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Abstract

Wavefront-shaping (WS) enables imaging through scattering tissues like bone, which is important
for neuroscience and bone-regeneration research. WS corrects for the optical aberrations at a given
depth and field-of-view (FOV) within the sample; the extent of the validity of which is limited to

a region known as the isoplanatic patch (IP). Knowing this parameter helps to estimate the number
of corrections needed for WS imaging over a given FOV. In this paper, we first present direct
transmissive measurement of murine skull IP using digital optical phase conjugation (DOPC)
based focusing. Second, we extend our previously reported Phase Accumulation Ray Tracing
(PART) method to provide /n-situ in-silico estimation of IP, called correlative PART (cPART). Our
results show an IP range of 1-3 um for mice within an age range of 8-14 days old and 1.00+0.25
pm in a 12-week old adult skull. Consistency between the two measurement approaches indicates
that cPART can be used to approximate the IP before a WS experiment, which can be used to
calculate the number of corrections required within a given field of view.

GRAPHICAL ABSTRACT

In this paper, we address the question of how large is the extent of the isoplanatic patch in bone?
Wavefront shaping technology can correct for wavefront distortion in turbid media and restore the
diffraction-limited imaing. However, the extent of the validity each correction, or the isoplanatic
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patch, in bone is unknown. Here we present direct measurement and an /n-sit modeling method
of the isoplanatic patch in murine skull.
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1 INTRODUCTION

Imaging through intact bone is highly desired for minimally-invasive monitoring of

neural activity in the brain and for studying mechanisms of bone regeneration. Surgical
preparations for these types of imaging frequently include an osteotomy to remove cranial
bone and replace it with a transparent glass window. Although this technique is very
effective, it is laborious, significantly destructive, and can alter brain or bone function due to
inflammatory signaling. On the other hand, the significant optical aberrations and scattering
caused by bone distort the point spread function (PSF) and make it non-trivial to image deep
enough inside of a biological sample to interrogate bone or brain function [1]. Compared
with bone’s mean-free-path of ~55 pm (for 775 nm incident light), an adult (>12 weeks)
murine skull is about 300 um thick [2], while juvenile (8-14 days postnatal) skull is between
80-150 um thick. Therefore, the layers of collagenous fibers and mineralization create a
multiple-scattering [3-5] regime for light propagation even in relatively thin juvenile cranial
bone, although at a smaller scale. The juvenile age range was selected because the mouse
skull is still in development, and due to it being less mineralized and thinner [6] it shows a
larger isoplanatic patch (IP). However since neurogenesis in cortical layers peaks at 11-17
days postnatally [7], this age group can be used in neuroimaging, as well as bone and
developmental biology research.

Since multiple scattering severely limits imaging inside or through bone, several approaches
have been used to extend imaging depth. One method that has been successful for the intact
skull of mouse is 3-photon excitation fluorescence microscopy which exploits the longer
transport-mean-free-path of near infrared light in the 1300 nm tissue transmission spectrum
window [8]. Other methods that have shown success in imaging in turbid media include
temporal focusing [9], speckle correlation [10, 11], a priori knowledge of the scattering [12—
14] and artificial intelligence [15]. Skull thinning has also been successful in imaging with
less distortion [16-18]. However, to achieve diffraction-limited imaging and to increase the
signal to noise ratio (SNR), many of these methods could benefit from wavefront shaping
(WS) methods. WS technology has previously shown that 2-photon imaging through intact
skull of juvenile mouse skull is possible [19]. By engineering the wavefront and restoring
the diffraction-limited PSF, WS can correct for low and high order aberrations, and enhance
both the peak and width of the PSF deep inside of a sample [4, 20-30], which has many
applications in the musculoskeletal system [31] and nervous system [32] imaging.

While WS improves the depth and SNR of imaging, the extent of the corrected region
remains small, particularly in an anisotropically scattering tissue like bone. This effect limits
the area over which a single WS correction highly correlates with its surroundings. Moving
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the corrected beam outside of the corrected region results in a substantial reduction of
the peak and can severely distort the PSF, thereby nullifying the correction efforts. This
phenomenon is known as the shift/shift scattering memory effect [33] or the IP, and is the
region of shift-invariant wavefront error in a telecentric imaging system.

