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A fast calculation method was used to obtain the spectral optical properties of human normal and pathological
(chromophobe renal cell carcinoma) kidney tissues. Using total transmittance, total reflectance and collimated
transmittance spectra acquired from ex vivo kidney samples, the spectral optical properties of both tissues,
namely the absorption, the scattering and the reduced scattering coefficients, as well as the scattering anisotropy,
dispersion and light penetration depth, were calculated between 200 and 1000 nm. Analysis of the mean ab-
sorption coefficient spectra of the kidney tissues showed that both contain melanin and lipofuscin, and that 83 %

of the melanin in the normal kidney converts into lipofuscin in the pathological kidney.

1. Introduction

The kidney is an organ of vital importance in the human body, since
it is responsible for the regulation, filtering and excretion of toxic sub-
stances, excess of medical drugs and certain biological and metabolic
products that flow in the blood stream. There are a significant number of
pathologies associated with the kidney. In the case of renal cancers,
renal cell carcinoma which by itself has some variants such as cromo-
phobe renal cell carcinoma (CRCC), is one of the most common to occur
[1]. Renal cell carcinoma is ranked in the 13th place in the list of most
common cancers worldwide, having an annual incidence of about
330,000 people worldwide [2], and being responsible for more than
100,000 deaths [3]. To reduce these numbers, it is necessary to perform
periodic screening exams, so that the renal cell carcinoma and other
types of kidney cancers can be detected in their early stages of devel-
opment, and adequate treatments can be applied with high effectiveness
as soon as possible to increase the life expectancy of the patient. Fig. 1
presents two histological photographs taken at the Portuguese Oncology
Institute of Porto (Portugal) with 15x and 20x magnification at the mi-
croscope from kidney tissues, where the healthy kidney (Fig. 1 A) and
the kidney with a CRCC (Fig. 1 B) are seen.

A new line of fast and effective diagnostic methods, based on optical
technologies, such as 3-dimensional imaging or broadband spectros-
copy, can be developed to be used in periodic screening exams for renal
cancer detection. The benefits of developing such methods are the low
cost and compact instrumentation that can be reused, high reliability in
the established diagnose, and the use of noninvasive or minimally
invasive procedures. Regarding the spectroscopy approach, it is first
necessary to quantify the spectral optical properties both for the normal
and for the diseased kidney and compare them to find out differences,
which can be used in a diagnostic procedure. The estimation of the
spectral optical properties, both for the healthy and for the CRCC kid-
ney, can be made in vivo through the use of machine learning (ML) al-
gorithms that perform such estimation based only on minimally invasive
diffuse reflectance measurements [4,5]. The in vivo diffuse reflectance
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spectra of the kidney to be used in the ML algorithms can be acquired in
a minimally invasive procedure, by making a small incision on the
abdominal wall cavity and in the tissues that are located above the
kidney, so that the optical sensor can be introduced and placed in con-
tact with this organ. During the learning process of those ML algorithms,
reference optical properties of the tissues need to be available for
comparison to increase the estimation accuracy [5]. Such reference
optical properties need to be obtained through another process, such as
from spectral measurements acquired from ex vivo samples. Considering
this procedure of estimating the optical properties from ex vivo spectral
measurements there are different methods available. Within these
methods, the most traditional are the inverse simulations, which use
certain algorithms, such as the Monte Carlo [6] or the Adding-Doubling
[7]. Although these algorithms are much popular and accurate, they are
time and computer consuming, since the estimations are made for a
single wavelength at a time. A faster method, which is based on the
diffusion approximation, allows the calculation of the entire spectra of
most of the optical properties at once [8-10].

With the objective of evaluating the spectral optical properties of the
healthy and the CRCC kidney tissues and determine characteristic dif-
ferences between the two tissues, this last method was used in the pre-
sent study, as described in section 2.

2. Materials and methods
2.1. Sample collection and preparation

The tissue samples used in the present study were collected from
surgical kidney resections of 10 adult patients under treatment at the
Portuguese Oncology Institute of Porto (Portugal). Those patients have
previously signed a written consent to use the collected tissues in
research and diagnostic procedures. The study has been approved by the
Ethics Committee of that institution.

