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Abstract

The point-scanned dual-axis confocal (PS-DAC) microscope has been shown to exhibit a superior

capability to reject out-of-focus and multiply scattered light in comparison to its conventional

single-axis counterpart. However, the slow frame rate (typically < 5 Hz) resulting from point-by-

point data collection makes these systems vulnerable to motion artifacts. While video-rate point-

scanned confocal microscopy is possible, a line-scanned dual-axis confocal (LS-DAC) microscope

provides a simpler means of achieving high-speed imaging through line-by-line data collection,

but sacrifices contrast due to a loss of confocality along one dimension. Here we evaluate the

performance tradeoffs between a LS-DAC and PS-DAC microscope with identical spatial

resolutions. Characterization experiments of the LS-DAC and PS-DAC microscopes with tissue

phantoms, in reflectance mode, are shown to match results from Monte-Carlo scattering

simulations of the systems. Fluorescence images of mouse brain vasculature, obtained using

resolution-matched LS-DAC and PS-DAC microscopes, demonstrate the comparable performance

of LS-DAC and PS-DAC microscopy at shallow depths.

In recent decades, confocal microscopy has become widely used in the basic sciences as

well as for medical diagnostics[1–4]. By utilizing point illumination and pinhole detection,

confocal microscopes effectively reject out-of-focus light from specimens and provide users

with high-resolution and high-contrast images. Due to their ability to perform optical-

sectioning with relatively simple optics and low-power fiber-coupled laser sources, confocal

microscopes have been miniaturized for use in many biomedical applications[1, 2, 5–13].

In this study, we are focusing on a version of confocal microscopy developed within the past

decade, the dual-axis confocal (DAC) microscope[9, 14, 15]. The DAC architecture differs

from a conventional confocal architecture (hereby referred to as a single-axis confocal, or

SAC) in that the illumination and collection paths do not overlap except at the focus. From

diffraction-theory-based calculations as well as Monte-Carlo scattering simulations

performed previously[14, 16–18], the DAC microscope has been shown to possess superior

optical-sectioning capabilities in comparison to SAC microscopes, resulting in increased

contrast and imaging depth.
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Confocal images are conventionally obtained by scanning a focal point in two-dimensions

within a specimen and constructing an image in a point-by-point manner. One drawback of

point-scanned (PS) confocal imaging is the slow frame rate (typically < 5 Hz), making these

systems highly susceptible to motion artifacts and suboptimal for in vivo or handheld use as

miniature clinical devices[19, 20]. A strategy to improve the frame rate is to scan a focal line

in one dimension within the specimen to generate a confocal image in a line-by-line

fashion[21, 22]. While video-rate point-scanned confocal microscopy is possible[23, 24], the

line-scanned approach eliminates the need for a two-dimensional scanning mirror, which

significantly simplifies the system design especially for miniature systems. In addition to

improving the imaging speed, a line-scanned (LS) system can potentially increase the signal-

to-noise ratio (SNR) compared to a point-scanned (PS) system by increasing pixel dwell

times by two to three orders of magnitude for a given frame rate and field of view; however,

photobleaching may ultimately limit the achievable SNR. There are also tradeoffs in

imaging performance due to the loss of confocality along the focal line, resulting in a

diminished optical sectioning capability[3, 4, 17, 25, 26], and consequently a limited imaging

depth.

In this study, we developed a PS-DAC microscope that could easily be converted into a

resolution-matched LS-DAC microscope in order to perform side-by-side comparisons of

the imaging performance of these confocal architectures both in homogeneous tissue

phantoms as well as in fresh tissues.

Figure 1 shows the design schematic of the DAC microscope. A fiber-coupled 658-nm diode

laser (QPhotonics LLC, QTFS-660-LD) serves as an illumination point source that is

collimated and focused into tissue without magnification using a pair of identical achromatic

lenses, L1 (f = 20 mm). For the PS-DAC configuration, the illumination light is focused into

a point at the imaging plane in the tissue. For the LS-DAC configuration, a plano-convex

cylindrical lens (C1, f = 50 mm, Optosigma) is inserted in the collimated region of the

illumination path, introducing astigmatism into the illumination beam that results in a ~800-

μm long focal line (1/e2 line length) along the y-axis of the imaging plane. For image

reconstruction, only the center of the focal line is used, corresponding to the full width at

half maximum (FWHM) line length (~500 μm). A hemispheric fused-silica solid immersion

lens (SIL) is used for index-matching the illumination and collection beams into tissue as

well as providing a magnification factor of ~1.4 (index of fused silica), as detailed

previously[16, 27].

For PS-DAC imaging, the collected light is focused into a singlemode collection fiber with

optics that are identical to the illumination path. The singlemode collection fiber (Thorlabs

SM600, MFD ~4.5 μm) serves as the detection pinhole, and transmits light into a PMT

detector (Hamamatsu Corp, H7422-50). For imaging in fluorescence mode, a long-pass filter

(Semrock Inc, LP02-664RU-25) is placed in the collimated region of the collection path. A

galvanometric mirror (Cambridge Technologies, 6210HSM40) is used to scan the focal

volume in the y direction (fast axis) while the sample-holder stage is translated slowly in the

x direction. Detector signals are digitized (National Instruments PCI-6115) and confocal

images of vertical tissue sections are stitched together using a custom LabVIEW program.

