filtering of source light from the overall light

which reaches the photodiode ©”.

5.2 Fixation and light shielding

The placement of the device and its proper fixation on the surface of the skin is imper-
ative to obtain reliable measurements. During the course of our experiments, we found
several reasons to find a mechanism to stably fix the device on the skin surface. We
thus incorporated a patch for our device which fulfils at least dual function: a) the patch
provides much stability during little movements of the body and muscles (even breath-
ing), which are very prone to affect the signal shape and magnitude 68 6°, b) the fixation
patch also provides ambient light shielding. The presence of bright light in the sur-
roundings can highly influence the signal received from the photodiode. In oximeters
the presence of strong light in the treatment rooms has shown to manipulate the signal

and, in some cases, falsely diminished oxygenation levels 5 70,
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When a fixation patch is not used, the results are expected to have high variability in
different trials and repetitions. In the results section 4.3.4, an experiment to show the
difference in output when we use an adhesive tape in comparison to the fixation patch
reveals the advantages of the latter. Only after the use of a stable fixation patch, we
were able to reach a distance of 4.5 cm to get meaningful oxygenation measurements.
In many oximeters which lack proper fixation, the medical personnel needs to use extra
tapes and adhesives to fix the sensor on the skin which can cause unreliable meas-
urements 1. Thus, the use of a patch to fix the device on the skin plays a very crucial
role in the entire measurement process, be it for oximetry or transcutaneous measure-

ments of kidney functions.

The fixation patch must not be specific to a patient’s body type or the place of applica-
tion on the body. It should be flexible and be able to firmly stick to the entire surface of
the skin in accordance with the size of the device. The fixation patch we decided to
use has adhesive films on both sides which firmly stick on the device first and then on
the skin surface. The adhesiveness of both the sides has been revised to avoid wear
and tear to the device components as well as be comfortable to the user while remov-
ing the patch from the skin. Such a band-aid type adhesive approach for wearable

health monitoring devices has proven to be a better solution to the fixation problems
72

The comparison of the ratio of red and infrared signal of the device with other commer-
cial devices has been described in section 4.3.3, where the changes in the signal due
to pressure cuff were observed at the same time instance for all the devices. We further
reiterated the functionality of the device when used on pigs. From the results of the
animal experiments (Section 4.4, Figure 51a and Figure 51b), we can conclude that
the device functionality could be validated on the body under the influence of active
blood circulation. The signals at the LED positions from both devices follow the same
trend as in the event of peaks and troughs against the time axis. The application of
endotoxin is consistent with dips in the signal magnitudes while the application of
ECMO device causes a temporary increase in the signal depicting the increase in ox-
ygenation. This is expected to happen as the ECMO device is set to circulate 50% of
the blood volume through it causing an overall increase in the oxygenated blood circu-
lating in the body. All LED positions were successful in depicting appropriate changes

over time.
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5.3 Requirements for kidney function testing

Our aim of solving the overdosing and underdosing issue has led to the design with
multiple rows of LEDs. This approach has been verified by oxygen measurements to
the extent that biological process changes in the body are detectable up to a separation
of 4.5 cm (source-detector). However, the reliability of having such distances for real-
time kidney function measurements remains to be checked. Even though we have the
flexibility of different source-detector distances to accommodate higher and lower
tracer concentrations, the capability of accurately estimating tracer decay rate at such
distances is to be established with further experiments. The former devices used in
research for estimating GFR have rigid capabilities in terms of the source-detector dis-
tance. This has been limiting the functionality of the device due to the inability to adapt
to the bodyweight variations and dosage errors. The new device, based on its design
and testing, is expected to solve these drawbacks by giving flexibility of varied source-

detector distances.

