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ABSTRACT

The fluorescent tracer agent 3,6-diamino-2,5-bisN-[(1R)-1-carboxy-2-hydroxyethyl]carbamoylpyrazine, designated
MB-102, is cleared from the body solely by the kidneys. A prototype noninvasive fluorescence detection device
has been developed for monitoring transdermal fluorescence after bolus intravenous injection of MB-102 in order
to measure kidney function. A mathematical model of the detected fluorescence signal was created for evaluation
of observed variations in agent kinetics across body locations and for analysis of candidate instrument geometries.
The model comprises pharmacokinetics of agent distribution within body compartments, local diffusion of the
agent within the skin, Monte Carlo photon transport through tissue, and ray tracing of the instrument optics.
Data from eight human subjects with normal renal function and a range of skin colors shows good agreement
with simulated data. Body site dependence of equilibration kinetics was explored using the model to find the
local vasculature-to-interstitial diffusion time constant, blood volume fraction, and interstitial volume fraction.
Finally, candidate instrument geometries were evaluated using the model. While an increase in source-detector
separation was found to increase sensitivity to tissue optical properties, it reduced the relative intensity of the
background signal with minimal effect on the measured equilibration kinetics.
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1. INTRODUCTION
The fluorescent tracer agent 3,6-diamino-2,5-bisN-[(1R)-1-carboxy-2-hydroxyethyl]carbamoylpyrazine, designated
MB-102,1 has been designed to be cleared from the body solely by the kidneys. As it is neither metabolized or
cleared from the body by any other mechanism, the change in concentration of MB-102 after a bolus administration can be used to monitor kidney function. The concentration of MB-102 has been demonstrated to be
equally effective as Iohexol in determining glomerular filteration rate (GFR).2, 3 The fluorescence of MB-102 can
be measured transcutaneously to monitor the changing concentration of the agent.
A transcutaneous fluorescence measurement instrument was built for the first-in-human clinical study of MB102.3 In that study, the kinetics of the equilibration of the agent into the measurement region were observed
to vary by measurement location on the body. Additionally, signal artifacts were observed due to motion and
variations in tissue optical properties. This paper describes a model built to explain the observed clinical
measurements and to inform future instrument design.
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2. METHODS
A model was built to explain the data gathered from the transcutaneous fluorescence measurement instrument.
The model was implemented in MATLAB (Mathworks, Natick, MA) and CUDA (NVIDIA, Santa Clara, CA). It
comprised three components: a ray tracing optical model of the instrument (MATLAB); a Monte Carlo optical
model of photon transport through tissue including fluorescence (CUDA and MATLAB); and a pharmacokinetic
model of fluorescent agent distribution (MATLAB).
Ray tracing was used to model the instrument optics including the fiber bundle, turning prism, and adhesives.
Additionally, a theoretical instrument with discrete source and detector locations immediately adjacent to the
skin surface was modeled. The instrument was treated as being in perfect optical contact with the skin, without
an intervening air gap.
MCA, a custom GPU accelerated optical Monte Carlo simulator developed by Triple Ring Technologies
(Newark, CA), was used to model the light transport from instrument exit, through the tissue or phantom, to
instrument reentry. MCA follows the algorithm of Fang’s MCX4 for photon transport and adds capabilities for
modeling both distributed and local fluorescence. MCA has been validated against MCX for diffuse reflectance
measurements as well as against both in vivo and in vitro experimental measurements for diffuse reflectance and
fluorescence.
A multi-layer skin model was built including depth-varying concentration of the fluorescent agent. The
model comprises 20 µm thick layers, each of which can have different optical properties including concentrations
of fluorescent agent.
The skin model was derived from skin models and measurements in the literature5–12 and has been validated
in vivo using spatially resolved diffuse reflectance measurements. The model uses distinct scattering parameters
for each major skin layer (epidermis, dermis, and subcutaneous). The scattering values (Table 1) were selected
based on Ref. 10 and 5, scaled by by 70% to match typical values observed in the human population observed
in other studies by the authors. The major skin layers were further subdivided into sublayers (Fig. 1). The
absorption was varied based on the chromophores composition of individual skin sublayers, based on an average
blood volume fraction of 1% (Table 2). The absorption of blood was calculated using the data of Ref. 13 by
assuming a hemoglobin concentration of 150 g/L with an average oxygen saturation of 60%.9 Interstitial fluid
was treated as water using the absorption data from Ref. 14. Lipids used the data from Ref. 15. The absorption
of melanin was modeled using Eqn. 116 for the absorption of a melanosome. A melanosome volume fraction of
4% was modeled, corresponding roughly to Fitzpatrick17 skin type 3 (see Eqn. 2).
6.6 · 1011 · λ−3.33 cm−1