The IP or shift/shift memory effect can be described by the effect of physical scatterers

in a turbid medium with an optical field passing through it. The scatterers cause a defined
speckle pattern to the incident optical field, and if the optical field is shifted, then the
speckle pattern is also shifted according to the movement of the field. In other words,

there is correlation in the transmission matrices of translating fields [34], and the coherence-
length of the scattering defines the extent of the area that the speckle pattern remains
consistent. The Fourier conjugate of this shift/shift memory effect is known as the tilt/tilt
memory effect, which was first described in waveguide geometry [35] as the angular speckle
correlation effect, and later experimentally shown in turbid media [36—38]. Knowing the
shift/shift memory effect or IP parameter is important because designing a practical WS
correction experiment requires at least an estimate of the number of corrections to achieve
the required field of view (FOV). Since bone is an anisotropic scattering tissue, evaluation
of the tissue IP can be used to estimate the number of corrections needed for a given (FOV)
using WS correction.

In this paper, we characterize the IP of ex-vivojuvenile (aged 8-14 days) as well as

adult (>12 weeks old) murine skull experimentally using a transillumination method digital
optical phase conjugation (DOPC) by focusing through the skull [39]. As we explained
earlier, knowing the extent of IP becomes of the utmost importance when a correction
experiment is designed. Therefore, we here introduce an extension to our previously
reported Phase Accumulation Ray Tracing (PART) method to perform in situ — in silico
estimation of IP. This method allows epi-mode estimation of wavefront phase using second
harmonic generation (SHG) imaging of the bone collagen structure. In this paper we further
expand our PART approach to include calculated correlation of wavefront phase within the
vicinity of a corrected PSF to estimate the IP. Phase correlation-PART - which we call
cPART - is capable of epi-detection mode acquisition and estimation of the IP. Therefore,

it can be applied to /n vivo experiments, which opens up new avenues for fast and efficient
WS imaging through scattering tissues. We compared the results from cPART to DOPC
direct measurements and found that both methods show a similar range of IP. The agreement
between the results suggests that cPART can be a robust option to design the number of
corrections required before WS imaging is performed /n vivo.

2. METHODS
2.1. Digital Optical Phase Conjugation

Digital optical phase conjugation (DOPC) [40] uses a direct phase measurement of light
propagating through the scattering media, which commonly originates from a guide star, and
uses the measured phase for correction of aberrations (Figure 1A). Due to the limited optical
access into in vivo specimen, the guide star generation for DOPC is non-trivial, which

limits its applicability. However, it is an excellent method for characterization of aberration
and scattering in extracted samples such as our ex-vivo skull samples, since we have free
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optical access to opposite sides of the specimen. We created a guide star by sharply focusing
light onto the specimen. The light source was a CW laser at 895 nm. The light transmitted
through the skull is measured holographically and the phase conjugate is displayed on an
LCoS spatial light modulator (SLM) with 2400 x 2400 pixels. A playback beam interacting
with the SLM time reverses the light propagation direction and generates a focus through
the scattering medium at the guide star position. In order to determine the extent of the IP,
the correcting phase mask is shifted laterally, leading to a shift of the played back focus at
the output of the sample. The correlation between the original focus and the shifted focus is
computed and gives the extent of the shift. Additionally, the focus quality is analyzed using
the peak to background ratio (PBR) of the playback PSF. In this work, we define PBR as the
ratio between the peak intensity and the mean background in the playback PSF, which can
be asserted as a quality measure for the DOPC procedure.

2.2. Correlative Phase Accumulation Ray Tracing

We previously presented PART as a method for modeling of wavefront error in tissues [1].
This method relies on an intrinsic signal generated in the tissue which is used to calculate
an approximate index of refraction for each voxel. We implement PART by acquiring second
harmonic generation volumetric data of the tissue. A Ti:Sapphire source (Coherent Ultra

I1) tuned to 932 nm wavelength with 140 fs pulsed laser light was used for SHG imaging,
and a 466/5 nm filter (Semrock) was used for light collection. Details of the microscope
setup are explained elsewhere [41]. Because the SHG signal is proportional to the index of
refraction of the tissue, we can use stacks of 3-dimensional images to model the tissue and
hence the wavefront of the propagated light. Once the SHG image stacks were acquired, we
first convert them to volumes of refraction indices. The next step is to model several point
sources at the bottom of the tissue that project to the pupil plane. The angle of the cone of
light propagation is determined by the numerical aperture of the microscope (Figure 1B).
We acquired data in bone regions posterior to the coronal suture of the mouse skull on the
left and right of the sagittal suture (Figure 1C). We used 2 skulls per age group, and in each
skull 9 stacks were acquired. We used the PART analysis to output wavefronts for a grid of
11 x 11 point sources placed at the bottom of the stack. We then generated the correlation
map of each wavefront ¢, ; with the wavefront of the center point of the 11x11 grid ¢..,, by
calculating PSF for each wavefront corrected using ¢, phase. Then the Strehl ratio for each
of these PSFs was calulcated using

max(S‘T_ ! {exp(= 2% (0., — ¢.) }) )

D (9} 1{exp(—12”/,1((p.-,,- - %))}) .

