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1. Renal haemodynamics

1.1.Determination of renal haemodynamics at baseline by constant-infusion input-
clearance technique (PAH, Inulin)
Clearances are performed at the same time in the morning in a quiet and temperature-controlled
room. Renal haemodynamics are determined by the constant-infusion input-clearance technique
with inulin (Inutest, Fresenius), and sodium p-aminohippurate (PAH) for glomerular filtration rate
(GFR) and renal plasma flow (RPF), respectively, as suggested by Cole et al. and repeatedly
reported from our laboratory.

After a bolus infusion of inulin and PAH over 15 min and a subsequent constant infusion over
105 min, a steady-state between input and renal excretion of the tracer substances will be
reached. Duplicate blood samples will be collected for the assessment of RPF and GFR. PAH is
measured according to previously described methods. Inulin is measured indirectly by converting
inulin to fructose and subsequently measuring fructose by an enzymatic method (Boehringer
Mannheim, Mannheim, Germany). Each blood sample is measured in duplicate with a coefficient
variation of <56%.

Drug of interest
PAH/Inulin

L] L] ]

Measurement of renal parameters
at fixed times
during the investigation
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1.2.Assessment of intraglomerular haemodynamics

RPF and GFR are assessed by applying steady state constant-infusion input-clearance with PAH
and Inulin (see 1.1). Filtration fraction (FF) is calculated as GFR/RPF and renal blood flow (RBF)
as RPF/(1 — haematocrit). Intraglomerular pressure (Py,y,) and resistances of the afferent (R,) and
efferent (Rg) arterioles are calculated according to the model originally established by Gomez,
which has been discussed by Guidi et al. and applied in previous studies, as follows:

Pglnm = AP +Paow + g
={GFR|."|IK|:G )+ pﬁgw +[5X{CM —2))
=(GFR/Krg )+ Psow + (5 ((TP/FFxIn(1/1-FF)) —-2))

In the above equation, K (gross filtration coefficient) is estimated as 0.0406 ml s-1 per kidney.
Psow (hydrostatic pressure in the Bowman’s space) is estimated as 10 mmHg. n, (oncotic
pressure within glomerular capillaries) can be obtained from C,, (plasma protein concentration
within the glomerular capillaries), and calculated from TP (total protein concentration) and FF.

From Ohm’s law:
Rs = ((MAP —Pyr ) /RBF) %1328

Re = (GFR/K:c x (RBF—GFR)) %1328
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1.3. Renal endothelial function (by pharmacologic test)

Renal haemodynamic parameters will be determined by the constant-infusion input-clearance
technique with inulin and PAH for GFR and RPF, respectively (see 1.1). After a steady state
between input and renal excretion of the tracer substances is reached, the administration of
N(G)-monomethyl-L-arginine (L-NMMA) will be started in addition. LLNMMA is administered
intravenously as a bolus infusion (3 mg/kg over 5 min) followed by constant infusion (2 mg/kg
over 30 min). Thus, the total dose of L-NMMA will be 4.25 mg/kg.

The change in RPF in response to LLNMMA served as a measure of basal nitric oxide (NO) activity
in the renal circulation. The magnitude of the vasoconstrictive response to the blockade of NO
synthesis mirrors the vasodilatory effect of NO at baseline in the renal endothelium. Thus, a
greater vasoconstrictive response after LLNMMA application indicates a greater blockade of NO.

Vitamin C
3g
L-NMMA L-Arginine
4.25 mg/kg 100 mg/kg

0 105 135 165 195

Then L-arginine (L-arginine hydrochloride 6% total dose 100mg/kg given over 30 min) will be
administered to counteract the L-NMMA induced vasoconstriction, and hence returning to
baseline levels is negligible. The dose of L-arginine is so low that the effect related to the
infusion of an aminoacid occurs. Finally, co-infusion of vitamin C a total dose of 3 g over 30
minutes will be started (during continued infusion of L-arginine), to assess the contribution of
oxidative stress to NO bioavailability in the renal vasculature

In addition, urine and blood samples taken at the end of each treatment phase will be secured in
order to measure tubular markers and inflammatory parameters.

