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Abstract
Optical coherence tomography (OCT) is awell-established imaging technology for high-resolution,
cross-sectional imaging of biological tissues. Imagingprocessing and light attenuation coefficient
estimation allows to further improve theOCTdiagnostic capability. In this paperweuse a commercial
OCT system, Telesto II-1325LR fromThorlabs, and demonstrate its ability todifferentiate normal and
tumormammarymouse glandswith theOCTattenuation coefficient. Using severalOCT images of
normal and tumormammarymouse glands (n= 26), a statistical analysis was performed. The
attenuation coefficientwas calculated indepth, considering a slope of 0.5mm.The normal glands
present amedian attenuation coefficient of 0.403mm−1, comparatively to 0.561mm−1 obtained for
tumormammary glands. This translates in an attenuation coefficient approximately 39%higher for
tumormammary glandswhen compared to normalmammary glands. TheOCTattenuation coefficient
estimation eliminates the subjective analysis provided bydirect visualizationof theOCT images.

1. Introduction

Optical coherence tomography (OCT) is a high-
resolution imaging technology, which allows to obtain
depth-resolved images of biological tissues by optical
interferometrical measurement [1, 2]. OCT is the
parallel of the ultrasound B-scan technology, using
light instead of sound waves. In ultrasonography, an
image is formed by registering the detected echoes of
the emitted sound waves: the time delay between
sound emission and echo detection provides
depth information, while its magnitude provides
B-(Brightness) information [3, 4]. OCT uses a low-
coherence interferometry (the backscattered light is
interfered with the emitted light beam) and a near-
infrared optical source. Depending on the bandwidth
and central wavelength of the optical source, the
current OCT technologies have an axial resolution
range from 1 to 15 μm, 10–100 times finer than the
standard ultrasound imaging systems. TheOCT depth

imaging of regular commercial systems is approxi-
mately 2 mm, but this parameter is limited by the
optical source and light scattering in biological tissues
[1, 5–7]. OCT started as a promising and powerful tool
in ophthalmology [8], however, in the last decade,
OCT has also been applied to other fields of medicine,
due to its sub-micrometer resolution and real-time
imaging possibility [5, 9].

The use of optical systems for clinical imaging of
pathological conditions, such as precancer/cancer
diagnosis, is today, more than ever, an important and
emergent topic of investigation in biomedical research.
The optical properties of different tissues result in dif-
ferent imaging characteristics, providing morphologi-
cal and physiological information about them. In
particular, it is very important to obtain the inner struc-
ture characteristics of the tissues for precancer detec-
tion and OCT plays an important role in this field, as it
provides cross-sectional imaging of the tissue micro-
structurewith high axial resolution [10, 11].
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The intensity of the coherent light propagating
through a biological medium is attenuated along its
depth due to light absorption and scattering phenom-
ena. This attenuation is described by the Beer–Lam-
bert law, and itsmagnitude as a function of the depth is
characterized by the attenuation coefficient. The
attenuation of light depends on the specific optical
properties of the medium, which means that deter-
mining the attenuation coefficient provides valuable
information about the biological tissues being ana-
lyzed [12–14]. Several studies have demonstrated the
potential of the quantitative OCT analysis for diag-
nosis and classification purposes: renal [15], oral [16],
liver [17] and rectal [18] cancer diagnosis, skin lesions
[19], bladder cancer tumor staging [20], glaucoma
diagnosis [21], malignant axillary lymph node diag-
nosis [12], brain cancer infiltration [22]/tumorous
human brain quantitative diagnosis [23], and athero-
sclerotic plaque characterization [24]. OCT imaging
was also used to study supercontinuum laser-induced
cutaneous thermal injuries and consequent repair in
living mice, by qualitative and quantitative evaluation
[25]. To the authors’ current knowledge, this is the
first report about the differentiation of normal and
tumor mammary glands by analyzing the attenuation
coefficient ofOCT images.