CG.j) =

Consistent with DOPC, this method of correlation analysis produces a diffraction-limited
PSF at the center (corrected using the calculated phase) and finds the extent of validity of the
correcting phase mask in new locations.

2.3. Sample preparation

The mice aged 8-14 days postnatally (P8-P14) were euthanized according to IACUC
procedures, which we defined as juvenile or pre-weaning age (< P21-P28, where PO is
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the day of birth). The skulls were removed immediately and placed in 4% paraformaldehyde
for fixation for 48 hours. After fixation, the skulls were washed in phosphate buffered saline
(PBS), and mounted in 1% agarose gel in 35 mm Petri dishes. For measurements, the skulls
were removed from the gel and washed with PBS to remove residual agarose gel. The 8-day
old skulls had an average thickness of ~80 um, while the 14-day old skulls were ~150 um.

Although cPART can be applied to /n vivo samples and fixation is not required, to ensure
the samples maintained their integrity and remained consistent between cPART analysis
and DOPC measurements, we performed fixation. Formalin-based fixation has been shown
before to have minimal effect on tissue properties [42]. We measured the scattering mean-
free-paths of an adult bone before and after fixation, 39.4 + 2.4 um and 40.6 £ 2.2 pm,
respectively, using 775nm light (Figure 2). We made an effort to image similar areas for
these measurements, and we find a small 6.8% difference between the two measurements.

For /n vivo imaging, the mice were anesthetized using isoflurane (initially 4% and 1.9%
during imaging, with 100 ml/min oxygen flow rate), and restrained using a 3D printed
stereotaxic holder. One hour before surgery a 1mg/kg dose of Meloxicam was injected
subcutaneously to the mouse, and five minutes before making an incision a 5mg/kg dose of
bupivacaine was locally applied as analgesia. A V-shaped incision was made on the scalp
from between the eyes toward both the ears to create a flap. The periosteum layer was
removed, and the area of imaging was cleaned using a cotton swab; immediately sterile
phosphate buffered saline (PBS) was applied to the incision site. The animal was placed
under the microscope objective, and sterile PBS was added to fill the gap between the skull
and the objective lens. After the imaging session, the animal was euthanized using CO, and
cervical dislocation. All animal procedures and experiments were approved by the UGA
Institutional Animal Care and Use Committee (IACUC).

3. RESULTS AND DISCUSSION

3.1. DOPC direct measurement

We performed the DOPC procedure as described in section 2.1 and obtained a focus after
DOPC through the skull (Figure 3A, left). The correcting phase mask was shifted laterally
leading to a shift of the focus, and at each point we measured the peak to mean background
ratio (PBR) of the PSF. Since the quality of the PSF depends on how much of the light

is concentrated in the main lobe of the PSF relative to the total energy, the ratio of the
desired intensity (peak intensity) and undesired speckles (mean background) produces a
useful metric for this analysis. As expected, increasing the shift distance from the corrected
spot leads to a reduction in PBR and deterioration of the PSF quality, meaning that more
energy is spread in the speckle background rather than the main lobe of the PSF. For each
sample, this measurement was repeated at 610 lateral positions.

To quantify the extent of the IP, we use the normalized cross-correlation between the focus
at zero shift and the shifted focus. For each PSF shift-distance, we obtain a cross-correlation
measurement, which describes the persistency of the focus at that point (Figure 3B). To
determine the extent of the IP, we find the point where the peak of the background speckle
intensity has a higher intensity than the expected PSF position (Figure 3C gray area). This
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means that the maximum of the cross-correlation is not at the expected shifted PSF position,
but is distributed randomly across the field and remains nearly constant upon further shift.
The exact value of the correlation was calculated as focus deterioration (Fig 3C), and
depends on the speckle-background amplitude and initial quality of the focus and is not
expected to drop to zero.

