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Optical coherence tomography images of human enamel were simulated and compared to measured images. A
Monte Carlo code was implemented, which considered the microstructure of enamel. The prisms, the main scatter-
ing structures of the enamel, were described by oscillating cylinders whose scattering functions were obtained by
solutions of Maxwell’s equations. The essential features of the measured images including the Hunter—Schreger

bands could be explained by the simulations.
OCIS codes: 170.4500, 110.4500, 170.3660.

Optical coherence tomography (OCT) is an emerging
noninvasive imaging method of biological tissue that is
based on low coherent light illumination and inter-
ferometric detection [1]. Successful applications were
established in different medical fields, especially in
ophthalmology, angiography, and dermatology. The ba-
sics of OCT were described in detail elsewhere [2].
Although a plethora of studies were published that deal
with technical improvements, enormous image acquisi-
tion speedup, and a multitude of different applications
[3], only a few studies were dedicated to the image for-
mation caused by the interaction of the incident light
with the tissue’s microstructure. It was usually simply as-
sumed that the microstructure of the investigated tissue
is not aligned. Thus, conventional Monte Carlo codes
applying scattering functions that are independent of
the orientation of the microstructure were used [4-6].

In this Letter, OCT images of human enamel were
simulated and compared to experiments. The three-
dimensional simulations are based on the Monte Carlo
method using solutions of Maxwell’s equations for the
scattering functions that characterize the aligned
microstructure of human enamel.

Measurements were performed with an OCT system
from ISIS sentronics (Mannheim, Germany), which
was described in depths in literature [7,8]. Briefly, the
used setup is a time-domain OCT system and has a lateral
and axial resolution of 4.5 and 7.4 um, respectively, in a
medium with a refractive index of 1.43. The central
illumination wavelength is 1300 nm. A focus tracking
procedure is used to increase the spatial resolution.
The system’s numerical aperture for illumination and
detection is 0.2.

The microstructure of human enamel is dominated by
the so-called enamel prisms, which are rodlike structures
consisting of tightly packed mineral (hydroxyapatite)
crystals [9]. Mainly due to mechanical reasons, the
prisms exhibit an oscillating course close to the enamel-
dentin-junction, which causes the so-called Hunter—
Schreger bands [10]; see Fig. 1.

For the OCT measurements, we prepared dental slabs,
which were cut from extracted human teeth in the
coronal-apical plane using a diamond saw. The samples
were placed in water and OCT images were taken from
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the part of the enamel where the Hunter-Schreger bands
could be identified. Figure 2 shows an OCT image where
pronounced almost vertical bands can be seen.

In order to understand the features of the measured
OCT image, we implemented a Monte Carlo code that ac-
counts for the enamel’s microstructure. It was assumed
that the oscillating prisms can be represented by cylin-
ders undulating according to a sine-function. Because
the “wavelength” of the prisms’ oscillations is much lar-
ger (200 ym) than their diameter (5 ym) [9] and the light
wavelength, the scattering of the prisms can be ap-
proximated by that of an infinitely long cylinder whose
direction changes according to the sine-function. The
scattering functions of the cylinder used in the Monte
Carlo method were obtained by an analytical solution
of Maxwell’s equations [11,12] for plane waves incident
at angles between 0° and 90° relative to the cylinder axis
using a wavelength of 1300 nm [13]. The refractive in-
dices inside and outside the cylinder were chosen to
ben = 1.619 and n = 1.616, respectively [9]. The applied
number density of the cylinders was 24000 mm~2 [9].
According to the experimental setup, a confocal illumina-
tion and detection with a numerical aperture of 0.2 was
used in the simulations. At a fixed lateral position, the
focus of the illumination beam was scanned from the sur-
face towards increasing depths (y-direction). All photons
that fulfilled the confocal condition were detected and

Fig. 1. (Color online) Picture of a slab of a human molar using
polarized light microscopy. At the bottom-left is the dentin in-
cluding the tubules, and at the top-right the enamel can be seen.
The Hunter-Schreger bands are indicated by an arrow.
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Fig. 2. (Color online) OCT image obtained from a slab of
human enamel. At the top the boundary between enamel and
water can be identified.

the y-position in the image was calculated according to
the photons’ time spent in the enamel. Thus, as in the
measurements, the detected signal is predominately com-
posed of single scattered photons. Even at large depths,
the fraction of detected multiscattered photons was
found to be low due to the small scattering efficiency
of the prisms. Then, the next lateral position was scanned
in the y-direction and so on, successively creating the
two-dimensional simulated OCT images.