In this paper, we introduce a method to differ-
entiate between normal and tumor mammary glands
provided by OCT images, based on the estimation of
the attenuation coefficient of light along the depth of
the tissue. A brief introduction of the OCT technology
in biological tissues examination and the importance
of the quantitative analysis provided by the attenua-
tion coefficient is described in this section. Section 2
presents the methods used for OCT imaging acquisi-
tion and for the attenuation coefficient estimation.
The process for image noise reduction, and the statis-
tical analysis method is also described. The results for
normal and tumor mammary glands are presented
and discussed in section 3, including: OCT images,
OCT attenuation coefficient calculation and the statis-
tical analysis. Finally, the conclusion of this study is
presented in section 4.

2.Methods

2.1.OCT imaging of biological tissues
OCT can be implemented in two ways: time and
frequency domain. The introduction of frequency
domain (FD-OCT) systems increased the speed of
imaging acquisition. FD-OCT does not require the
movement of a reference mirror, as required in time
domain OCT, and measures the full depth of the
sample simultaneously. The FD-OCT systems can be
implemented in two ways: by using a broadband
optical source and a spectrometer, spectral domain
OCT (SD-OCT), or by using a swept source and a
photodiode, swept-source OCT (SS-OCT). The per-
formance of an OCT system is influenced by the
optical source, and the choice of the spectral range
depends on the intended application. In retinal
imaging it is common to use either 800 nm (higher
resolution) or 1000 nm (higher penetration depth). To
obtain OCT images of deeper structures it is required
to use light at higher wavelengths, due to the decreased
scattering properties. In this study, a SD-OCT system
Telesto II-1325 LR, from Thorlabs, was used. The
system uses a superluminescent diode (SLD) centered
at 1325 nm and presents a theoretical axial resolution
of 12 μm/9 μm and an imaging depth of 7.0 mm/

5.3 mm (air/water). Lateral resolution of the OCT
system is decoupled from the axial resolution: while
the axial resolution is controlled by the spectral
bandwidth of SLD, the lateral resolution is controlled
by optics. The imaging probe of Telesto II contains a
Michelson-type interferometer, two galvanometric
scanning mirrors and a telecentric scanning objective
(OCT-LK4 optical kit from Thorlabs, which provides
a lateral resolution of 20 μm). The spectrometer
specifications fix a pixel size vertical resolution of
6.91 μm. Figure 1 presents a schematic of the Telesto
II-1325 LR system, used forOCT imaging acquisition.

OCT images were collected from resected mam-
mary glands of a mouse. Normal and tumor mam-
mary glands were used in this study. The tissues
derived from an animal that was maintained in
approved rodent facilities and all the personnel
involved in experimental procedures with animals are

Figure 1. Schematic of the SD-OCT systemTelesto II-1325 LR, fromThorlabs. Reproducedwith permission from [26]Thorlabs, Inc.
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approved by the national competent authority (Direc-
ção Geral de Alimentação e Veterinária - DGAV). The
tissues were collected from a mouse that, although
being included in approved experimental projects by
the institutional animal welfare body (ORBEA) and by
DGAV, has spontaneously developed mammary
tumors and humane endpoints were applied in due
time. This means that the animal was not submitted to
tumor induction or other existing experimental pro-
cedures to introduce the tumors. The use of animal tis-
sues derived from animals that develop spontaneous
diseases contribute to the 3Rs of Russell and Burch:
wherever possible, the use of animals should be
replaced, refined, and reduced. This study contributes
to the aforementioned 3Rs in a way that animal num-
bers for scientific research purposes can be sig-
nificantly reduced.

The ultimate objective of this study is to differ-
entiate the two types of glands, normal and tumor,
basing on theOCT imaging technique and consequent
attenuation coefficient (μOCT) estimation. The
B-scans of the normal and tumor mammary glands
were acquired with a field of view (FOV) of
4.5×4.0 mm (lateral and axial/depth direction).