Using a cryostat (model CM1850 UV from Leica™, Wetzlar, Ger-
many), 10 healthy and 10 pathological samples were prepared from the
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Fig. 1. Histological photographs of the human kidney, showing the healthy kidney with characteristic corpuscle (spherical structures that filter blood) and tubules
(A) and CRCC showing confluent solid growth composed of pale cells with sharply defined plant-like cell borders (B).
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surgical resections. These samples had approximated circular form (& =~
1 cm), and a uniform thickness (d = 0.5 mm) and were placed in saline
before measurements to keep their natural hydration.

2.2. Spectral measurements

To perform the necessary spectral measurements for the calculation
of the optical properties of the kidney tissues, three experimental setups
were used. Those setups are configured to measure the total trans-
mittance (Ty), the total reflectance (R,) and the collimated transmittance
(T.) spectra of the tissue samples, and were previously described by
Martins et al. [10]. Each of the 20 tissue samples, 10 from the healthy
kidney and 10 from the CRCC kidney, was submitted to spectral mea-
surements between 200 and 1000 nm with each of the three experi-
mental setups. Considering the three spectra obtained with each setup
from a particular sample, calculations were made to obtain the corre-
sponding spectral optical properties. Such calculations are described in
section 3.

3. Theory/calculation

With the objective of obtaining statistical results for the spectral
optical properties of both kidney tissues, and since 10 spectra were ac-
quired with each setup both from the healthy and from the pathological
kidney, the calculations described in this section were performed for
each tissue sample and then averaged at the end.

Considering a particular tissue sample and the Ty, R, and T, spectra
that were acquired from it, the optical properties for each sample were
obtained through the following sequence of calculations.

a) The absorption coefficient spectrum (u,(1)) was calculated with
the following relation [10]:

/'td(}") _ [1 — (T[(}L)d+ Rt(}“))] (1)

where d represents the sample thickness (0.05 cm).

b) The scattering coefficient spectrum (us(A)) was obtained from the
T. spectrum through the Bouguer-Beer-Lambert (BBL) law [10-14], as
follows:

R @

¢) There is no direct relation to calculate the reduced scattering co-
efficient (u’s(A)) from experimental measurements, but since its wave-
length dependence is well described by a combination of the Rayleigh
and Mie scattering regimes as accounted in the following relation [15],
it can be estimated through inverse Adding-Doubling simulations at
discrete wavelengths within the spectral range of interest and then fitted
by such a curve [8-10]:

p () = (1-g(R)) x u,(4)

v\ A\ e
=ax (fRay X (W) + (1 _fRay) X (W) ) 3)

where g()) is the spectral scattering anisotropy factor, a = u’s (A =
500 nm), fray is the Rayleigh scattering fraction and byye is the exponent
related to the mean size of the Mie scatterers. Considering the spectral
range between 200 and 1000 nm, simulations were made at each 50 nm
in the present study to obtain the discrete u’s values for each type of
tissue, which were fitted with a curve described by the relation above.

d) After calculating ug(\) and p’s(\), g(A) could be calculated through
the following relation [16]:

g)y=1- @

H(A)

e) The spectral dispersion (n())) was calculated using the u, (1) in the
Kramers-Kronig (K-K) relations [17,18], first by introducing it in the
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following relation to obtain the imaginary part of the tissue dispersion

(xV)):

k() = 7,00 5)

and then, using x(1) in the following K-K relation [18] to obtain the
real part of tissue dispersion:

() = 1 +% /0 % x ﬁK(A)dA ©)

with A representing the integration variable over a wavelength range
under consideration and ) representing a fixed wavelength within the
range of interest that can be tuned for better adjustment of the calcu-
lated dispersion. To optimize this adjustment, a reference Cornu-type
curve that was obtained from discrete RI measurements for each type
of tissue was used [19]. The discrete RI values used to calculate the
reference Cornu-type curves were experimentally obtained, both from
healthy and from CRCC kidney samples, using the total internal reflec-
tion method [9]. Various lasers, emitting at different wavelengths be-
tween 400 and 860 nm, were used to perform these measurements from
the kidney samples [19]. Individual measurements were made from
three healthy and from three CRCC samples with each laser, allowing to
obtain statistical data at each wavelength. Considering as an example
the healthy kidney, once the mean RI values for all laser wavelengths
were obtained, they were tested to see which of the dispersion curves
described by the Cauchy, the Conrady and the Cornu equations provides
a better fitting [9]. It was verified both for the healthy and for the CRCC
kidney that the Cornu-type curve provides the best fitting of the
experimental data [19].