Three-dimension rendering is performed using Amira.
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For LS-DAC imaging, the focal line is imaged onto a sCMOS array (Hamamatsu ORCA

flash 4.0 v2) with 5X magnification using a series of lenses, L1 (f = 20 mm) and L2 (f = 100

mm, Optosigma). An en face image is obtained by scanning the sample-holder stage (the

scanning mirror is not used), recording raw images with Hamamatsu software

(HCImageLive 4.1.5.12), and stitching together a confocal image in a line-wise fashion

using a custom MATLAB program. En face images from identical depths are used for side-

by-side comparisons of the PS-DAC and LS-DAC configurations.

FRED software (Photon Engineering, Tucson, AZ) was used for Monte-Carlo simulations,

as described previously[17]. The software utilizes a Henyey-Greenstein approximation of

Mie scattering theory and does not take into consideration diffraction, absorption,

polarization, or beam steering events introduced by the heterogeneities inherent to real

tissue. However, these simulations have been shown to provide an excellent first-order

approximation of confocal microscope performance in homogeneous scattering

media[17, 18].

The performance of the PS-DAC and LS-DAC configurations were assessed based on two

key parameters: spatial resolution and contrast (signal-to-background ratio, or SBR). The

axial and transverse responses of these systems were characterized in reflectance mode in

5% Intralipid (μs ~ 11 mm−1), a homogeneous scattering phantom. All analyses were

performed over a range of optical lengths (OL), a dimensionless parameter defined as

2μsd/cos θ where d is the physical imaging depth within the sample, μs is the scattering

coefficient of the sample, and θ is the half angle of intersection (30 deg) between the

illumination and collection beams. The OL is the average number of scattering mean-free-

paths (1/μs) traversed by ballistic photons during a round trip path to the focal volume and

back out of the tissue.

In order to measure the axial response for both the LS-DAC and PS-DAC microscopes, a

mirror was placed at the focus of the system and was translated away from the focus. The

normalized power output at the detector was recorded as a function of axial defocus. A

sCMOS camera was used as a detector for reflectance-based measurements of axial and

transverse response for both the PS-DAC and LS-DAC microscopes. For the PS-DAC, the

detector “pinhole” was selected by binning the center 3×3 pixels at the focus. This

corresponds to an actual pinhole size of ~20×20 μm, which is slightly larger than the 1/e2

spot size of the imaged spot at the detector. For the LS-DAC configuration, the imaging slit

was defined by a 3 by 600 pixel region-of-interest on the camera. However, in order to

match the conditions of our Monte-Carlo simulations, only a 3×3 bin of pixels at the center

of the focal line, corresponding to one resolvable point along the line, was used to construct

an axial response plot. Contrast was characterized by the signal-to-background ratio (SBR),

which is defined as the ratio between the peak signal when the reflective surface is in focus,

and the background signal obtained when the reflective surface is removed from the

Intralipid phantom.

In order to measure the transverse response for the PS-DAC configuration, a knife-edge

target was placed on the focal plane and translated laterally through the focus. For the LS-

DAC configuration, a knife-edge target was placed at the focus of the system such that the

Wang et al. Page 3

Opt Lett. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



glass-to-mirror transition was parallel to the focal line (along the y-axis in Fig. 1). The

normalized power output at the detector was plotted as a function of the position of the knife

edge with respect to the glass-to-mirror transition point (y = 0).

For imaging experiments of fluorescent mouse brain vasculature, Alexa Fluor 647-

conjugated dextran (AF647-dextran 10kDa, Invitrogen) was injected retro-orbitally into

anesthetized mice (100 mg/kg bodyweight). The mice were immediately sacrificed and the

whole brains were then excised for imaging of the superficial vasculature (up to 200-μm

deep). For tissue imaging, a PMT was required for the PS-DAC microscope due to the

limited speed of the sCMOS array used for LS-DAC imaging.

Results from Monte-Carlo simulations comparing the PS-DAC and LS-DAC configurations

are presented in Fig 2. Plots of the axial response (Figs. 2a & 2b) as well as plots of the

transverse response (Figs. 2c & 2d) over a range of depths (OL) show that the contrast is

lower for the LS-DAC configuration when compared with the PS-DAC.

Experiments with a homogeneous scattering medium (Fig. 3) indicate that the axial and

transverse resolutions are similar for both the line-scanned and point-scanned

configurations. At shallow depths (Fig. 3), the line-scanned and point-scanned DAC

microscopes show comparable spatial resolution (2.2-μm axial, 1.3-μm lateral) and image

contrast. The axial resolution is defined as the FWHM, or the -3dB width, of the axial

response. The transverse resolution is defined as the transition width from the 10% to the

90% power points of the transverse response curve. These resolution measurements are

consistent with calculations based on diffraction theory, as presented previously[9, 16, 25, 26].

