In Vivo Label-free Confocal Imaging of Adult Mouse Brain
Up to 1.3-mm Depth with NIR-II Illumination
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ABSTRACT

We combined NIR-II illumination at ~1.7 um with reflectance confocal microscopy and achieved an imaging depth of
~1.3 mm with high spatial resolution in adult mouse brain in vivo, which is 3-4 times deeper than that of conventional
confocal microscopy using visible wavelength. We showed that the method can be added as an additional channel to any
laser-scanning microscope with low-cost sources and detectors, such as continuous-wave (CW) diode lasers and InGaAs
photodiodes. The technique is label-free, simple and requires low illumination power, potentially creating new
opportunities for deep tissue imaging in various biological and clinical applications.
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1. INTRODUCTION

Optical imaging through turbid medium such as biological tissues has long been a challenge due to strong scattering and
absorption of light. One of the most fascinating problems is in vivo deep imaging of mouse brain with high resolution. A
standard tool is multiphoton microscopy (MPM) because of its advantage in spatially-confined excitation volume and
long excitation wavelength. Imaging mouse brains with 2-photon microscopy (2PM) [1] and 3-photon microscopy
(3PM) [2] at beyond 1-mm depth in vivo were reported previously by leveraging the optimal wavelength windows for
deep tissue penetration, i.e. 1.3 um and 1.7 pm, determined by the combined effect of the scattering and absorption of
brain tissues in vivo. Previous research has also shown that using optical coherence tomography (OCT) [3] and optical
coherence microscopy (OCM) [4] with ~1.7 um illumination could achieve an imaging depth up to 1.2 mm in mouse
brain. However, for both OCT and OCM, time or coherence gating is needed for depth discrimination. We recently
demonstrated in vivo reflectance confocal imaging of mouse brain at more than 1-mm depth with illumination
wavelength at 1.65 um in the NIR-II region (1000-1700 nm) [5]. The power requirement for imaging deep mouse white
matter is low (approximately tens of microwatts when using a PMT detector and tens of milliwatts when using an
InGaAs photodiode detector). Furthermore, we compared the image contrast by performing simultaneous reflectance
confocal and third-harmonic generation (THG) imaging. The images were well-correlated, particularly in the white
matter region, indicating that reflectance confocal microscopy of the white matter may provide similar information as
THG microscopy, but with a much simpler setup that only requires a low-cost CW diode laser as the illumination source.
The long wavelength confocal microscopy demonstrated in this paper is simple and robust; and achieves high spatial
resolution (~ 1 pm) at depth comparable to MPM and OCT, which is 3 to 4 times deeper than previously reported
reflectance confocal imaging [6]. The method is label-free and can be easily added to any long wavelength 2PM and
3PM by the addition of a confocal detector.
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2. METHODS

The imaging setup is the same as conventional reflectance confocal microscope, except that we set an additional
detection channel for collecting THG signal for comparison (Fig.1). A polarization beamsplitter and a quarter-waveplate
combination was installed to separate the illumination and back-scattered light. To explore the maximum imaging depth
with the long wavelength, we first used a pulsed laser (Opera-F, Coherent) operating at 1650 nm as the illumination
source and an InGaAs PMT (H10330C-75, Hamamatsu) as the detector. The back-scattered light is descanned and
refocused into a multimode fiber (25um-diameter core) by a 75-mm achromatic lens. The fiber core acted as the
confocal pinhole. Low cost CW diode lasers and photodiode detectors can also be used for confocal imaging only.
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Figure 1. Schematic illustration of the imaging system. BE: beam expander, PBS: polarizing beam splitter, A/2: half-waveplate, A/4: quarter-waveplate,
MMF: multimode fiber, DM: dichroic mirror. The focal length for the scan Lens and tube lens is 150 mm and 750 mm, respectively. The photocathode
for PMT1 and PMT2 is, respectively, InGaAs and ultra bialkali. An InGaAs photodiode (PD) is also used for some of the experiments.