Besides the scattering by the prisms, it was assumed
that all other scattering structures (e.g., the hydroxyapa-
tite crystals themselves) exhibit a scattering function that
is independent of the incoming direction and that is small
compared to the scattering of the prisms [9]. For charac-
terization of these scatterers, a Henyey—Greenstein
phase function with an anisotropy factor of 0.5 and a re-
latively small scattering coefficient of 0.0003 mm™ was
applied. Note that due to the high concentration of the
small crystals, the scattering is decreased. This scattering
being independent of the incident direction causes an
almost homogeneous, small background reflection. The
absorption coefficient was assumed to be 0.013 mm™,
which is obtained by considering the absorption of water
at 1300 nm and the water concentration of enamel (12 Vol
%). Note that the definite values of the optical properties
mentioned in this paragraph influence only marginally
the results of the calculated images.

Figure 3 shows a simulated OCT image for an oscillat-
ing course of the prisms that has no inclination relative to
the boundary between enamel and water (y = 0 mm). In
order to understand the image, it is important to have in
mind the principle scattering characteristics of a cylin-
der. When a plane wave is incident at an angle £ relative
to an infinitely extended cylinder, all possible scattering
directions form a cone that has a half angle £ relative to
the cylinder axis [12]; see Fig. 4(a). It follows that for
& = 90°, the scattering cone degenerates to a plane. The
OCT system only detects scattered light when photons
scattered in this cone fall into the detection aperture.
As shown in Fig. 4(b) this is only the case if the
direction of the prism is almost (depending on the illumi-
nation and detection aperture) parallel to the tissue’s
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Fig. 3. OCT image simulated with the Monte Carlo method for
no inclination of the sinusoidal course of the prisms.

boundary. Consequently, for each oscillation of the sinu-
soidal course of the cylinders, two regions exist where
light scattered by the prisms can be detected forming nar-
row bands in the y-direction, as can be seen in Fig. 3.
Up until now, we arbitrarily assumed, first, that the
course of the prisms (lying in the x-y plane) is parallel
to the boundary of the enamel, second, that no lateral
displacement of the oscillations versus depth exists,
and, third, that there is no misalignment or disorder that
is usually found in biological tissue. We systematically

Fig.4. (a) Scheme of the plane wave scattering by an infinitely
extended cylinder. Course of the prisms with an inclination of
(b) 6, = 0° and (c) 6; = 30°.
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an inclination (6; = 30°) of the sinusoidal course of the prisms.

altered these parameters and found that for an inclina-
tion of the prisms’ course by 6; = 30° (the axis about
which the cylinders are being rotated is the z-axis)
relative to the x-direction, a linear lateral displacement
of the oscillations in a-direction of 10 ym for increasing
y-values of 100 yum (note that the prisms form a three-
dimensional structure), and a random jitter of the
oscillations in x-direction of maximal +10 ym, deliver
a simulated image that is close to the experiment;
see Fig. 5.

The consequences of the above introduced alterations
are as follows. The jitter increases slightly the lateral
width of the bands, the linear displacement causes the
direction of the bands to be oblique relative to the ver-
tical (6, = 6°), and the inclination results in an approach
of each two bands that finally forms one band; compare
Fig. 4(c). At an inclination of 6; = 30°, the two approach-
ing bands are still separated from each other, leaving a
low scattering region in the middle of the bands. Interest-
ingly, this can also be seen in the experimental OCT
image (Fig. 2). Thus, in principle all features of the ex-
perimental OCT image can be explained with the simula-
tions. Merely, the dark horizontal band at y ~ 0.2 mm is
not included in the calculated images. This might be
caused by the birefringent properties of the enamel and
the partly polarized incident beam of the used OCT
system [14,15].

In summary, we demonstrated for the case of human
enamel that simulated OCT images that consider a realis-
tic microscopic model of the investigated sample closely
match experimental images. Indeed, only with the help of
the simulations was it possible to find explanations of the
features seen in the experimental OCT images. Thus, we
anticipate that further research concerning the depen-
dence of the light propagation on the tissue’s microstruc-
ture is crucial for fully understanding OCT images, for
improving existing systems, and for finding new applica-
tions of OCT. In principle, even more realistic models can
be established, basing the whole simulations on solutions
of Maxwell’s equations for obtaining the OCT images.
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