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Abstract
Various confocal microscope architectures have been developed for in vivo tissue imaging,
including single-axis confocal (SAC) and dual-axis confocal (DAC) configurations utilizing both
point-scanning (PS) and line-scanning (LS) approaches. While it is known that these design
variations lead to tradeoffs in imaging performance, a quantitative comparison of the imaging
performance of these configurations in highly turbid media would be of value. Here, we perform
Monte-Carlo simulations to evaluate the optical-sectioning capability of these various confocal
microscope architectures in reflectance mode. In particular, we investigate the axial and transverse
responses of these configurations to reflective targets at various depths within a homogenous
scattering medium. We find that the DAC-PS configuration results in superior rejection of
multiply scattered background light compared to all other configurations, followed in performance
by the SAC-PS, the DAC-LS, and then the SAC-LS. Line scanning with both the DAC and SAC
configurations leads to photon crosstalk between pixels. However, at shallow depths, the axial and
transverse resolution of all configurations is maintained in a homogeneous scattering medium.

Confocal microscopy is a popular imaging technique because of its optical sectioning
capability. In its most basic form, point illumination and pinhole detection allows for the
rejection of out-of-focus and multiply scattered light from thick scattering objects, providing
improved resolution and contrast for imaging within cells and tissues [1]. Various confocal
microscope designs have been developed for a range of applications, resulting in unique
tradeoffs in imaging performance. These variations include the dual-axis confocal (DAC)
and single-axis confocal (SAC) architectures operating in both point-scanning (PS) and line-
scanning (LS) modes [2–5]. In the past, these imaging devices have been characterized for
spatial resolution and optical-sectioning ability in non-scattering media [6]. Quantitative
analyses of sectioning ability in scattering media have also been made for individual
configurations, both experimentally and numerically [2, 7]. However, a direct quantitative
comparison between various configurations is of value for evaluating the relative strengths
and weaknesses of each imaging approach [8]. Therefore, we have performed Monte-Carlo
simulations to assess the imaging performance of both point-scanned and line-scanned DAC
and SAC microscopes in a homogenous scattering medium.

All Monte-Carlo simulations were carried out in FRED software (Photon Engineering). This
software performs Monte-Carlo ray tracing based on a Henyey-Greenstein approximation of
Mie scattering theory, as detailed previously [9]. For our simulations, we assume a
scattering coefficient, μs, of 30 mm−1 and an anisotropy factor, g, of 0.81. These values lie
within the conditions that have been reported for human skin at a wavelength of 633 nm
[10]. Since μs and g fully define the scattering properties within tissue for our Monte-Carlo
simulations, we set the index of refraction of the scattering media, n, as unity for simplicity
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and to preclude aberrations and Fresnel reflections at the air-tissue interface. Note also that
our Monte-Carlo simulations do not account for diffraction (the wave nature of light),
absorption, and polarization, nor do they fully capture the complex scattering processes
events in real tissues, including refractive effects from structures much larger than the
wavelength of light. Nonetheless, they provide a first-order approximation of tissue
scattering with which to compare various confocal architectures.

The geometric models used for simulation are presented in Fig. 1. In the DAC setup, two
off-axis Gaussian beams are aligned such that the illumination and collection beams
intersect at their focus with a crossing half angle, θ, of 30 degrees [2]. Note that a Gaussian
radial distribution is simulated for all beams, but that diffraction is not modeled in the
Monte-Carlo simulations. Each individual beam has a 1/e2 focusing half angle, α, of 0.11
rad and the lens (L1) used in the DAC has a focal length of 25.6 mm. Based on diffraction
theory, we have chosen to design the SAC to have the same FWHM (−3 dB) axial resolution
(section thickness) as the DAC [11]. As a result, the 1/e2 focusing half angle, β, of the SAC
is calculated as 0.42 rad. For the SAC microscope, a custom aspheric lens (L2) with a focal
length of 16.8 mm was designed in Zemax (Radiant Zemax, LLC) to produce a diffraction-
limited focus and was imported into FRED. In order to generate a focal line for LS
configurations, cylindrical lenses (C1 and C2) are added into the DAC and SAC models as
shown in Fig. 1. The focal lengths of these cylindrical lenses are chosen to yield a focal line
that is roughly 500 μm long extending in the y direction at the imaging plane (focal length
for C1 = 300 mm and C2 = 1000 mm) [3]. In our simulations, the detector plane has a grid
spacing of 0.5 μm. Since the DAC and SAC architectures utilize beams with different
numerical apertures, the diffraction-limited focal spot sizes also differ [11]. Therefore, in
each microscope setup, a detector pinhole of an appropriate size is synthesized by binning
the pixels at the center of the detector. For the DAC configuration, a 7 × 7 bin of detector
pixels, corresponding to a physical pinhole size of 3 × 3 μm, is utilized. This pinhole size is
found to provide an optimal signal-to-background ratio (SBR) in our simulations, and is
slightly larger than the diffraction-limited spot size of a beam with a 1/e2 NA = 0.11 [11].
For the SAC configuration, a 3 × 3 bin of detector pixels, corresponding to a physical
pinhole size of 1 × 1 μm, is chosen. This also yields an optimal SBR in our simulations, and
is slightly larger than the diffraction-limited spot size of a beam with a 1/e2 NA = 0.42.
Here, we define the 1/e2 NA = n sin(γ), where n is the index of refraction of the medium
and γ is the half angle of a focused Gaussian beam measured to the 1/e2 intensity point (γ=
α for the DAC and γ= β for the SAC).