(1)

Each sublayer also has a unique index of refraction and anisotropy.18
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Figure 1: Skin model sublayers.
The excitation light was simulated as a monochromatic source at 455 nm. The emission light was simulated
at 10 distinct wavelengths from 525 nm to 615 nm, with the results weighted by the emission spectrum of the
fluorescent agent.
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Table 1: Reduced scattering coefficients for each major skin layer. The nominal values were used for all simulations except for the explorations of optical property variations. Values listed are for the excitation light (455 nm)
and emission light (560 nm), respectively.
Layer

Low value
−1

Epidermis

40 cm

Dermis

27 cm−1 , 18 cm−1

Epidermis

−1

8.3 cm

, 28 cm

Nominal value
−1

−1

, 7.1 cm

−1

56 cm

, 39 cm

−1

38 cm−1 , 25 cm−1
−1

12 cm

, 10 cm

−1

High value
−1

Literature
−1

80 cm−1 , 56 cm−1 (10 )

49 cm−1 , 32 cm−1

55 cm−1 , 35 cm−1 (10 )

72 cm

−1

15 cm

, 50 cm
, 13 cm

−1

17 cm−1 , 14 cm−1 (5 )

Table 2: Volume fraction of chromophores (excluding MB-102), anisotropy, and index of refraction in each skin
sublayer.
Layer

Blood

Melanosomes

Water

Lipids

Anisotropy

Index of Refraction

Stratum Corneum

0%

0%

5%

0%

0.86

1.5

Living Epidermis

0%

4%

20%

0%

0.8

1.34

Papillary Dermis

1.1%

0%

20%

22%

0.9

1.4

Superficial Plexus

1.1%

0%

20%

22%

0.95

1.39

Reticular Dermis

.83%

0%

20%

22%

0.8

1.4

Cutaneous Plexus

4.1%

0%

20%

22%

0.95

1.38

Subcutaneous Pexus

4.1%

0%

9%

90%

0.75

1.44

Subcutaneous

0.8%

0%

9%

90%

0.75

1.44

To investigate the effect of optical property variations (both inter- and intra-subject), the nominal values of
chromophore concentrations and scattering were adjusted. The nominal blood volume was halved and doubled.
The oxygen saturation of the blood was increased to 80% and decreased to 30%. The scattering was increased
and decreased by about 30%, and the higher scattering values from the literature were used as well. Finally, the
volume fraction of melanin in the epidermis was varied based on Eqn. 2, derived from the ranges in Ref. 19.
fmel = 0.5% · 2Fitzpatrick skin type

(2)

Clinical measurements were taken at four different body sites: the forehead, the sternum, the medial upper
arm, and the lateral lower ribcage (denoted trunk). Each location was simulated. The primary difference in
skin from different body locations studied in the literature is the thickness of the epidermis and dermis.20 The
subcutaneous thickness varies as well, but is at least a few millimeters thick in all locations. As the light does
not penetrate past a few millimeters, those variations were not included in the model. The thicknesses of each
skin layer at each body site are displayed in Table 3. The modeled thickness of the living epidermis and reticular
dermis were adjusted to account for these variations. There are also expected to be differences in vascularization
but that information is not readily available for the body sites under investigation so it was not included in the
model.
The concentration of the fluorescent agent was allowed to vary with depth based on the pharmacokinetics
of distribution in the vasculature and skin. The optical contribution of the agent was assumed to only occur
in the vasculature and interstitial fluid. The concentration in the vasculature was assumed uniform throughout
the body, modeled by a typical pharmacokinetic equation with a double exponential decay representing diffusion
into the central compartment (the alpha stage) and clearance by the kidneys, parameterized by time constants
τrenal and τalpha , respectively (Eqn. 3). The alpha component was weighted by the fractional contribution of
that term (Falpha ) which was allowed to vary freely when matching the model to clinical measurements.