Risk measuring renal endothelial function and using clearance technigues:

Intravenous administration of LLNMMA normally increases blood pressure (BP). However, only
patients without or with arterial hypertension grade 1 or 2 are included. Therefore, hypertensive
crisis is most unlikely and have never occurred in our hands. Nevertheless, BP is monitored
closely throughout the intravenous administration of LNMMA. If nevertheless the systolic BP
rises over 200 mmHg or the diastolic BP rises over 110 mmHg, intravenous administration will
be stopped. No other side effects of intravenous administration of L-NMMA were observed in over
800 measurements in the last 15 years, carried out in a variety of patient populations. For safety
reason, we infuse intravenous L-arginine (L-arginine hydrochloride 6%) to counteract possible
prolonged L-NMMA induced vasoconstriction. L-arginine is an acid solution, which can damage
surrounding tissue, if it is given para-venously. Therefore, it is checked if the intravenous line lies
correct and hence L-arginine is administered strictly intravenous. Vitamin C infusion (in the
current dosage) has no (known) additional adverse effects.
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2. Central Haemodynamics and vascular (endothelial) function

2.1.Impedance cardiography

Bioimpedance cardiography allows non-invasive, continuous measurement of central
haemodynamics (stroke volume, cardiac output, heart rate, total peripheral resistance). The
measuring principle of electrical bioimpedance cardiography is based on the varying flux intensity
and frequency at the base of the thorax originating from skin electrodes. The same alternating
flow is recovered at the neck base by further electrodes. The continuous flow through the fluid
media of the thorax allows recording of the electrical impedance of the thorax and its changes
during a cardiac cycle. From this, beat and cardiac output are calculated.

Bioimpedance cardiography is available in the CRC for years and has been used in several
clinical trials. In particular, changes in a series of experiments are highly valid and reliable.
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2.2.Flow mediated vasodilation (by UNEX EF)
Flow mediated vasodilation (FMD) will be measured according to international standards. FMD is
determined as the dilation of the brachial artery after 5 minutes of forearm ischemia, induced by
inflation of a BP cuff on the upper arm to suprasystolic levels. FMD in healthy subjects is > 5%,
but more detailed gender-specific reference values for different age groups have been published.
A large number of studies have shown its predictive value, even in unselected population based
studies.

Assessment of FMD of the brachial artery by a semi-automatic ultrasound system using an H-type
ultrasound probe represents a new development that overcomes the limitation of classic systems
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(in particular the investigator-dependency of conventional, “hand-held” FMD measurements). This
system comprised a 7.5-MHz linear array transducer and a novel stereotactic probe-holding
device (UNEX EF 18G; Unex Co., Nagoya, Japan). This novel semi-automatic assessment of FMD
has been shown to improve the precision and repeatability of the measurements. With this more
precise method, it is now also possible to measure the low flow mediated vasoconstrictor (L-
FMC) response of the brachial artery that accompanies the cuff inflation period. Data have shown
that the combined assessment of FMD+L-FMC, i.e. the flow mediated total dilation (FMTD) further
improves characterization of underlying vascular disease.

In brief, continuous recordings of B-mode images and A-mode waves of the brachial artery in the
longitudinal plane will be obtained. A segment with clear near (media-adventitia) and far (intima-
inner lumen) interfaces will be manually determined. These border interfaces will be identified
automatically based on the A-mode waves, and the diastolic diameter of the brachial artery per
beat will be synchronized with the ECG R-wave and tracked automatically. The right brachial artery
will be scanned in longitudinal sections 1-10 cm above the elbow, the skin surface will be
marked and the arm will be kept in the same position during the study. A pneumatic cuff placed
around the forearm will be inflated for 5 min to at least 50 mmHg above systolic pressure. The
diameter of the brachial artery will be scanned and recorded at baseline before cuff inflation, and
continuously from the release point to 2 min after cuff deflation to obtain the maximum diameter
during reactive hyperemia. The diameter of the artery will be measured from one media—
adventitia interface to the other at end-diastole, coincident with the R-wave on the continuously
recorded electrocardiogram. L-FMC will be calculated from the mean arterial diameter during the
last 30 s before cuff release and expressed as percentage change from baseline. Traditional
FMD will be calculated as the maximum percent increase in arterial diameter during continuous
measurement of arterial diameter in the 4.5 min following cuff deflation. Finally FMTD as a
composite endpoint will be calculated as the sum of the absolute values of FMD and L-FMC. The
artery diameter will be recorded in the same manner at 15 sec interval after the first
measurement and at 60-sec intervals after the second measurement. All data will be analyzed in
a randomized, blinded fashion.
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2.3.Pulse wave analysis and Pulse wave velocity
Pulse wave analysis