2.2. Estimation of the attenuation coefficient
The model of light-tissue interaction is based on the
differential equation for attenuation of the coherent
light beam, according to the Lambert-Beer’s law—
equation (1).

m= -dL z z L z dz 1( ) ( ) ( ) ( )

where μ(z) is the depth-dependent attenuation coeffi-
cient, expressed in mm−1, z is the depth in mm, and
L(z) is the irradiance of the incident light beam,
expressed in Wm−2. The Lambert-Beer’s equation
provides a linear relationship between the amount of
the attenuated irradiance and the irradiance of the
incident light. L(z) can be expressed in relation to the
boundary condition L(0) = L0, the irradiance of the
incident beam.

ò= m-L z L e 2u du
0

z

0( ) ( )( )

The back scattered irradiance (Wm−2mm−1) detected
and converted into a digital signal in the OCT
detecting system is expressed according to the
equation (3),

òabm= m-I z z L e , 3u du
0

2
z

0( ) ( ) ( )( )

where I(z) is the back scattered irradiance, α is a fixed
fraction of the attenuated light that is back scattered,
and β is a conversion factor that counts for the
digitization and integration of the signal, according to
the size of detector and axial sampling density [13].

In order to estimate the definite integral I(z), the
boundary condition is applied I(∞) = 0, and the fol-
lowing equation is obtained:
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Solving the equation (4) for the attenuation coefficient
and taking into account the limited depth range D of
theOCT system, the equation (5) is obtained.
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The equation (5) is defined on a continuous domain,
but OCT system only provides discretized measure-
ments. The OCT signal I[i] is given by the integrated
signal over a small distance, defined by the pixel size
Δ, which is commonly related to the coherence length
of the OCT light source. The equation (6) was used to
estimate the depth-resolved attenuation coefficient of
theOCT signal (μOCT).
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2.3. Image acquisition and statistical analysis
For eachOCT acquisition, each B-scan image analyzed
was a result of an average of 10 frames scanned over
roughly 1 s. Each B-scan image had a resolution of
4500×579 pixels (lateral and axial/depth direction),
with an axial pixel size of 6.91 μm, corresponding to a
FOV of 4.5×4.0 mm. Before calculation of the
attenuation coefficient, a noise image, with the same
aforementioned resolution, was subtracted to each
OCT image of the biological tissue in order to
minimize the influence of equipment-related noise.
The noise image was obtained by using the OCT
system Telesto II without any sample in the sample
arm of the interferometer. A central region of
1.25 mm (in the lateral direction) of the resulting
B-scan has been selected to depth-calculate the
attenuation coefficient in 13 normal and 13 tumor
tissue images (13×1250 A-scans for each type of
tissue). Since it is a pixel-by-pixel calculation, each of
the selected A-scans was transformed into a depth-
resolved attenuation coefficient curve, according to
equation (6). A slope of 0.5 mm starting at the air/
tissue interface was then used to calculate the resulting
attenuation coefficients average for eachA-scan.

3. Results and discussion

Figures 2(a) and 3(a) present 3DOCT images of normal
and tumormammary glands, respectively. These images
are merely representative and were not used for the
estimation of the attenuation coefficient. Figures 2(b)
and 3(b) represent a 2D OCT image of normal and
tumor mammary glands, respectively, resulting from
the average of 10 B-scans with consequent noise
elimination. The OCT images from the normal and
tumor mammary glands are notably different. In the
OCT image of normal mammary glands (figure 2), it is
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possible to see a separation of different layers within the
tissue with depth increase. In contrast, the OCT image
of the tumor mammary glands (figure 3) does not
present a clear difference in tissue morphology with
increased depth, exhibiting a high degree of homogene-
ity and a lack of layer differentiation.

For each OCT image, a 1.25 mm lateral region-of-
interest (1250 A-scans) was selected to calculate the

light attenuation coefficient in depth, according to
equation (6). The pixel size of the acquired images is
6.91 μm. Figures 4 and 5 present two random A-scans
of the normal and tumor mammary glands, respec-
tively, with the correspondent attenuation coefficient
curve expressed inmm−1.