We first simulated the signal obtained by different confocal microscope architectures with a
mirror placed at the focal plane. This peak signal, obtained when the mirror is exactly in
focus, is dominated by non-scattered (ballistic) photons but contains an increasing amount of
background photons at greater depths. Theoretically, this peak signal should decay as an
exponential function of imaging depth (at shallow depths) according to the Beer-Lambert
Law. Figure 2a confirms that the normalized peak signals, plotted in dB, do obey the Beer-
Lambert relation. In Fig. 2a, imaging depth is expressed as a non-dimensional quantity, the
“perpendicular optical length,” Lp. This is the total number of mean free paths travelled by
ballistic (non-scattered) photons in a perpendicular roundtrip path between the tissue surface
and the mirror: Lp = 2μsd. In Fig. 2a, we also plot the background signal that is simulated by
removing the mirror from the tissue. The maximum SBR, calculated from the data in Fig. 2a
(peak signal divided by background signal), is plotted in Fig. 2b.

Next, axial mirror scans were simulated at various depths within the homogenous scattering
medium. In this case, a flat mirror was translated axially away from the device’s focal plane
to determine the axial response of the microscope as a function of imaging depth. The axial
responses for all architectures are presented in Figs. 2c and 2d.
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For transverse knife-edge scan simulations, we employed a reflective target consisting of a
0.1% reflective surface adjacent to a 100% reflective surface (30 dB contrast). This knife
edge was oriented along the x-axis and placed at the focal plane of the microscopes. For PS
configurations, this knife edge was translated in the y direction (see Fig. 1). For LS
configurations, this knife edge was kept stationary at y = 0, such that the focal line of the
microscopes imaged across the knife edge. The transverse responses are shown in Fig. 3.

Simulations indicate that the DAC configuration produces a higher SBR than the SAC
configuration when comparing their respective PS and LS modes. Axial-response
simulations (Figs. 2c and 2d) show that the DAC microscope has a lower background floor
than the SAC microscope through up to Lp = 7.5 within a homogenous scattering medium.
These results show good quantitative agreement with previous experimental data, including
axial and transverse response measurements in an intralipid scattering phantom [2].
However, this contrast improvement is not as pronounced at greater imaging depths. For
instance, in Fig. 2b, the SBR at Lp = 7.5 is not significantly better for the DAC compared to
the SAC in both PS and LS modes.

Many investigators have been interested in LS confocal microscopy because of its potential
to achieve high-speed imaging with the reduced complexity of only requiring beam scanning
in one direction. However, a primary limitation of line-scanning approaches is that the lack
of confocality in one dimension results in greater photon crosstalk and diminished rejection
of out-of-focus and multiply scattered background light. The simulated transverse response
to a knife edge allows us to evaluate this crosstalk. In Fig. 3, we observe that pixel crosstalk
results in degraded image contrast in both the DAC-LS (Fig. 3c) and SAC-LS (Fig. 3d)
configurations as compared to their respective PS counterparts (Figs. 3a and 3b). This
crosstalk also causes the transition length at the knife edge to increase for the LS
microscopes. For example, when comparing Fig. 3b and Fig. 3d, it is apparent that the SAC-
LS shows a much slower transition in signal at the knife edge compared to the SAC-PS.
However, Figs. 3a and 3c show that this crosstalk-induced degradation at the knife edge is
less obvious for the DAC. A direct comparison between Figs. 3c and 3d suggests that the
DAC architecture is better than the SAC for line scanning, resulting in superior contrast and
transverse spatial definition at optical lengths of up to Lp = 7.5. Note that the large signal
variability seen in the LS simulations (Figs. 3c and 3d) compared to the PS simulations
(Figs. 3a and 3b) is an artifact due to increased statistical noise from spreading out the
photon flux over a line rather than a focused spot. Finally, it is worth mentioning that
simulations with a knife edge oriented along the y axis, and translated in the x direction,
were also performed for the SAC-LS and DAC-LS. The data (not shown) indicates that
crosstalk is not an issue in this direction, since it is confocal with the detector slit.

Overall, our simulations reveal that spatial resolution is maintained in all microscope
architectures at shallow depths. Here, axial resolution is defined by the FWHM (−3 dB)
points and transverse resolution is defined by the 10% to 90% transition width. Note that
these simulations are performed with a homogenous scattering medium and that real tissues
contain heterogeneities that introduce beam steering and aberrations, resulting in degraded
spatial resolution (misalignment) as a function of depth [3].

In summary, we have provided quantitative comparisons between PS and LS versions of the
DAC and SAC microscope architectures in reflectance mode. In both PS and LS modes, the
DAC is superior to the SAC, especially at shallow imaging depths. In particular, we find that
for line scanning, the DAC exhibits less degradation in contrast and spatial definition
compared to the SAC. This suggests that the DAC-LS may provide an optimal balance
between imaging speed, depth, resolution, contrast, and cost for certain imaging
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applications. This hypothesis has been explored in previous studies [3] and will be
investigated in greater detail by us in the future.
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Fig. 1.
The DAC (a) and SAC (b) microscope designs used for Monte-Carlo simulations. The focal
regions are shown in (c) and (d) for the DAC and SAC, respectively.

Chen et al. Page 5

Opt Lett. Author manuscript; available in PMC 2013 August 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
(a) The simulated peak signal from a mirror at the focus, and the scattering background (no
mirror), as a function of optical length (Lp = 2μsd) for all confocal microscope architectures.
A linear fit of the DAC-PS peak signal is also shown. (b) The SBR for all configurations.
The axial responses of the DAC (c) and SAC (d) configurations with Lp = 1.5, 4.5 and 7.5.
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Fig. 3.
Transverse responses to a knife-edge reflective target at various imaging depths, Lp =1.5,
4.5, 7.5, for the DAC-PS (a), SAC-PS (b), DAC-LS (c) and SAC-LS (d) architectures.
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