f) Using the p,(A) and the p’g(A) it was possible to calculate the light
penetration depth, 6(A). According to literature [20], in a spectral range
where p, < s, 5(A) is calculated with the following relation,

50) = :
V) (1,0 + 1))

but for spectral ranges with strong absorption, when y, is comparable
to Ws (10 pa > 3 '), 8(A) should be calculated as follows [20]:

)

1
V00 (1,00 + 38,(0))

Considering the p, and p’s spectra obtained in the present study for
the kidney tissues, the previous relation was used to calculate §() be-
tween 200 and 520 nm, while for higher wavelengths, the relation
described by (7) was used for such calculation.

The averaged results of these calculations are presented in section 4
for both tissues.

5(\) (€]

4. Results and discussion

Fig. 2 shows the calculated u,()) and n(}) for the healthy and for the
CRCC kidney.

Comparing between the calculated data in Fig. 2 for the healthy and
for the CRCC kidney, it is seen that the two u, spectra are very similar,
but the one for the CRCC kidney presents higher magnitude absorption
bands, for DNA (260 nm), for hemoglobin at 415 nm (Soret) and at 540
and 570 nm (Q-bands) and for water at 975 nm [21]. The results pre-
sented in Fig. 2(C) and 2(D) show good agreement between the dis-
persions calculated with the K-K relations and the Cornu-type curves
that result from discrete refractive index (RI) measurements made with
similar tissues [19]. The CRCC kidney presents higher dispersion than
the healthy kidney in the entire spectral range. Considering the Soret
band at 415 nm in the dispersions obtained by the K-K relations, if we
calculate the absorption fold-ratio between the peak of that band and the
corresponding RI value in the Cornu-type curve, we see different values
for the healthy and the CRCC kidney. In the case of the healthy kidney,
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Fig. 2. Spectral u, of the healthy (A) and CRCC (B) kidney and spectral dispersion of the healthy (C) and CRCC (D) kidney.

such fold-ratio is 1.029 + 0.006, while for the CRCC kidney it is 1.043 +
0.010, showing that the diseased kidney presents a higher blood he-
moglobin content. A similar calculation was made for the Q-bands, with
the resulting mean fold-ratios also indicating a higher blood hemoglobin
content in the CRCC kidney. Considering the healthy kidney, the fold
ratios at 540 and 570 nm were 1.011 £ 0.005 and 1.013 £ 0.004,
respectively, while for the CRCC kidney both ratios at those wavelengths
were 1.023 + 0.010. Although these calculated ratios suggest a higher
blood hemoglobin content in the CRCC kidney, the distributions of
values obtained for the two tissues are overlaid. A similar estimation of
the absorption fold-ratios, which results in higher differences between
the healthy and CRCC kidney, will be made later in this section, after we
analyze and retrieve the pigments contributions from the absorption
spectra of the kidney tissues.

Following the calculation procedure described in section 3, the
spectra for us and u's were obtained for both tissues, as represented in
Fig. 3.

The calculated p’5 spectra that are presented in Fig. 3 show differ-
entiating characteristics between the healthy and the CRCC kidney tis-
sues. The estimated curves for these spectra, as described by relation (3),
show that fray = 0.3125 £ 0.0842 and byj;e = 0.7822 + 0.3901 for the
healthy kidney, and that fray = 0.3417 + 0.0057 and byge = 0.9880 +
0.0967 for the CRCC kidney. Comparing between these results, we see

260

200 300 400 500 600 700 800 900 1000

A (nm)

that both fray and byjie present similar values, or at least their value
distributions regarding the healthy and the CRCC kidney are overlaid.
This means that similar Rayleigh and Mie scattering regimes occur in
both tissues. If, on the other hand, we consider only the mean estimated
bwie values for the two tissues, the increase observed from the healthy to
the CRCC kidney suggests that the average size of the Mie scatterers in
the pathological tissue is higher than in the healthy kidney. These
changes are certainly related to the development of higher sized and
denser structures with a higher RI that occur during cancer progression,
and further studies should be made to evaluate these parameters as
cancer advances between stages. The establishment of a relation be-
tween fray (01 byjie) and the cancer stage of development could be useful
for diagnostic/monitoring procedures. Fig. 3 shows that although both
us and ' present a decreasing dependence on the wavelength, the
magnitude values for these coefficients differ between the healthy and
the CRCC kidney. An interesting feature that is observed in both tissues
is that s and u’s tend to match each-other near 200 nm, suggesting that
scattering of light in the deep-UV tends to show zero anisotropy, as
represented in Fig. 4.