To derive the central arterial waveform, a validated system (SphygmoCor™ System) will be used.
Brachial BP will be measured with an oscillometric device (e.g. Dinamap Pro 100V2) and
averages of the last three measurements will be taken. Immediately thereafter, radial artery
waveforms will be recorded from the radial artery at the wrist, using high-fidelity applanation
tonometer, directly into the SphygmoCor™ System. Radial artery waveform will be averaged from
single waveforms recorded consecutively for 8 seconds. Corresponding central (aortic) waveform
is then automatically generated from the radial artery waveform by a validated transfer function.
From the derived central waveforms, data are given on central systolic and diastolic pressure,
central pulse pressure, central augmentation pressure and central augmentation index. The
central augmentation index will also be normalized to a heart rate of 75 beats per minute.
Therefore, different baseline levels of heart rate or changes in heart rate due to provocative
manoeuvres, do not contribute to changes in central augmentation index. In addition, data about
forward and backward wave amplitude will be given.

—Pressure, P,
-——Flow, Q,,

Forward Wave, P,
Backward Wave, P,

Time (ms)

Pulse wave velocity:

Aortic PWV will be determined using the foot-to-foot methods with a validated System
(SphygmoCor™ XCEL System).
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2.4. Twenty-four-hour ambulatory BP and ambulatory vascular stiffness

Measurement of 24-h ambulatory BP (central and brachial) as well as vascular parameters under
ambulatory conditions will be done with a commercially available and routinely used ABPM
system (Mobilograph ™, IEM, Stollberg, Germany) that has been validated.
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3. Retinal haemodynamics

3.1.Retinal capillary flow

To assess retinal vessels scanning laser Doppler flowmetry (SLDF) at 670 nm (Heidelberg Retina
Flowmeter, Heidelberg Engineering, Germany) will be performed. The confocal technique of the
device will ensure that only capillary blood flow of the superficial layer of 300um will be
measured.

For perfusion analysis, capillary vessels with a diameter of more than 20 um are selected and
perfusion in these capillaries are not respected in the blood flow calculation of retinal capillary
flow. This process is performed using the automatic full field perfusion image analyser (AFFPIA).
The methods of SLDF and AFFPIA have been extensively described in previous studies.

Retinal capillary flow will be measured after 30 minutes of rest (baseline) and after flicker light
stimulation (10Hz; Photo Stimulator 750, Siemens-Elema AB, Germany) to assess endothelium
dependent changes in retinal capillary flow. Flickering light increases retinal blood flow at least in
part via a NO-dependent mechanism and represents a non-pharmacological tool to investigate
vasodilatory capacity of retinal capillaries. Diffuse luminance flicker has no effects on systemic
BP, thereby minimizing potential systemic hemodynamic influences on retinal capillary flow.

In addition, also individual pulsatile pattern of RCF of retinal arterioles in systole and diastole can
be reliably assessed.

reflexion image
1. Heidelberg Retinal Flowmetry . - :

B venule

arteriole

mVDd mLDd
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3.2.Retinal vascular remodeling
By using SLDF, also structural parameters of retinal arterioles can be assessed with high
reliability.

In brief, outer arteriolar diameter (OD) is measured in reflection images, and inner (lumen)
diameter (ID) is assessed in perfusion images (software version SLDF 4.0). WLR is determined
using the formula (OD-ID)/ID, wall thickness (WT) is calculated using the formula OD — ID/2 and
cross-sectional area (CA) is determined using the formula 3.14 x (OD [5] — ID [5])/4.