In the future, the device will have to be optimized for estimating kidney functions. For
testing on rats or mice, the size of the device might also be a point of concern, espe-
cially in mice. It could also be that a distance of 4.5 cm may not be needed for estimat-
ing kidney function in small rodents. Testing the device with subsequent optimization
in size is recommended in the future when the device will be used in combination with
the developed tracers for the kidney functions. In addition to the size and the number
of LEDs, the idea of simultaneous measurements of three kidney functions is also to
be determined. This depends mainly on the degree of spectral overlap of the bi-
omarkers. If such a combination is not possible based on the specific tracers, a se-

guential analysis would be the safe option.

Our device, as it stands now, has the potential to be used for these experiments with
a possible need of optimizations for being used on rodents for kidney function meas-
urements. To summarize, the current state of the device establishes the following ca-

pabilities:
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1) Assess the changes in biological processes inside the body:

This was done by the measurement of oxygenation in human forearm upon application
of pressure cuff induced flow changes. Animal experiments were also performed to

study the change in oxygenation under a terminal surgery to support this.

2) Use different source-detector:

The incremental distance of LEDs from the photodiode and its effect on signal strength
has been described. This setup aims to minimize the problems of signal overshoot and

weak signals.

3) Design capability to measure three fluorescent markers:

The addition of multi-LED chip which has light sources of three different wavelengths
provides the functionality of potentially measuring three spectrally distinct biomarkers.

The functional capabilities along with the possibility of tapping signals of higher and
lower strengths along with the documented ability of the device to estimate changes in
oxygenation in real-time also suggests that the device will be responsive to administra-

tion of different dyes (markers) used for detection of kidney functions.
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6 SUMMARY

In this study, we analyzed the transcutaneous devices which were used previously for
the measurement of GFR in laboratory rodents and identified the common limitations
that were encountered by various users. We quantified the occurrences of these ad-
verse events and found significant issues of high and low signals, which were taken
into this thesis as the basis and motivation. The new transcutaneous device which has
been described in this study aims to solve the described drawbacks. Biomarker dosage
errors can make the output signal from the device unfavorable for calculation of half-
life of the biomarkers used for function estimation. Thus, the new device has been
developed with specific changes in the layout of the optical components along with the
electronic capability to tweak the final output signal. This device also has the electronic
capability to measure two additional kidney functions (secretion and reabsorption) as
opposed to only GFR estimation. The incorporation of three wavelengths of LEDs es-
tablishes the functionality of detecting the clearance of three different biomarkers which
are specific to the kidney function being measured. The placement of LEDs at different
separation distances from the photodiode along with the dynamic signal amplification
improves the quality of the signal. This was confirmed in this thesis with the measure-
ment of oxygenation in the forearm. The measurements were taken with the signal
being recorded after illuminating with different LED rows as described in the previous
sections. We analyzed the oxygen measurements with LED-photodiode separation
ranging from 0.5cm to 4.5cm and demonstrated the capability of the device to get

meaningful signals.

In addition to the device layout and electronics, the use of a fixation patch was also
examined in this study. The addition of fixation patch has a significant effect on the
final signal which is highly dependent on the thickness of the patch used. We used
patches of three different thicknesses and found that the increasing thickness causes
the signal to reduce its magnitude exponentially. However, we also discussed the cru-
cial benefits and need for the use of such a patch. In addition to providing an even and
stable fixation of the device to the skin surface, the patch also facilitates insulation from
various ambient lights. It also protects the skin surface from direct contact with elec-

tronics components.



Summary -84 -

Successful measurement of oxygenation documented in this study on human forearm
and animal experiments establishes the completion of a working device with the pos-
sibility of taking into consideration the signal resulting from different depths into the
skin based on the chosen LED-Photodiode distance. The three-color (wavelength)
LEDs give the basis for the measurement of three kidney functions in the future. In
combination with appropriate biomarkers, it should be possible for the device to se-
quentially (if not simultaneously) measure the secretion and reabsorption in addition to
the GFR. The developed windows application can also be modified and used to calcu-
late the half-lives of the biomarkers.
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