Two skulls per age were measured at different positions. The resulting IP measurements
are plotted in Figure 3D. Although there appeared to be a tendency towards smaller IP size
as the mice matured (P8:2.7 um + 1.3 um, P14: 2.0 pm + 1.15 pm), and a reduction in

the variance for adult mice, the effect of age on IP measurements did not show significant
difference among the juvenile skulls (1-way ANOVA P-value=0.2). The resulting overall
range of IP is about 1.1 to 4 um.

For comparison, experiments were also conducted on adult skulls, leading to a reduced
extent of the IP range of 1.1 um £ 0.2 um. This comes with a higher thickness of the skull,
which is typically >300 pm. However, it is not distinguishable how much of this reduction
is attributed to the higher thickness versus the contribution of other structural changes in
the bone (increased mineral density, bone marrow cavity alterations, changes in vascularity,
etc.).

It is also essential to think about the quality of the PSF within an IP. Although we calculate
the extent of the IP by finding the maximum range of correlation, the PBR degrades towards
the edge of the IP (Figure 3C), and so PSFs at the end of this range have low PBR values
and might not be usable for imaging implementations. Therefore, we create an additional
measure to take into account the ratio between the maximum intensity in the focus and the
maximum intensity occurring in the speckle-background. We assume the usable range to be
up to the point Where I,.u oes = 3 X Leak. speckie - rackerana (8t @ PBR OF approximately 30). In the
presented example of a skull of P8, we find a usable shift-range of about 2.2 um. The exact
values may vary as they depend on several experimental and sample parameters. Therefore,
although these values may not be generally applicable, they provide an approximate range
for the skulls of this age range.

3.2. cPART modeling

We performed cPART modeling of IP in the skulls of 8-14 day old, and in vivo adult mice.
This process’s first step is PART simulation of wavefronts, over a grid of equally spaced
11x11 point-sources in a single image plane with a lateral interval of 0.9 pm. Representative
examples of 8-day old and 14-day old wavefront unwrapped phases show significant impact
of the tissue on the wavefront (Figure 4A). After calculating the correlations, we applied a
2D Gaussian fit with rotating axis 6.

G(is ) = Aexp(—(a(i = i0)” + 2b(i = i)(j = jo) + (i = J)°)); ?

c0s20 | sin%0 sin20 | sin2 sin20 | cos20

] b = - + [l - [l
20 262 46?7 463 267 262

where a = and A is the amplitude.

<o)
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The SHG stacks used for this study had a thickness range of between 80-150 um.
Correlation maps and contour lines of the applied fittings show the difference between

the size of a representative correlation in the P8 animal versus P14 (Figure 4B). Using the
sigma values of the major and minor axes of the Gaussian fitting we calculated the extent of
IP by calculating the full width at half maximum (FWHM) of their hypotenuse and compare
the extent of the IPs of skulls of different ages (Figure 4C). These results show a range of
2.53 um 0.6 patch for 8-day old, to 2.42 pm +0.4 for 14-day old skulls. The absolute range
between all age groups is 1.27 pm to 3.39 um. Confirmed by one-way ANOVA test, the
mean values of the P8-P14 measurement groups do not show a significant difference (2.59
pum £0.1, P-value = 0.258); however, their standard deviations are significantly different
(P-value < 0.001), which is due to the range being reduced as the mice age and have thicker
skulls. This variation indicates that different structures that occur throughout regions of the
bone, such as vasculature, bone marrow cavities, and topology of the skull, start to become
more consistent as the mice age. Since our cPART results are consistent with our direct
DOPC measurements, it suggests that cPART can be used to estimate the extent of IP and
by extension, the number of corrections needed over a given FOV. We further performed IP
measurement on /7 vivo adult skull of a 12 week old mouse (Figure 4C), which shows a
range of 2.14 pym %0.2 (the adult sample presented here is different from the DOPC adult
skull measurement).

A limitation of cPART is that SHG imaging’s maximum achievable depth is limited by

the transport-mean-free-path of the tissue (inversely proportional to scattering coefficient
and 1-g tissue coefficient parameter) and thus, this technique is not applicable for full
depth estimation in thicker tissues. Nevertheless, for samples of appropriate thickness or
desired imaging depths (such as the juvenile murine skulls) the use of cPART enables

the epi-detected approximation of the IP, which has not previously been reported. This
capability could facilitate accurate measurement of the IP size during a relatively large
FOV wavefront shaping imaging deep inside of bone and brain. In addition to WS imaging,
our findings suggest that by characterizing the bone wavefront distortions using cPART

in situ, it could be possible to assess both collagen organization and bone density quality
metrics simultaneously. This could be used to understand severity and treatments efficacy for
diseases that affect mineralization as well as the collagenous structure of the bone, such as
hypophosphatasia, osteogenesis imperfecta, x-linked hypophosphatemia, or osteoporosis.