Similar to our retinal capillary flow analysis (see 3.1), also structural parameters can be
assessed according to different heart phases (systole and diastole).

Reliability of SLDF measurement has been previously shown to be fair (coefficient of variation
<10%).

- Retinal arterioles: 80 - 140 pm

Wall-thickness (WT) = OD - ID/2

Cross-sectional area (CA) = 3.14 x (0D = ID?)/4

Wall-to-lumen ratio,
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3.3.Retinal intercapillary distance

Both parameters of capillary rarefication, i.e. measurement of intercapillary distance (ICD) and
capillary area (CapA), are determined from perfusion images of pixels and have been previously
described in detail. ICD is defined as distance between any pixel outside and the next pixel
inside the vessel and expressed in um. One pixel is defined as the smallest dot of optic solution,
where flow can be detected. CapA is defined as area with predominance of vessels with <20 pm
diameter and is given in number of pixels. Reliability of measurements have been previously
shown to be fair (coefficient of variation <10%).

SLDF optic solution works in a confocal manner with pixel sizes of 10 x 10 pm. Pixels are located
in a depth of 300 um. Depending on the vessel size, pixels were categorized the following way:
Pixels inside vessels > 20 um were defined as non-capillary vessel pixels (e.g. arteriolar pixels),
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pixels inside vessel 20 ym were defined as capillary pixels, and pixels outside a vessel were
defined as intercapillary pixels.

For example:
Fig 1. M ; of i pillary di in pert ImagewlihsmnningIasernnpplerﬂowmelry‘
and calculation of intercapillary di using ic full field perfusion image analyser
doi:10.1371/journal.pone. 0162608 g001
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4. Body composition measurements

Fluid status will be measured with a portable whole-body bioimpedance spectroscopy device
(BCM, Fresenius Medical Care, Bad Homburg, Germany). Electrodes are attached to the hand and
foot on the nondominant side of the body and electrical responses at 50 different frequencies
between 5 and 1000kHz are measured. From the resulting impedance data and additional
clinical parameters, extracellular water, intracellular water and total body water are calculated by
the equations proposed by Moissl et al.

Fluid status assessed by the BCM is represented as “overhydration” (in Liter), based on a three-
compartment model developed by Chamney et al. The three compartments are lean tissue mass,
adipose tissue mass, and overhydration. Overhydration is the difference between the amount of
extracellular water in the tissue actually detected by the BCM and the amount of water present in
tissue predicted using physiological models under normal (euvolemic) conditions.
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5. Estimate of Beta cell mass (Glucagon test)

In addition to insulin resistance, insufficient insulin secretion (for a given degree of insulin
resistance) is a key factor that ultimately results in hyperglycemia. Among others, therapeutic
approaches aiming to preserve beta-cell function or even restore beta-cell mass have therefore
gained widespread attention over the past years. However, because functional beta-cell mass
cannot be directly measured in vivo in humans, indirect methods that evaluate the beta-cell
function are used instead. A good assessment of beta-cell function requires an evaluation of the
dynamic insulin secretory capacity to a secretory stimulus. For practical reason, intravenous
stimulation (e.g. with glucagon) is used. In a human study using tissue from patients who
underwent pancreatectomy, the change of C-peptide by glucagon-test was the most valuable
index of predicting functional beta-cell mass. Because glucagon directly stimulates beta-cells
the change of C-peptide concentrations by the glucagon-test is a valid index of secretory capacity
of beta-cells, reflecting functional beta-cell mass.

Insulin secretion is measured in patients being fasting overnight [3]. For this purpose, blood
samples are taken at 10 and 5 minutes and immediately prior (the mean of these 3 baseline
measurements is calculated) to the intravenous administration of 1 mg glucagon (NovoNordisk
A/S, Bagsvaerd, Denmark) as well as 6 minutes thereafter.

