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Summary
By splitting the ‘work’ of image formation in new ways between
computational and hardware approaches, we have demonstrated new
capabilities for volumetric OCM. This includes high-throughput imaging
of 3D cell migration dynamics and microstructure of mouse brain. AD-
OCT was shown to suppress the impact of speckle and MS. This ability
to suppress MS provides a promising approach for future work on
pushing the imaging depth limits of optical coherence microscopy.
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Introduction and Motivation
Optical coherence tomography/microscopy (OCT/OCM) provides non-
invasive, label-free imaging based on optical scattering contrast. Its
interferometric detection enables the capture of the optical field,
giving rise to opportunities for computational reconstruction.
However, the depth coverage of OCM is limited by defocus and
photon collection. The penetration depth of OCT, typically ~1 mm in
tissue, is limited by multiple scattering (MS). Here, we propose
integrating computational and hardware approaches in different
ways, to improve the throughput, penetration depth, and contrast of
volumetric OCM.

High-Throughput Volumetric OCM

Speckle & MS Suppression

Aberration-diverse OCT
Aberration-diverse OCT (AD-OCT) [3] leverages hyAO to acquire
multiple OCT datasets with different aberration states of the
illumination beam. AD-OCT can reduce MS by leveraging the
coherent averaging principle [4], as illustrated in Fig. 1. Accumulating
multiple measurements of single scattering (SS) events results in a
summation of phase stable phasors, while that of noise background
leads to a random walk. Therefore, by adding 𝑁 volumetric datasets
containing phase-stable signals and randomly fluctuating
background, we expect an ideal signal-to-background ratio (SBR)

improvement of 𝑁 over the SBR of a single volume [4].

We leverage hyAO to randomize the phase of the MS signal across
multiple volumetric acquisitions. For each volume, we rotate the
astigmatic line foci slightly, which causes little change to the phase of
single scattered signals reconstructed by CAO. However, it alters the
beam path inside the sample and thus the phase of any MS
contributions. By using this Aberration Diverse OCT (AD-OCT), we are
able to suppress the MS contribution in the background.

Fig. 3. Simulations of the impact of multiple scattering on illumination deep
within a sample. An astigmatic beam was simulated to be incident on a thin
scattering layer, and then propagated to a final layer providing illumination deep
within the sample. As the astigmatic axis rotates, the beam path and overlap
with the scattering layer vary, resulting in a varying illumination pattern due to
multiple scattering. After computationally removing the astigmatic wavefront,
the single scattered signal remains constant, while the multiply scattered signal
fluctuates randomly. AD-OCT seeks to exploit this principle to enable imaging
deep within multiple scattering medium.

Fig. 2. The summation of complex signals from SS and background
contributions. A complex SS signal which maintains a stable phase grows
proportionally with N (left), while a background exhibiting a random phase

grows analogous to a random walk, proportional to 𝑁.

Fig. 7. Volumetric AD-OCT reconstruction results, showing a USAF target hidden
beneath a scattering layer with an optical thickness of 7.2 scattering MFP. (a)
Comparison of cross section (first row, γ = 0.7) and en face (3 bottom rows)
among single image, incoherent average, and coherent average, from 12
volumes reconstructed with AD-OCT (15° angular separation). The depth of each
en face plane is indicated by the arrows in the cross section view. The last
column shows the phase stability measurements for AD-OCT. Scale bars indicate
40 μm for all images. (b) Plot of OCT signal magnitude versus depth for single
image, incoherent average, and coherent average, from 12 volumes
reconstructed with AD-OCT (15° angular separation). The depths of 3 en face
planes in (a) are labelled on the axis. The upper green arrow indicates a region
where AD-OCT reduces the system noise floor by time averaging, and the
bottom green arrow points to a region where AD-OCT reduces MS contribution
by aberration diversity and the system noise floor by time averaging.

We utilized hyAO to acquire volumetric datasets with astigmatism, in
order to equalize the photon collection away from the nominal Gaussian
beam focal plane. After post-data-acquisition CAO, we then have
significantly greater depth range with good signal-to-noise ratio.