In both cases, the background is higher (contrast is lower) for the line-scanned configuration

due to the loss of confocality along one dimension. The experimental performance of both

configurations matches the results from the corresponding Monte-Carlo simulations.

A comparison of LS-DAC and PS-DAC microscope imaging performance in fresh tissue

(mouse brain vasculature) is shown in Fig. 4. The OL corresponding to each imaging depth

is estimated based on a previously reported value of the scattering coefficient for brain

tissue, μs ~ 10 mm−1 [28]. When imaging at larger depths (>150 μm), the background in the

line-scanned system starts to overwhelm the signal, degrading the contrast of the image

(Figs. 4b & 4e). In addition, after a depth of 200 μm (Figs. 4c & 4f), a slight degradation in

lateral resolution is also seen in the LS-DAC images while this is not seen in the PS-DAC

images.

In this study, we present a side-by-side performance comparison of LS-DAC and PS-DAC

microscopes over a range of depths. We show that for imaging at shallow depths (<150 μm),

LS-DAC microscopy offers comparable imaging performance to PS-DAC microscopy. This

suggests that LS-DAC microscopy may be advantageous for in vivo microscopy

applications where motion artifacts often compromise the performance of slow-frame-rate

microscopes such as the PS-DAC.

Through Monte-Carlo simulations as well as experimental results with a homogeneous

scattering medium, we showed that spatial resolution is preserved while image contrast is
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degraded when the point-scanned DAC microscope is converted into a line-scanned DAC

microscope, thus limiting the imaging capability of the LS-DAC to shallower depths.

When imaging real tissues with inherent heterogeneity, such as due to organelles and small

glandular structures, the resolution is seen to degrade at a shallower depth for the LS-DAC

than for the PS-DAC. While diffraction-based calculations and Monte-Carlo simulations do

not take into consideration tissue heterogeneity, some resolution degradation and imaging

artifacts are often seen in practice due to the heterogeneities in real tissues[29].

Under photon-starved imaging conditions as is often the case with fluorescence microscopy,

image contrast may be limited by shot noise and detector noise rather than the background

noise from out-of-focus and multiply scattered light. Although the PS-DAC exhibits

superior signal-to-background ratio (SBR) compared to the LS-DAC, the short pixel dwell

time of a PS-DAC system often results in a lower signal-to-noise ratio (SNR) that can

deteriorate the image contrast. Therefore, under low-signal conditions (e.g., weak

fluorescence), with a high-sensitivity camera, the performance of a LS-DAC microscope is

potentially superior to a PS-DAC microscope at shallow depths. For example, the line

profiles plotted at the right of Figs. 4c and 4f indicate superior SBR for the PS-DAC

microscope but reduced noise for the LS-DAC microscope. Future studies will further

investigate the trade-offs in SNR between the LS-DAC and PS-DAC microscopes when

imaging both bright and dim samples at various frame rates, and when utilizing sCMOS

(LS-DAC) vs. PMT detectors (PS-DAC). These studies will also examine reflectance-based

LS-DAC microscopy, in which SNR is expected to be high compared to fluorescence

microscopy, but speckle artifacts must be mitigated[30].

In summary, the line-scanned DAC configuration is designed to ultimately be incorporated

into a miniature form factor for clinical diagnosis and/or surgical guidance. The performance

of a LS-DAC microscope is comparable to that of a PS-DAC microscope at shallow depths

but the degradation in SBR limits the ability of a LS-DAC microscope to image deeply

within tissues. However, given its simplicity of design and its ability to achieve high frame

rates, the LS-DAC can potentially enable real-time in vivo imaging with reduced

susceptibility to motion artifacts.
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Figure 1.
(a) Design schematic of the DAC microscope. (b) Close-up view of the PS-DAC microscope

near the sample. (c) Close-up view of the LS-DAC microscope configuration. Note that the

cylindrical lens C1* is not present in the PS-DAC configuration.
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Figure 2.
Results from Monte-Carlo simulations of a homogeneous scattering medium over a range of

optical lengths (OL). (a) The axial response of the PS-DAC microscope. (b) Axial response

of the LS-DAC microscope. (c) Transverse response of the PS-DAC microscope. (d)

Transverse response of the LS-DAC microscope. Note: the calculated diffraction-limited

response in water is plotted as reference.
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Figure 3.
Experimental characterization of axial and transverse responses over a range of optical

lengths (OL) in Intralipid. (a) Axial response of the PS-DAC microscope. (b) Axial response

of the LS-DAC microscope. (c) Transverse response of the PS-DAC microscope. (d)

Transverse response of the LS-DAC microscope.
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Figure 4.
Comparison of LS-DAC (a–c) and PS-DAC (d–f) performance via fluorescence imaging of

identical mouse brain vasculature at depths of up to 200μm. The intensities of the pixels

along the red band in (c) and (f) are plotted on the right. Scale bar = 70 μm.
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