We used CW laser diodes operating at 1610 nm (ILX Lightwave), 1630 nm and 1310 nm (FPL1059P, FPL1053P,
respectively, Thorlabs), and a 70-um active area InGaAs photodiode (PD, Edmund Optics). A 150 mm-lens was used to
refocus the back-scattered light onto the PD. We imaged wide-type C57BL/6J mice (16 to 32 weeks old) with 5-mm
cranial windows centered at 2.2 mm lateral and 2 mm caudal from the bregma point. The optical power and integration
time are tuned based on the detector gain and detector type. One of the challenging problems for RCM is the spurious
reflection from the optical components in the beam path. While a PBS and A/4-waveplate combination can largely
suppress the spurious reflection from the optics before the A/4-waveplate, we found that the back-reflection from the
objective lens severely limits our ability to image deep. We used a 5 x 5 mm square-shaped AM4-waveplate (WPQS501,
Thorlabs) instead of the normal cover-glass as the cranial window. The A/4-plate cranial window has thickness close to a
conventional cover glass (~170 pm), making it compatible with most microscope objectives. Since the A/4-plate is
placed after the objective lens, our PBS and A/4-plate combination largely eliminates the back-reflection from the
objective lens.
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3. RESULTS

Figure 2 shows the comparison of the THG and reflectance confocal images obtained simultaneously in vivo. Within the
mouse neocortex and external capsule (EC), the THG and reflectance confocal images have similar appearance, and both
show the structure of the white matter and blood vessels.
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Figure 2. Comparison of THG (Top) and reflectance confocal (bottom) images of mouse cortex at various depths. Scale bars are 30 pm.

As shown in Figure 3a, the maximum depth we could reach is ~1.3 mm, through the entire neorcortex and the EC (white
matter region). The alveus of the hippocampus is observed from 1.2 mm to 1.3 mm below the brain surface. Semi-
logarithmic plot of reflectance confocal signal (normalized to the signal at the surface and to the optical power) as a
function of imaging depth in Figure 3b indicates the strongest signal comes from the white matter area of mouse brain
which have densely packed myelinated axons. The imaging resolution is ~ 1 um in lateral direction and ~ 3.4 um in axial
direction (Fig. 3c). We compared the illumination power for imaging the white matter using the PMT and the PD at
approximately the same location of the same mouse. The brightness of the images obtained with ~ 30 uW (power at the
surface of the mouse brain) using the PMT is comparable to images obtained with ~ 15 mW using the PD (Fig. 3¢). The
maximum frame rate of our current set up is limited by the galvo-scanner to ~ 1.7 Hz with 512x512 pixels/frame (Fig.
3d) but can be improved significantly by using resonant scanners (e.g., 30 frames/s). In Fig. 3f, we show the confocal
images of white matter under CW and pulsed laser illumination with the same power at 1310 nm, 1610 nm, 1630 nm and
1650 nm. Low cost CW diode lasers are clearly adequate as the illumination source for deep confocal imaging at the
long wavelength windows.

4. CONCLUSIONS

In summary, we demonstrate in vivo deep brain reflectance confocal microscopy (RCM) with illumination at 1650 nm.
The method is simple and robust, achieves spatial resolution (~ 1 pm) and imaging depth (> 1.2 mm) comparable to
MPM, and can be easily added to any long wavelength 2PM and 3PM by the addition of a confocal detector.
Simultaneous THG and reflectance confocal imaging at NIR-II region were performed and the images obtained were
similar but not identical, indicating additional information regarding the tissue properties at depth can be revealed. The
advantages of the RCM at long wavelength illumination are confirmed by images acquired at various wavelengths, its
simplicity of using photodiodes as detection sources and CW lasers as illumination sources, and its low power
requirement compared to MPM. Comparing to other label-free methods such as THG, OCM [5], coherent anti-Stokes
Raman scattering (CARS) microscopy [7], our method does not require expensive laser sources or complicated optical
setup. The RCM at NIR-II illumination demonstrated in this paper can potentially be translated to other tissue types
beyond the brain, for example, skin imaging [8, 9, 10], cancer diagnosis [11], and dynamic functional imaging, such as
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blood flow imaging [12]. It has the promise to create new opportunities where high-resolution, label-free, deep imaging
of tissue structure and function is required.
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Figure 3. (a) In vivo reflectance confocal images at various depths. (b) Semi-logarithmic plot of reflectance confocal signal (normalized to the signal at
the surface and to the optical power) as a function of imaging depth. (c) Lateral and axial intensity profiles of a small feature at ~340 um depth. The
lateral and axial FWHM is 1 pm and 3.4 pm, respectively. (d) White matter image at 810 pm depth acquired with ~1.7 Hz frame rate with 2 mW at the
brain surface. (¢) Confocal images of the white matter using the PMT (with ~ 30 uW at brain surface) and the PD (~ 15 mW) at approximately the
same location of the same mouse. (f) Confocal images of white matter under CW and pulsed laser illumination with the same power at 1310 nm, 1610
nm, 1630 nm, and 1650 nm. The scale bars are 30 pm.
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