Cvasculature = Cvasculature,initial e−t/τrenal + Falpha e−t/τalpha
(3)
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Table 3: Thickness of skin layers for each modeled body site.
Thickness
Layer

Forehead

Sternum

Arm

Trunk

Epidermis

100 µm

80 µm

80 µm

80 µm

Dermis

0.78 mm

1 mm

1.34 mm

1.34 mm

Table 4: Modeled blood vesel diameter by skin layer.
Papillary Dermis (Capillaries)
(Forehead; Sternum; Arm/Trunk)
3 µm; 5 µm; 7 µm

Dermis

Cutanous/Subcutaneous Plexi, Subcutaneous

11 µm

25 µm

It was assumed that the diffusion of the agent from the blood into the interstitial space did not have a significant
effect on the concentration of the agent in the vasculature except as captured by the alpha term.
The concentration of MB-102 in the interstitial fluid was modeled with a differential equation representing
diffusion between the vasculature and the interstitial space and vertical diffusion within the interstitial space
(Eqn 4). Each type of diffusion was characterized by a separate diffusion coefficient: Dvi representing vasculatureto-interstitial-space diffusion, and Dz representing vertical diffusion within the interstitial space.
∂Cvasculature
∂Cinterstitial
= Dvi (Cvasculature − Cinterstitial ) + Dz
∂t
∂z

(4)

The vasculature-to-interstitial-space diffusion coefficient was scaled in each layer proportional to the total vessel
surface area. The surface area for each layer was calculated from the blood volume and the average vessel
diameter21, 22 (Table 4), with decreased vessel diameters in the cappilary layer based on typical sun exposure of
the body sites.23 The total agent concentration in each layer was computed by weighting the concentrations of
agent within the vasculature and interstitial fluid by the local partial volumes of interstitial fluid and blood.
The model parameters were adjusted to match the data from the clinical study. The adjusted parameters
were the local blood volume fraction, the local interstitial fluid volume fraction, and the vasculature-to-interstitial
diffusion coefficient. The intra-interstitial fluid diffusion coefficient was explored but did not have a significant
effect on the results within the plausible range of values. For each subject, the plasma measurements were used
to derive the agent concentration within the blood. A universal scaling factor to translate the measured plasma
concentrations to blood concentrations was derived by finding the best fit across all subjects. The plasma data
had insufficient sampling density for a subject-specific fit during the alpha stage of the pharmacokinetics, where
the agent diffuses into the central compartment. Therefore, an approximate universal alpha-stage coefficient was
derived using data from all subjects.

3. RESULTS
3.1 Modeling of clinical study measurements
An example of clinical measurements of MB-102 for a single subject is shown in Fig. 2a. Initially, the different
body locations were modeled using only the differences in skin thickness and capillary diameter. Those differences
did not have sufficient effect on the modeled kinetics to account for the variations between body sites.
The parameter that best explained the observed variations was the vasculature-interstitial space diffusion
coefficient, τvi . By adjusting τvi , good agreement was achieved between the clinical measurements and the
modeled measurements (Fig. 2b). It is likely that the variations in the diffusion coefficient were caused by
variations in the local microvasculature in the skin. Future work will involve analysis of skin biopsies to correlate
microvasculature characteristics to the observed diffusion coefficients.
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Across the 8 clinical subjects, the forehead and sternum consistently exhibited the fastest equilibration
between the vasculature and interstitital space. The arm and trunk locations were slower and more widely
varied. A summary of the observed diffusion coeffients is shown in Fig. 3.