4. CONCLUSION

In conclusion, this work presents measurement of the IP and a simulation method for its
estimation in mouse skulls of 8-14 day old. This age range was selected because they have
relatively thinner skulls than adult mouse, which is a suitable choice for imaging inside

or through their skull. This age range is particularly interesting for imaging, because the
neurogenesis in the cortical layers peak in P12-P17 [7], but bone maturation has not peaked
yet [6], which makes it suitable for neuroimaging, as well as bone and developmental
research. We performed DOPC measurements to directly evaluate the IP of the bone.
Because the DOPC method requires transillumination of the sample, it is not applicable to /n
vivo determination of the IP. Therefore we extended our previous simulation method PART
to allow phase correlation (cPART) and estimate the IP in intact samples. Both techniques
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show in good agreement that an IP range of about 1-4 um is expected, therefore if a FOV

of 20 x 20 um? is desired, in the best case 25 corrections must be made, and in the worst
case 400 corrections are needed. This range can be estimated using cPART modeling prior to
wavefront correction. Because this method works in epi-illumination mode, it can be applied
to /n vivoimaging of mouse neural activity or brain imaging through intact or thinned

skull. We showed that the mean value of the measurements between the age groups are
mostly consistent, however, the 8-day old mice are more likely to have a larger memory
effect which significantly reduces the number of corrections required for a larger FOV.

This method of analysis can also be used for the characterization of bone, which is likely
reflective of the bone density and structure. In future we will extend the presented analysis
to mice with congenital diseases such as hypophosphatasia and osteogenesis imperfecta to
assess bone density and structure.
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FIGURE 1.
The principle of the DOPC measurement is depicted in (A). A guide star point source is

created by focusing on the distal side of the skull (left). The light that transmits through

the skull acts as the object beam and interferes on a digital camera with a reference beam,
recording a hologram. The phase conjugate information is time-reversed using a spatial light
modulator (SLM) to produce a focus at the guide star position. By shifting the correcting
phase mask laterally on the SLM, the focus can be shifted; hence IP measurement can be
performed. In (B) a presentation of PART method phase accumulation for each point source
over a stack of SHG signal is shown. Several point sources are modeled at the bottom of the
refractive-index mapped volume, and by ray tracing to the back-pupil-plane the wavefront
is reconstructed. Red triangles represent the cone of focus, calculated using the numerical
aperture of the objective lens. An extracted skull is shown in (C), with the measurement
areas shown in blue circles. These areas are used in many experiments for imaging of
cortical layers. Scale bar is 2mm.
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FIGURE 2.

Comparison of the SHG signal decay before and after fixation. The mean-free-paths were
39.4 + 2.4 um and 40.6 + 2.2 um, using 775nm light, before and after fixation, respectively.
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FIGURE 3.

DOPC measurement of bone IP. A) After DOPC time-reversed focus is created through the
skull (position 0 pm). The phase mask is shifted laterally resulting in a shift of the focus,
which shows a deteriorating quality. Exemplary results are shown for 8-day and 14-day
skull. The behavior for both ages is comparable. B) The correlation between the unshifted
focus and the shifted light-distribution shows a decorrelation behavior. C) We determine the
point of decorrelation (the extent of IP) as the shifting distance where the peak intensity in
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the focus equals the maximum intensity in the speckle background. D) The shift length of
the decorrelation point is plotted for skulls of different ages, measured at various positions.
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CPART estimation of bone wavefront error and the isoplanatic patch. A) Examples of PART
simulation of wavefront phase at the back pupil (without phase wrapping) for 8 and 14-day
old mouse skulls. The extent of the pupils are determined using the numerical aperture of the
objective lens and the wavelength of light. B) Correlation of simulated pupils from multiple
originating points and Gaussian fit (white contour lines) over the correlation patterns. C) The

J Biophotonics. Author manuscript; available in PMC 2023 October 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Tehrani et al.

Page 16

extent of IP is calculated using the FWHM of the correlation, and shown for each age group.
The adult skull group measurements were performed in vivo.
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