Using standardized laboratory methods, C-peptide, proinsulin and insulin (all Mercodia AB,
Uppsala, Sweden) will be measured. In addition, insulin sensitivity index using HOMA-IR is
calculated as fasting plasma glucose x fasting plasma insulin / 405 [4].
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6. Tissue sodium (>*Na-MRI) measurements
[cooperation with the Diagnostic Institute of Radiology]

In brief, sodium content in muscle and skin of the lower leg can be measured with a 2Na volume-
coil (Stark-Contrast, Erlangen, Germany) at 3.0 T with a MRI scanner (Magnetom-Verio, Siemens
Healthcare, Erlangen, Germany) using a 2D-FLASH sequence (total acquisition time, TA=13.7
minutes; echo time, TE=2.07 ms; repetition time, TR=100 ms; flip angle, FA=90°; 128 averages,
resolution: 3x3x30 mma3). Four tubes containing aqueous solutions with 10, 20, 30, and 40
mmol/L NaCl serve as calibration standards by relating intensity to a concentration in a linear
trend analysis. In parallel, we quantify tissue water content by *H-MRI, using a fat-saturated
inversion recovery sequence with spin density contrast (inversion time, TI=210 ms; TA=6.29
minutes; TE=12 ms; TR=3 s; FA1/2=90°/180°; 128 averages, resolution: 1.5x1.5x5 mm3). The
10 mmol/L NaCl tube serves as a calibration standard for tissue water. For the analysis of the
same image between 3-5 different readers, we found an excellent coefficient of variation (CV) of
1.0%-3.6% for results on skin sodium and 0.4%-0.7% for results on muscle sodium (intra-reader
variability).

It is already observed that sodium content is significantly increased with aging, severe
hypertension or hyperaldosteronism. This comprises tissue sodium content that encompasses
both intra- and extracellular sodium signals. The current methodology cannot separate
intracellular from extracellular sodium signals, but of note a close relationship to “dry sodium
content” has been found.

ZNa-MRI TH-MRI

Fig.1 Left Representative “Na magnetic resonance imaging (MRI)
of the lower leg. Tubes (arranged below) contained solutions with 10,
20, 30, and 40 mmolL of Nat, hence serving as calibration stand-
ards by relating intensity to a concentration in a linear trend analysis.
Right Tissue water content in the same patient assessed by "H-MRI

Risks of Na-MRI/*H-MRI assessments

Measurement of skin sodium content by *>Na-MRI/*H-MRI is a non-invasive method that is well
established in the investigators clinical research unit (CRC) for several years. Due to its non-
invasive nature and to our knowledge and long standing experience, there are no side effects. Of
note, no contrast medium is applied.
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7. MRI arterial spin labeling
[cooperation with the Diagnostic Institute of Radiology]

Arterial spin labeling (ASL) is performed with a 1.5 Tesla MRI scanner (Magnetom Aera, Siemens,
Erlangen, Germany) using a FAIR True-FISP sequence. The FAIR and true fast imaging with steady
state precession (True-FISP) approach combines a FAIR perfusion preparation and a True-FISP
data acquisition strategy. The perfusion measurement is based on 2 data acquisitions, one with
a global inversion prepulse, followed by one with a slice selective inversion (FAIR). The prepulses
lead to a labeling of blood water spins. In contrast to the global inversion prepulse, the slice
selective inversion prepulse only labels the blood water spins inside the kidney but not the
inflowing blood water spins. Subtraction of both images therefore reflects the local perfusion. A
3rd image without the FAIR preparation pulse is measured to normalize the signal intensities on
each patient. The technical and theoretical background of the sequence has been previously
described in detail.

MRI is illustrated in Figure 1. Patients are examined in the supine position with a body-phased
array coil (Siemens, Erlangen, Germany) in combination with a spine coil (Siemens, Erlangen,
Germany). The FAIR True-FISP parameters included the following: repetition time, 4.9 ms; echo
time, 2.5 ms; effective inversion time, 1200 ms; flip angle, 708; field of view, 360 mm; and in-
plane resolution, 2.3 1.2 mm. All images were measured during expiration in breath hold. Breath-
hold time was 18 seconds. Slices were positioned in an oblique coronal orientation to match the
longitudinal axis of both kidneys. Slice thickness was 8 mm. Care was given to similarly position
the slices in all subjects, and crucial attention was made to match the same slice position in
both study time points within one subject.