(a) Clinical measurements

(b) Modeled measurements

Figure 2: Clinical measurements and measurements simulated by the model. The clinical measurements show
the initial background signal due to tissue autofluorescence, the injection and equilibration of the agent, and
the renal clearance. There is noise and artifacts in the clinical measurements due to autoregulatory processes
changing blood volume and motion artifacts. The background signal from tissue autoofluorescence was included
as a constant additive signal in the model. The model shows good agreement with the kinetics observed in
the clinical measurements. The faster equilibration kinetics of the forehead and sternum are due to a shorter
vasculature-to-interstitial-space diffusion time constant.
Table 5: Vasculature-to-interstitial-space diffusion coefficients (τvi ) modeled in Fig. 2.

τvi [hours]

Forehead

Sternum

Arm

Trunk

0.12

0.81

2.2

1.9

Figure 3: Vasculature-to-interstitial-space diffusion coefficient (τvi ) across 8 clinical subjets.

The modeled concentration of MB-102 in the tissue varied with depth and time (Fig. 4). MB-102 was most
concentrated in the regions with dense blood nets at the intersections of the epidermis, dermis, and subcutaneous
layers. The diffusion from the vasculature to the local interstitial space was the dominant determinant of the
concentration. Vertical diffusion of the agent within the interstitial space only provided a small contribution.
The relative concentration of MB-102 by depth only exhibited a small variation with time. This suggests that
increasing the effective measurement depth by increasing the separation between the source and detector would
not have a large effect on the kinetics (see Section 3.2).
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Figure 4: Modeled MB-102 pharmacokinetics in tissue vs. depth. The agent was most concentrated in the
regions of higher blood vessel density. The concentration was limited in the subcutaneous due to the smaller
interstitial space.

3.2 Effect of optical geometry
The instrument used in the clinical study has overlapping illumination (source) and collection (detector) regions,
for a small effective source-detector separation. The effective source-detector separation is the average separation
between each possible source location and each possible detection location, weighted by the signal level at each
source-detector separation. Due to the extended nature of the source and detection regions of the clinical
instrument, the effective source-detector separation was approximately 400 µm. Increasing the separation between
the source and detector increases the effective measurement depth. A general rule of thumb for visible light is
that the average measurement depth is between a quarter and a half of the source-detector separation, with
shallower measurements at shorter wavelengths.
A future instrument could be designed to have discrete illumination and collection regions with a larger
effective source-detector separation. To see if this would prove advantageous, simulations were performed for
source-detector separations ranging from 0 mm to 5 mm. As the source and detector move farther apart, less
light reaches the detector due to absorption and diffusion through scattering. The reflected source light shows
a steeper decline with increasing separation as compared to the fluorescent light (Fig. 5). This was caused by
the higher absorption and scattering at the source wavelength as compared to the emission wavelength. Thus at
longer source-detector separations, the requirements for filtering the reflected source light signal are diminished.
An instrument with an effectve source-detector separation of 4 mm would have almost two orders of magnitude
less reflected source light relative to the fluorescence intensity as compared to the clinical instrument. Thus
an increased source-detector separation would decrease the background signal level that is not due to agent
fluorescence.
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Figure 5: Reflected excitation light and agent fluorescence both decrease with increasing source-detector separation, but the reflected source light diminishes more quickly than the agent fluorescence.
As expected from the limited depth-dependence of the agent pharmacokinetics (seen in Fig. 4), the modeled
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fluorescence measurement kinetics are quite similar across source-detector separations, with a small increase in
the time to equilibration as the source-detector separation increases (Fig. 6). The impact of instrument design
on the rate of equilibration was insignificant in comparison to the effect of the measurement location on the
body.
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Figure 6: Modeled fluorescence measurement kinetics for varied distances between the source optics and the
detection optics. The kinetics exhibit only a small dependence on source-detector separation.