As a result of calculations with the relation (4), indeed a nearly zero
anisotropy was obtained for both tissues, as predicted in literature [15],
and as already observed for other tissues [8-10]. The healthy kidney
shows a faster increase in g than the CRCC kidney and an almost constant

260

200 300 400 500 600 700 800 900 1000
A (nm)

Fig. 3. Spectral ys and p’s of the healthy (A) and CRCC (B) kidney.
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Fig. 4. Spectral g of the healthy (A) and of the CRCC (B) kidney, and spectral & of the healthy (C) and CRCC (D) kidney.

anisotropy for wavelengths above 700 nm (Fig. 4(A)), while the CRCC
kidney presents an almost linear increasing anisotropy for wavelengths
above 600 nm (Fig. 4(B)).

Comparing between the spectra of § that were calculated for both
tissues, they present similar wavelength dependencies, but the values
observed for the healthy kidney (Fig. 4(C)) tend to be higher than the
ones observed for the CRCC kidney (Fig. 4(D)) for wavelengths above

400 nm.

After obtaining all the spectral optical properties of the kidney tis-
sues, a further analysis on the u, spectra presented in Fig. 2(A) and in
Fig. 2(B) was performed. Looking at those spectra, it is evident that both
present a decreasing baseline from the deep-UV to the near infrared. In
previous studies [8-10], the existence of such type of baseline was
indicative of the presence of pigments in the tissues, namely melanin

1.6 . - '
1.4
1.2

Melanin

Lipofuscin
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Fig. 5. Absorption spectra of melanin and lipofuscin (A), u,(A) of the healthy kidney before and after subtracting the pigments contribution (B) and u,(\) of the CRCC

kidney before and after subtracting the pigments contribution (C).
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and lipofuscin. According to literature [22], biological tissues accumu-
late both melanin and lipofuscin during the aging process, and these
pigments contribute to cell degeneration.

The absorption spectra of melanin and lipofuscin are necessary to
reconstruct that baseline for both kidney tissues. R6zanowska et al. [23]
have recently reported the absorption spectrum of lipofuscin between
200 and 1000 nm, and Zonios et al. [24] have previously reported the
absorption spectrum of melanin in the same range. By retrieving data
from Refs. [23] and [24], it was possible to reconstruct the absorption
spectra of melanin and lipofuscin, which are represented in Fig. 5(A).
Using these spectra, we combined them to reconstruct the baselines seen
in the u, spectra of the healthy and of the CRCC kidney tissues presented
in Fig. 2(A) and 2(B). When performing such combination for each tis-
sue, numerical values were multiplied by the absorption spectra of
melanin and lipofuscin, before adding the contributions of these two
pigments to create the baseline. Those numerical values were optimized
by trial-and-error for each tissue, so that the reconstructed baselines
could match the ones seen in the yu, spectra of both tissues that are
presented in Fig. 2(A) and 2(B). By subtracting the reconstructed base-
lines to the mean curves presented in Fig. 2(A) and 2(B), the new ab-
sorption coefficient spectra of the kidney tissues were obtained with a
horizontal baseline, as presented in Fig. 5(B) and 5(C).

Although the baselines (4a.pigment) presented in Figures 5(B) and 5(C)
seem equal, they are not exactly the same. They were reconstructed
independently for each tissue with particular combinations of the
spectra presented in Figure 5(A). For the case of the healthy tissue, such
combination is described by the following relation:

Hazpigment (4) = 0.60 X pt,_p +8.81 X pt,_y, 9

where fiamel and pa.ip represent the absorption spectra of melanin
and lipofuscin, respectively, that are represented in Figure 5(A).