The statistical analysis performed is based on the
attenuation coefficient curve calculated for each

Figure 2.OCT images of resected normalmammary glands of amouse: (a) 3DOCT volume, with (x, y, z) (2.0; 1.0; 2.49)mm
dimension and (b)B-scanwithout noise.
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A-scan obtained. A slope of 0.5 mm in depth in the
attenuation coefficient curve was automatically
selected, by means of edge detection algorithms, to
calculate the average of the attenuation coefficient
values at the immediate interface between air and tis-
sue. This results in 1250 OCT attenuation coeffi-
cients per B-scan image (13×1250 for each type
of tissue).

Figure 6 presents themean of the attenuation coef-
ficient for each tissue (n= 26). The standard deviation
error is also depicted. Figure 7 plots the mean of the
attenuation coefficient for each sample of tumor and
normal mammary glands. In this graphic, it is possible
to conclude that the OCT attenuation coefficients are
significantly higher for tumor tissues than for normal
tissues for themammary glands analyzed.

Figure 3.OCT images of resected tumormammary glands of amouse: (a) 3DOCT volume, with (x, y, z) (2.0; 2.0; 4.0)mmdimension
and (b)B-scanwithout noise.
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Table 1 summarizes the main results obtained for
this study. The mean OCT attenuation coefficient of
normal tissue (0.401±0.0885 mm−1) is lower than
that of the tumor tissue (0.567±0.0826 mm−1).
The median OCT attenuation coefficient of each

tissue is also presented in table 1 and depicted
in the boxplot of figure 8. Again, the median of the
normal mammary glands (0.403 mm−1) is lower
than that obtained for the tumor mammary glands
(0.561 mm−1).

Figure 4.A randomdepth profile (A-scan) and the correspondent attenuation coefficient curve obtained from anOCT image of
resected normalmammary gland of amouse.

Figure 5.A randomdepth profile (A-scan) and the correspondent attenuation coefficient curve obtained from anOCT image of
resected tumormammary gland of amouse.

Figure 6.Attenuation coefficients of resected tumor and normalmammary glands of amouse, n= 26.
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4. Conclusion

In this study we report the results of OCT performed
in resected normal and tumor mammary glands of a
mouse. The results proved the potential of the OCT
imaging in the differentiation of normal and tumor
tissues. The ex-vivo OCT imaging of normal mam-
mary mouse glands showed a clear separation of the
tissue layers in depth. In contrast, this separation was

not evident in the OCT image of the tumor mammary
gland. A quantitative analysis of the OCT images was
performed considering the attenuation coefficient,
based on a depth-resolved algorithm. Using a 0.5 mm
slope in the depth profile of OCT images, the obtained
attenuation coefficient for tumor mammary glands
(mean of 0.567 mm−1 and median of 0.561 mm−1) is
higher than that obtained for the normal tissues (mean
of 0.401 mm−1 and median of 0.403 mm−1). The
statistical analysis in 26 OCT images of normal and
tumor tissues, considering a lateral length of 1.25 mm
(1250 A-scans), proves a quantitative differentiation
between the two tissues.

In conclusion, OCT provides a high-resolution
and in-depth cross-sectional images of biological tis-
sues, suitable for quantitative analysis. With this study
we present the potential of the attenuation coefficient
to provide a quantitative analysis of resected mam-
mary glands of a mouse, where the OCT attenuation

Figure 7.Attenuation coefficient difference between tumor and normalmammary glands of amouse.

Table 1.Mean, standard deviation (SD) andmedian of the
statistical analysis towardsOCT attenuation coefficient of
resected normal and tumormammary glands of amouse.

Mammary glands Normal (n= 13) Tumor (n= 13)

Mean (mm−1) 0.401 0.567

SD (mm−1) 0.0885 0.0826

Median (mm−1) 0.403 0.561

Figure 8.Boxplot showing themedianOCTattenuation coefficient of the tumor and normalmammary glands.
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coefficient of tumor tissues is higher than normal tis-
sues, proving to be an important parameter in distin-
guishing different types of tissues.
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