3.3 Effect of optical property variation
There are two cases of optical property variations that must be considered: inter- and intra-subject variations.
Inter-subject variations are dominated by the absorption of melanin, and are relevant to determine the dynamic range requirements for the instrument design. Intra-subject measurements do not experience variations
in melanin, assuming the measurement is taken in a single location. However, variations in blood volume and
oxygenation as well as scattering changes can occur on the same time scale as the renal clearance of MB-102,
potentially confounding the measurement.
Fig. 7 shows the effect of melanin concentrations covering the range of the human population. The signal
range due to melanin concentration for the clinical instrument was between one and two orders of magnitude.
The dynamic range increases slightly with source-detector separation up to approximately 0.5 mm (Fig. 7a).
Beyond that distance, the impact of melanin was independent of source-detector separation. This effect was due
to the localization of melanin in the epidermis. At shorter source-detector separations, some light was detected
that has not fully traversed the epidermis, reducing the effect of melanin concetration. For longer source-detector
separations, almost all of the detected light spends the majority of its path in the dermis and subcutaneous where
the absorption was lower, passing the epidermis upon entry and exit of the skin only. The vast majority of the
fluorescent signal was created below the epidermis, suggesting that the kinetics of the measurement should be
unaffected by the concentration of melanin. This was confirmed by the model (Fig. 7b).
Within a single subject, the optical properties of the skin are likely to change over a measurement duration
spanning multiple hours. In particular, the blood volume in the skin will vary due to autoregulatory processes.
Changes to scattering, generally caused by variations in hydration, and blood oxygen saturation also affect
the tissue optical properties. As these can vary during a measurement, they are of concern for measurement
accuracy as well as dynamic range requirements. Fig. 8 shows the impact of these variations. At short sourcedetector separations such as those used in the clinical instrument, the expected intra-subject signal range was
approximately a factor of two. The signal range increases along with source-detector separation, reaching over
an order of magnitude by 4 mm. While a longer source-detector separation is more sensitive to optical property
variations, even the existing clinical instrument is sufficiently sensitive to optical property variations to require
an algorithmic correction for those variations.
The model assumes that all changes to blood volume are uniformly distributed throughout the skin. In reality,
many of the autoregulatory processes that affect skin blood volume will predominantly affect the capillary layer.
This will lead to signal changes more like those due to melanin, as the optical property changes are confined to
the top layers of skin. These changes will be more independent of source-detector separation.
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(a) Signal Variations due to Fitzpatrick skin (b) Kinetics of agent signal, normalized to peak
type, shown vs. source-detector separation.
signal. The concentration of melanin has no
effect on the kinetics.

Figure 7: The influence of skin type (melanin concentration) on the modeled measurements.

Figure 8: Modeled fluorescence measurement variations at a single point in time across a range of possible
intrasubject optical properties (blood volume, blood oxygen saturation, and scattering), shown vs. sourcedetector separation.

4. DISCUSSION
Having an in silico model improves understanding of the interactions of the measurement instrument and physiology. To use a fluorescent agent for transdermal measurements of kidney function, the primary concerns are
the measurement kinetics, sensitivity to variations in optical properties, and the size of the background signal.
The required complexity and cost of the instrument also must be considered.
The time constants associated with the equilibration kinetics observed in the clinical study at the arm and
trunk locations are of similar duration as the time constants associated with renal clearance in healthy subjects.
This confounds the calculation of the renal clearance rate. It is desirable to accelerate the kinetics of the
measurement through instrument design; unfortunately, the model shows that the optical geometry has only
a minimal effect on the observed equilibration time. The underlying cause of the variation in equilibration
kinetics is likely due to local variations in microvasculature. To maintain or improve the performance observed
at the forehead and sternum sites, it is recommended to investigate regions of the body where the skin is highly
perfused.
To calculate the time constant associated with renal clearance, the background signal, due to tissue autofluorescence and reflected excitation light, must be removed. This signal contribution can be measured before
injection of the agent, but like the agent signal, it will vary with optical property changes. Therefore, minimizing
the background signal will reduce error in the the estimation of the renal clearance time constant. This argues
for a longer source-detector separation in a future instrument design. The contribution of reflected excitation
light to the measurement can be diminished by using high-rejection interference filters, but this requires quality
collimation optics that increase the size and cost of the instrument.
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The cost of going to a longer source-detector separation is an increased sensitivity to optical property variations. These variations can be corrected by adding diffuse reflectance measurements and using intrinsic fluorescence algorithmic techniques.24 Further exploration of the differing effects of optical property variations based on
the homogeneity of the effect is warranted: much of the blood volume variation due to autoregulatory processes
will be confined to the capillary layer near the surface of the skin.
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