In the case of the CRCC kidney, the absorption pigment combination
is described by:

l’[a—pigmem(ﬂ) = 010 X :ua—mel +937 X l’{a—lip (10)

Considering the numerical values used in the two previous relations
as a measure of the melanin and lipofuscin contents in the kidney tissues,
we see that a decrease in the melanin content (10.50) and an increase in
the lipofuscin content (10.56) are observed from the healthy to the CRCC
tissues. Such variations seem to suggest a conversion of about 83 % of
melanin into lipofuscin from the healthy to the CRCC kidney. In a pre-
vious study [25], it was reported that melanin was produced from
melanized lipofuscin in the presence of ferrous sulfide in brain tissues.
Considering such production of melanin from lipofuscin, which is
associated with the neurodegenerative process [25], and the conversion
of melanin into lipofuscin suggested by the results in the present study, it
seems that the interconversion of these pigments plays an important role
in the development of certain health conditions. An alternative situation
may have occurred in the kidney tissues studied in the present work.
Instead of a conversion of melanin into lipofuscin, which has not been
previously reported, the formation of melanolipofuscin granules may
have occurred. Such formation of melanolipofuscin granules was pre-
viously reported for eye tissues and associated to the development of
disease [26], and it consists on the aggregation of a lipofuscin shell
around melanin. With the formation of such granules, the interaction of
light is made only on the outside lipofuscin shell, which camouflages the
melanin inside. Such fact may be a justification for the results obtained
in the present study, but confirmation needs to be made in future
studies. Considering still the data presented in Figure 5, some additional
differentiating information between the healthy and CRCC kidney may
be retrieved from the evaluation of the blood hemoglobin content. After
subtracting the baselines from the u, spectra of both tissues, it is possible
to quantify the blood hemoglobin contents in the healthy and in the
CRCC kidney. Considering the Soret band at 415 nm, as previously done
for the calculated dispersions in Fig. 2, if we consider the absorption
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fold-ratios to quantify the blood hemoglobin content in the tissues,
different values are obtained for the healthy and for the CRCC kidney. In
the case of the healthy kidney such fold-ratio is 15.72, while for the
CRCC kidney it is 18.08. Once again, performing a similar calculation for
the Q-bands, the fold-ratios at 540 and at 570 nm for the healthy tissue
are 8.20 and 8.59, respectively, while for the CRCC kidney they are
10.80 and 10.81, respectively. Analyzing these data and the data ob-
tained from the dispersions in Fig. 2, it seems that the calculation of the
absorption fold-ratios at 415 nm, directly from the p, spectra after
subtraction of the pigments absorption, is the one that presents more
discrepancy between the healthy and the CRCC kidney. Either way, in all
cases where these ratios were calculated it was observed a higher value
for the diseased kidney, which shows that higher blood hemoglobin
contents are found with the development of cancer. Consequently, the
evaluation of the blood hemoglobin, melanin and lipofuscin contents
and the interconversion of these pigments, or the formation of mela-
nolipofuscin granules in biological tissues may provide information
related to the progress of pathologies.

To summarize the differentiating data that was collected in the
present study, Table 1 presents the estimated values for fray and by, as
estimated from the fitting of y's data, along with the pigments contents
and the absorption fold-ratios obtained at 415 nm after retrieving the
absorption contributions of pigments from the y, spectra.

5. Conclusion

In the present study, a fast method was able to obtain all the spectral
optical properties of human healthy and pathological kidney through
direct calculation from ex vivo spectral measurements. Differences were
detected when comparing between the spectral optical properties of the
healthy and pathological kidney, but the absorption coefficient was the
one that allowed to obtain a higher degree of differentiation. A higher
blood hemoglobin content was found both in the absorption coefficient
spectrum and in the tissue dispersion of the pathological kidney than the
one observed for the healthy kidney. A reconstruction of the decreasing
baseline observed in the absorption coefficient spectra of the kidney
tissues suggests that 83 % of the melanin in the healthy tissue converts
into lipofuscin in the pathological tissue. Such variations can be used as
an optical marker of renal cancer. Future studies should concentrate on
evaluating the melanin and lipofuscin contents, or confirmation on the
formation of melanolipofuscin granules in kidney tissues at different
stages of cancer development with the objective of developing new
methods for diagnosis and for cancer stage detection.
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