CAO-OCM of Mouse Brain*

Fig. 8. Quantitative measurement showing speckle reduction and MS
suppression.

Fig. 4. Cross section of resolution phantom for throughput comparison. (a) OCT
with standard Gaussian beam, (b) CAO-OCT with standard Gaussian beam, (c) OCT
with astigmatic beam, (d) CAO-OCT with astigmatic beam, and (e) Gaussian focus
scanning control fused from 18 volumes. Scale bars indicate 100 μm for all images.

Fig. 5. Volumetric visualization of fibroblast cell dynamics. (a) the entire volume
with 1 mm × 1mm × 1mm FOV, (b) cell exhibits upward motion over a 30 min
duration, (c) cell exhibits rapid sideways motion over a 6 min duration. Both (b) and
(c) cover a 0.25mm × 0.25mm × 0.25mm volume.

Fig. 6. En face maximum intensity projection (400 μm slices) of fibroblast cell
dynamics. (a) the entire 1mm × 1mm FOV, (b) cell extending filopodia across a 1
hour duration, (c) cell undergoing migration over a 263 minute period. Scale bar
represents 50 μm for all groups.

Fig. 1 System diagram for AD-OCT experiments and schematic of the scattering
sample (S) that was imaged. FC: Fiber Coupler, PC: Polarization Controller, CL:
Collimating Lens, M: Mirror, DM: Deformable Mirror, RP: Right-angle Prism, OBJ:
Objective Lens, GMx and GMy: galvanometer mirror along x and y directions. All
other lenses without labels are telescope lenses used for pupil conjugation.
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Hybrid Adaptive Optics
We have introduced hybrid adaptive optics (hyAO) [1] to
synergistically integrate hardware adaptive optics (HAO) to introduce
known wavefront aberrations, and computational adaptive optics
(CAO) [2] to correct these aberrations. This synergy comes from the
capability to split the ‘work’ of image formation between hardware
and computation.

We leveraged AD-OCT to acquire 12 volumetric OCT datasets taken with
an astigmatic illumination beam, with asigmatic line foci rotation of 15°
between each volume. Phase registration and CAO reconstruction is
applied to each individual data volume before averaging.

* Collaboration with Schaffer-Nishimura group
We present volumetric OCM of mouse brain ex vivo with a large depth
coverage and cellular resolution by combining focus scanning and CAO.
We demonstrate reconstruction of a volume with lateral resolution of
2.2 μm, axial resolution of 3.7 μm and depth range of ~1.2 mm in the
scattering mouse brain, using only 11 OCT data sets acquired on a
spectral-domain OCM system.

Fig. 9. Comparison of micro-structure
observable with OCM and Two-photon
microscopy (2PM). Vessels are
indicated by arrows and cell bodies are
indicated by circles. (a) Minimum
intensity projection of OCM. (b)
Maximum intensity projection of 2PM
data. Scale bar represents 50 μm.

Fig. 11. Cross sections of volumetric mouse brain, (a) fused OCM with 10 μm
foci spacing, (b) fused CAO-OCM with 80 μm foci spacing, and (c) fused OCM
with 80 μm foci spacing. Micro-vessels can be visualized more clearly in CAO-
OCM than OCM (Arrows in the zoom-in figures). Scale bar represents 100
μm.
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Fig. 10. En face planes of volumetric mouse brain, taken from optical depths
of (a) 104 μm, (b) 361 μm, (c) 621 μm and (d) 1170 μm. For each panel, the
first row is fused OCM with 10 μm foci spacing, the second row is fused CAO-
OCM with 80 μm foci spacing, and the third row is fused OCM with 80 μm
foci spacing. Micro-structures can be visualized more clearly in CAO-OCM
than OCM (Dendrites indicated by yellow arrows in (a), micro-vessel
indicated by yellow arrows in (b), fibers indicated by red arrows in (c)). When
approaching 1170 μm deep (d), CAO no longer provides any obvious
improvement. Scale bar represents 100 μm.