A Intelligent Scissor-Scgmentation B Automatic Non-Rigid Registration Cc Medulla/Cortex Segmentation

FIGURE 1. Processing of the images (from left to right). First, a semiautomatic segmentation using intelligent scissors is performed
(A). The resulting contour is registered onto all images of 1 series using nonrigid registration (B). By evaluating the registration results we
can distinguish a good (B, top) from a bad registration (B, bottom). Cortex/medulla segmentation was performed using a k-means
clustering algorithm (C). This clustering is based on the averaged registered global inversion images (C, top left). To enable the user to
modify the final medulla/cortex segmentation a parameter « is premultiplied to the gray values and directly influences the boundary
between medulla and cortex result (¢, bottom). In the assessed cases, the parameter « was set to 1.0 (c, top right). However, the
adjustment of « may be beneficial in particular cases.
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7.1.Renal cortical and medullar perfusion

Since we are especially interested in distinct cortex and medulla perfusion values, an additional
segmentation step is required. For this purpose, we use the average over the registered global
inversion images (Figure 1C, top left). In pretests, we identified the global inversion images to
show the best separation of gray values between calyces, medulla, cortex, and background. To
separate these regions, we use a k-means clustering method on the pixel gray values. For
increased robustness, we extended this gray value based approach by adding the distance to the
kidney’'s center of gravity into the computation. This leads to coherently segmented regions and
finally to a more robust and correct registration (Figure, top right). To enable the user to modify
the final medulla/cortex segmentation a parameter a is
premultiplied to the gray values and directly influences the
boundary between medulla and cortex (Figure, bottom). In
the assessed cases, a was set to 1.0. However, the
adjustment of this parameter may be beneficial in special
cases. A morphological filter is used to ensure that no
medullar or background pixels remain in the region of the
segmented cortical area. Although this may lead to a
slightly under-segmented cortex, the segmentation is
guaranteed to only contain pixels completely belonging to
the cortex.

The final image analysis in our experiments was always
based on 8 acquired global/slice inversion image pairs and
1MO image. These images were segmented and registered
using the previously described algorithm. Bad image pairs C Meduba/Cartex Soguacaiation

can be sorted out immediately by the registration software.

We evaluated different computation schemes and settled on computing a perfusion image for
every acquired image pair. From the image pairs showing a good registration, we used the 4 pairs
showing the highest perfusion values. Taking the average over these perfusion images showed
the best reproducibility, while maintaining a good separation between patients with different
kidney functions.

References:

1. Hammon, M, Janka, R, Siegl, C, Seuss, H, Grosso, R, Martirosian, P, Schmieder, RE, Uder, M,
Kistner, I. Reproducibility of Kidney Perfusion Measurements With Arterial Spin Labeling at 1.5
Tesla MRI Combined With Semiautomatic Segmentation for Differential Cortical and Medullary
Assessment. Medicine (Baltimore). 2016;95:€3083.

CRC assessments 15.05.18.docx 21



	1. Renal haemodynamics
	1.1. Determination of renal haemodynamics at baseline by constant-infusion input-clearance technique (PAH, Inulin)
	1.2. Assessment of intraglomerular haemodynamics
	1.3.  Renal endothelial function (by pharmacologic test)
	2. Central Haemodynamics and vascular (endothelial) function
	2.1. Impedance cardiography
	2.2. Flow mediated vasodilation (by UNEX EF)
	2.3. Pulse wave analysis and Pulse wave velocity
	2.4.  Twenty-four-hour ambulatory BP and ambulatory vascular stiffness
	3. Retinal haemodynamics
	3.1. Retinal capillary flow
	3.2. Retinal vascular remodeling
	3.3. Retinal intercapillary distance
	4. Body composition measurements
	5. Estimate of Beta cell mass (Glucagon test)
	6. Tissue sodium (23Na-MRI) measurements  [cooperation with the Diagnostic Institute of Radiology]
	7. MRI arterial spin labeling  [cooperation with the Diagnostic Institute of Radiology]
	7.1. Renal cortical and medullar perfusion

